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Editorial on the Research Topic

Nutricines and derivatives of nutrients in animal health and

disease prevention

Good animal health is of great importance for the efficient production of animal-

derived foods at a low cost. The demand for solutions for animal health maintenance

and disease prevention is a major global challenge in animal production, food safety, and

public health (1). The animal body has a complete self-defense system, including oxidation

and anti-oxidation balance, immune activation and suppression balance, pro- and anti-

inflammatory balance, which can help the host against various factors that endanger

normal life activities (2). Nowadays, the strategy of nutrition-based health has become

an increasingly important solution for animal health maintenance and disease prevention

(3). Nutrients (carbohydrates, fats, proteins, minerals, vitamins, et al.) and nutricines

(carotenoids, enzymes, fatty acids, flavors, oligosaccharides, organic acids, phospholipids,

polyphenols, et al.) are two major categories of components in feeds (4, 5).

This Research Topic attracts considerable studies dealing with the underlying

mechanisms of nutricines and derivatives of nutrients in the animal self-defense system.

And researches on the latest information about novel techniques and theories to identify

the bioactive activity of nutricines and derivatives of nutrients are also received. After peer

review, a collection of 14 of those studies are published, 11 are original research and three

are review.

Interestingly, three articles addressed the potential benefits of yeast (culture) in animal

health and disease prevention. Maturana et al., provided the reader with a comprehensive

review on the effects of yeast and its derivatives in pets and the possible mechanisms that

confer their functional properties. Aschalew et al. reported that yeast culture and oxalic acid

have a great potential to buffer and create a conducive rumen environment and improve

rumen fermentation efficiency and hemicellulose digestion. Yin et al. proved that inositol,

a potentially potent metabolite in yeast culture, can improve rumen function, affect

rumen microorganisms and rumen and blood metabolites and may reduce inflammation,

improving animal health.
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Moreover, two articles reported the roles of polyphenol-rich

botanical stuffs in animal nutrition. In the review of Ferlisi

et al., the authors gave an update on the use of olive co-

products and their phenolic extracts in monogastric animal (swine,

poultry and rabbit) diets and suggested that these stuffs may

improve animal health, productive performances and meat quality

characteristics, reduce the adverse effect of lipid peroxidation and

improve the antioxidant status. Wang J. et al. found that dark

tea can mitigate oxidative stress-induced damage by promoting

the clearance of free radicals and suggested that dark tea is

worth further exploration as a potential dietary supplement

for the maintenance of animal health and the prevention of

related diseases.

In addition, the bioactive potential of two different molecules

in the animals’ performance were conducted. Wang C. et al.

concluded that β-hydroxybutyrate administration might

alleviate the liver injury and inflammation, and improve hepatic

energy metabolism by regulating glucose and lipid metabolism,

thereby improving the growth performance of postnatal growth

retardation piglets. Li et al. presented that supplemental β-

alanine can improve the antioxidant status of speed-racing Yili

horses reduce post-exercise injuries and bolster their post-race

recovery ability.

Overall, this Research Topic contributed to improving the

current knowledge of nutricines and derivatives of nutrients

in animal health and disease prevention, providing significant

contribution to this research area.
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Cutting-edge knowledge on the 
roles of phytobiotics and their 
proposed modes of action in 
swine
Sriniwas Pandey 1†, Eun Sol Kim 1†, Jin Ho Cho 2†, Minho Song 3†, 
Hyunok Doo 1, Sheena Kim 1, Gi Beom Keum 1, Jinok Kwak 1, 
Sumin Ryu 1, Yejin Choi 1, Juyoun Kang 1, Jeehwan Choe 4 and 
Hyeun Bum Kim 1*
1 Department of Animal Resources Science, Dankook University, Cheonan, Republic of Korea, 2 Division 
of Food and Animal Science, Chungbuk National University, Cheongju, Republic of Korea, 3 Division of 
Animal and Dairy Science, Chungnam National University, Daejeon, Republic of Korea, 4 Major of Beef 
Science, Department of Livestock, Korea National University of Agriculture and Fisheries, Jeonju, 
Republic of Korea

With the ban on antibiotics in the swine industry, the exploration of alternative 
options has highlighted phytobiotics as a promising substitute for antibiotic growth 
promoters, aiming to foster a more sustainable swine industry. Phytobiotics are non-
nutritive natural bioactive components derived from plants that offer numerous 
health benefits. They exhibit antioxidative, antimicrobial, and anti-inflammatory 
effects. Phytobiotics can be utilized in various forms, including solid, dried, ground, 
or as extracts, either in crude or concentrated form. They are characterized by 
low residual levels, a lack of resistance development, and minimal adverse effects. 
These qualities make phytobiotics an attractive choice for enhancing health and 
productivity in swine, presenting them as a viable alternative to antibiotics. While 
there is a general understanding of the effects of phytobiotics, there is still a need 
for detailed information regarding their effectiveness and mechanisms of action in 
practical settings. Therefore, the purpose of this mini review was to summarize the 
current knowledge supporting the roles of phytobiotics and their proposed modes 
of action, with a specific focus on swine.

KEYWORDS

phytobiotics, swine, health, growth performance, modes of action

Introduction

The growing concerns over the use of antibiotics as growth promoters in livestock feed have 
led to a search for better alternatives that can provide similar effects and performance without 
causing severe negative impacts. In response to this, numerous substances have been studied 
and found to possess good qualities that aid and improve the health and overall growth of 
livestock. These substances play major roles in maintaining normal physiological functions and 
animal health, as well as protecting animals from infectious diseases. One such substance that 
has been identified is termed “nutraceutical” (1). Nutraceuticals refer to substances that are 
produced in a purified or extracted form and administered to animals with the purpose of 
improving their health and well-being (2). This group includes various types of substances such 
as enzymes, synbiotics, organic acids, polyunsaturated fatty acids, and phytobiotics (3, 4).
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Phytobiotics, a specific type of nutraceuticals, are non-nutritive 
plant-derived natural bioactive components that can be used as feed 
additives (5–8). These phytobiotics have been extensively studied for 
their ability to improve the overall growth performance and health of 
animals. Notably, phytobiotics possess several desirable attributes, 
including low residue levels, absence of resistance development, and 
minimal side effects (9–11). These qualities make them a promising 
option for promoting animal health and productivity in a sustainable 
and responsible manner (7, 12–14). To date, over 5,000 different 
dietary phytobiotics have been discovered from a variety of sources 
including fruits, vegetables, legumes, whole grains, herbs, and essential 
oils. It is widely accepted that phytobiotics can be used in various 
forms, such as solid, dried, and ground or as extracts, either in crude 
or concentrated form, in which the accumulation of biologically active 
substances is greatest (15, 16). In general, phytobiotics contain 
essential nutrients, such as carbohydrates, along with other secondary 
components, including essential oils and phenolic compounds. 
Because phytobiotics do not significantly contribute to the intake of 
primary nutrients in animals, the main focus is on the secondary plant 
components as the main ingredients of interest in phytobiotics, even 
though certain polysaccharides can also act as phytobiotics (6, 17, 18). 
Although there are no definitive classification criteria, phytobiotics 
can be classified into 4 different categories based on their origin and 
processing characteristics: (1) herbs (blooming, nonwoody, and 
nonpersistent plants); (2) spices (plants with a strong odor or flavor); 
(3) essential oils (volatile lipophilic components); and (4) oleoresins 
(extracts derived from non-aqueous solutions) (Table 1) (13, 25).

A variety of literature has proven the positive effects of 
phytobiotics, which include several beneficial outcomes. These effects 
encompass enhanced growth of beneficial microbes in the gut, as well 
as antioxidative, antimicrobial, and anti-inflammatory properties (3, 
42). These functional activities of phytobiotics have been attributed to 
various bioactive compounds present in them. These bioactive 
compounds include terpenoids (mono- and sesquiterpenes, steroids), 
flavonoids, alkaloids (in the form of alcohols, aldehydes, ketones, 
esters, and lactones), phenols (tannins), glycosides and glucosinolates 
(17, 43, 44). However, the mechanism action of phytobiotics have not 
been clearly elucidated due to the wide variety of bioactive substances 
present in these plant-derived products. The content and chemical 
composition of active substances in phytobiotics can vary based on 
factors such as the plant part used (seeds, leaves, etc.), geographical 
location, and harvesting season. These variations contribute to the 
complexity of understanding the precise mechanisms by which 
phytobiotics exert their effects (13, 25, 45).

Therefore, the purpose of this mini review was to provide a 
summary of the current knowledge regarding the roles of phytobiotics 
and their proposed modes of action, particularly in swine. Despite the 
complexity of understanding the precise mechanisms of action due to 
the diverse bioactive substances and variations in content and 
composition, the review aimed to consolidate the existing literature and 
shed light on the potential benefits of phytobiotics in swine production.

Effects of phytobiotics on the swine gut 
microbiome

The intestinal health of animals is crucial for their overall health 
and well-being, and it is associated with several aspects, including 

gut microbiome and mucosal barrier. Disturbances in these elements 
can impact animal health. Phytobiotics tend to promote the 
intestinal health in animals by enhancing the functions of these 
elements (46).

The impact of phytobiotics on the gut microbiome has been 
extensively studied because of their significant roles in the health and 
productivity of livestock. Phytobiotics have been found to not only 
alter bacterial proliferation but also influence the composition and 
function of the microbiota (47). Weaned pigs experience stressors 
associated with changes in their feed and environment when they are 
moved from the farrowing room to the nursery facility. These changes 
can hinder the establishment of a stable gut environment. Phytobiotics 
have the potential to enhance the microbial balance in young pigs, 
resulting in improved health and feed efficiency. The presence of 
beneficial gut bacteria during the weaning period is crucial, and plant-
based products can serve as effective means to modulate it (9, 19, 35, 
45). In a study by Deng et  al. (19), polysaccharides derived from 
cassiae seeds have been found to improve the intestinal microflora of 
piglets. In another study by Li et al. (48), when weaned pigs were fed 
a diet supplemented with coix seed, there was a significant increase in 
the populations of Lactobacillus and Bacteroides in the gastrointestinal 
tract. Additionally, there was a reduction in the abundance of 
Prevotellaceae. These findings suggest that the inclusion of coix seed 
in the feed can positively influence the composition of the gut 
microbiota in weaned pigs, promoting a healthier microbial balance. 
Coix seed contains 60% starch, similar to cereals, but the content of 
oil, polysaccharides and protein is higher than cereals, making it an 
enriched medium for gut microbiota. Also, proteins and 
polysaccharides help regulate water transportation, providing the gut 
microbiota with a suitable environment to grow (48). In addition, 
several studies have suggested that gut microbes play a role in 
metabolizing ingested phytobiotics into simpler metabolites. This 
microbial metabolism increases the bioavailability of the phytobiotics, 
leading to enhanced health-promoting effects in the intestine. The gut 
microbiota’s ability to metabolize phytobiotics into bioactive 
compounds highlights the intricate relationship between the host, 
microbiota, dietary components, and underscores the importance of 
considering microbial metabolism in understanding the beneficial 
effects of phytobiotics on intestinal health (49). In a study conducted 
by Fresno Rueda et al. (45), the effects of phytobiotics containing 
polyphenols on weaned pigs were investigated. The study found an 
increase in the abundance of both lactate-producers and lactate-
utilizers in the gut of pigs. Lactate is an important metabolite in the 
gut, as it can suppress the growth of pathogens and can also be utilized 
by the host in the form of propionate. Furthermore, beyond the 
weaning period, phytobiotics continue to play a role in modulating the 
gut microbiota in growing-finishing pigs. For instance, 
supplementation of 1.5% bamboo vinegar powder was found to 
increase the abundance of Firmicutes and Bacteroidetes, two dominant 
bacterial phyla in the gut. This supplementation also promoted the 
richness of Lactobacillus, a beneficial genus, and Thalassospira (34). 
These findings highlight the potential of phytobiotics in shaping the 
gut microbiota composition and promoting the growth of beneficial 
bacteria in weaned and growing-finishing pigs. For sows with garlic 
supplementation, a study by Satora et  al. (35) observed that the 
diversity and richness of the microbial community changed across the 
different taxonomic levels of identification. The study found an 
increase in species-level diversity and richness, while the trend was 
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opposite at the family and genus levels. These findings support the 
idea that phytobiotics may play a role in shaping the gut microbiome 
(Figure 1).

Effects of phytobiotics on the swine 
intestinal barrier function

Phytobiotics also play a role in maintaining intestinal barrier 
function (Figure 1). The integrity of the intestinal barrier depends on 
the interplay between various components, including the adhesive 
mucous gel layer, immunoglobulin A, antibacterial peptides, and 
intercellular tight junctions. Among these components, tight junctions 
are the primary factors that influence the integrity of the intestinal 
barrier. Tight junctions consist of transmembrane proteins, such as 
claudin, occludin, tricellulin, junctional adhesion molecule-A 
(JAM-A), as well as intracellular plaque proteins like zonula occludens 
(ZO) (50). The addition of resveratrol has been documented to 
effectively restore the expression of ZO-2, occludin, JAM-A, and 
claudin, while also alleviating the elevation of plasma 
lipopolysaccharide (LPS)-binding protein levels. Elevated levels of 
LPS-binding protein serve as an indicator of compromised intestinal 

barrier function in the animal (51). In addition, naringenin, a 
flavanone found in citrus fruits, has been shown to increase the 
expression of occludin, JAM-A, and claudin-3 (52). Also, it has been 
known that plant extraction oil (PEO) enhances intestinal mucosa 
growth in weaned pigs, attributing to the mediation of improved 
intestinal integrity and functions (29). In another study by Liu et al. 
(30), administering capsicum oleoresin (CAP) and garlic botanical 
(GAR) was found to increase the expression of genes related to 
membrane integrity in infected weaning pigs. This administration also 
promoted gut mucosa health, leading to improvements in diarrhea 
and clinical immune responses in infected pigs that were given the 
plant extract. Altogether, it has been shown that phytobiotics tend to 
promote the intestinal health of the animal by maintaining the 
intestinal barrier function.

Antimicrobial effects of phytobiotics in 
swine

The antimicrobial effects of phytobiotics have been the subject of 
numerous studies and have consequently been extensively investigated 
(53–55).The majority of these studies have shown that phenolic 

TABLE 1 Classification of phytobiotics and their functional examples addressed in this mini review.

Classification Types Functions References

Herbs Bloomin

Nonwoody

Nonpersistent plants

Improve intestinal microflora Deng et al. (19)

Li et al. (9)

Antimicrobial effects Wang et al. (20)

Antioxidative and anti-inflammatory 

effects

Weber et al. (21)

Esatbeyoglu et al. (22)

Spanier et al. (23)

Wei and Shibamoto (24)

Gheisar and Kim (25)

Filazi et al. (3)

Growth enhancement Davila-Ramirez et al. (26)

Spices Plants with a strong odor

Flavor that are commonly added 

to foods

Growth enhancement Janz et al. (27)

Al-Kassie (28)

Essential oils Volatile lipophilic components Enhance intestinal barrier functions Su et al. (29)

Liu et al. (30)

Antimicrobial effects Ahmed et al. (31)

Growth enhancement Li et al. (32)

Manzanil et al. (33)

Oleoresins Extracts derived from non-

aqueous solutions

Improve intestinal microflora Qu et al. (34)

Satora et al. (35)

Antimicrobial effects Vasconcelos et al. (36)

Girard et al. (37)

Fu et al. (38)

Growth enhancement Yang et al. (39)

Davila-Ramirez et al. (26)

Yan et al. (40)

Marcin et al. (41)
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components, such as thymol, carvacrol, limonene, geraniol, 
phenylpropane, and citronellal, are among the most potent 
antimicrobials (3). When it comes to the mechanisms of action, the 
variation in the composition of phytobiotic components has been 
found to significantly impact the way they act (56, 57). Nevertheless, 
the antimicrobial effects of phytochemical feed additives, in general, 
can be  attributed to four different modes of action that are: (1) 
destruction of cell wall structure; (2) inhibition of cell wall synthesis; 
(3) inhibition of nucleic acid synthesis, and (4) interfering with protein 
synthesis (58). According to Wang et  al. (20), an overview of 
antimicrobial mechanisms of ginseng revealed several modes of 
action. These include disrupting biofilm formation, destroying mature 
biofilms, altering lipid bilayers, and creating pores in the bacterial cell 
wall membrane. In addition to the mentioned antimicrobial 
mechanisms of ginseng, it has also been found to inhibit the efflux of 
antibiotics, which reduces the likelihood of drug resistance 
development in microbes. Furthermore, cinnamon extracts have been 
documented to exhibit antimicrobial activity through various 
mechanisms, including the disruption of cell membrane, inhibition of 
ATPases, interference with cell division, and inhibition of biofilm 
formation (36). Several studies also have reported that thymol 
possesses the ability to integrate into the polar-head group region of 
the lipid bilayer. This integration leads to the modification of the 
structural integrity and fluidity of the membrane through hydrogen 
bonding and hydrophobic interactions (59, 60).

When phytobiotics are used in swine, their antimicrobial effects 
have been proven to yield positive results. Essential oils have 
demonstrated effective antimicrobial activities when utilized in 
conjunction with organic acids (61). Zhou et al. (61) reported that the 
combination of essential oils (such as carvacrol or thymol) with acetic 
acid or citric acid exhibited better efficacy against Salmonella 
typhimurium compared with using individual essential oils or organic 
acids alone. Another study by Ahmed et al. (31) reported a decrease 
in the count of fecal Salmonella and Escherichia coli (E. coli), as well as 
a reduction in diarrhea scores, when benzoic acid and thymol were 
fed to the swine. The mechanism behind this synergism is still unclear. 
However, it is well-documented that phenols present in essential oil 
can alter the structure and functions of the bacterial cell membrane. 
This alteration leads to swelling, resulting in increased membrane 

permeability, and consequently, heightened susceptibility of bacteria 
to organic acids (62). Enterotoxigenic E. coli is considered as one of 
the primary causes of diarrhea in weaning piglets. A study by Girard 
et al. (37) showed promising result on supplementation of 2% chestnut 
extract (CE) immediately after weaning instead of antibiotics, 
improving growth performance, and reducing the occurrence of post-
weaning diarrhea (PWD) caused by Enterotoxigenic E. coli (ETEC 
F4). In another study, Chang et al. (63) conducted a study to explore 
the effects of different combinations of phytogenic feed additives 
(PFA) on pigs infected with E. coli. Among the numerous 
combinations studied, the mixture of bitter citrus extract, thymol, and 
carvacrol demonstrated the most effective results in terms of 
enhancing immune response, intestinal morphology, and tight 
junction expression. In a study by Fu et al. (38), administration of 
baicalin-aluminum complex (BBA) altered the composition of the gut 
microbiome, leading to a significant reduction in the frequency of 
diarrhea in piglets. Additionally, supplementation with Scutellaria 
baicalenis extracts (SBE) has been demonstrated to effectively reduce 
the incidence of diarrhea in weaning piglets and decrease the 
expression of inflammatory cytokines by inhibiting the NF-kB and 
P38 signaling pathways (64). Overall, these studies demonstrate that 
phytobiotics can be utilized as potential alternatives to antimicrobial 
agents in swine (Figure 1).

Antioxidative and anti-inflammatory effects 
of phytobiotics in swine

The antioxidant and anti-inflammatory properties of phytobiotics 
are indeed noteworthy and have garnered significant interest 
(Figure  1). The swine industry experiences substantial economic 
losses each year due to various types of oxidative stress. Phytobiotics 
can help mitigate these losses by providing antioxidant support and 
reducing inflammation in swine (65). Oxidative stress refers to a 
significant increase in the production of free radicals, such as reactive 
oxygen species (ROS) and reactive nitrogen radicals (RNS), within the 
bodies of animals. It can also occur when the capacity to effectively 
eliminate free radicals is reduced, disrupting the balance between 
antioxidation and oxidation processes in the body (66). Studies have 

FIGURE 1

The main effects of phytobiotics in swine production systems.
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identified five primary factors that can trigger oxidative stress in 
swine. These factors include birth, weaning stress, feeding 
environment, mycotoxin presence in feed, and social factors (66). 
Given the detrimental effects of oxidative stress, it is crucial for the 
swine industry to combat this condition. The unregulated production 
of free radicals, such as ROS and RNS, associated with oxidative stress, 
can even trigger inflammation (67, 68).

The antioxidant and anti-inflammatory mechanisms exhibited 
by phytobiotics are largely attributed to their regulation of signaling 
pathways, as highlighted by Li et al. (9). The antioxidant responsive 
element (Nrf2-ARE) signaling pathway plays a vital role in cellular 
response to oxidative stress (69). The transcription factor Nrf-2 
binds with the antioxidant response element (ARE) and initiates the 
activation of a diverse range of genes, including antioxidant enzymes 
and proteins, that provides cellular protection against oxidative 
stress (70). Phytobiotics, thus help activate Nrf-2 pathway, 
upregulating antioxidant enzymes and several protective proteins. A 
number of in vitro and in vivo experiments have indicated that 
oxidative stress can also trigger activation of Nuclear Factor Kappa 
B (NF-κB) pathway. Increased expression level of NF-κB can 
facilitate transcription of multitude of inflammatory genes (71). This 
signaling pathway serves as a principal regulator of inflammation 
(72). NF-κB is a transcriptional factor that plays an important role 
in many critical physiological responses, including the inflammatory 
response (73). This pathway is responsible for expression of genes 
encoding many pro-inflammatory cytokines and chemokines (74). 
NF-κB activation leads to tissue alternations indicative of 
inflammation (9). In relation to the above mentioned information, 
the findings of Wang et al. (72) showed that traditional Chinese 
medicine (TCM) I  and II, comprised of several kinds of plant 
derivatives, can improve antioxidative and anti-inflammatory 
capabilities in liver of piglets via activation of the Nrf2 pathway. In 
addition, curcumin, a compound presented in turmeric, has been 
shown to have anti-inflammatory and antioxidant activities, capable 
of scavenging free radicals and facilitating antioxidant functions 
through the Nrf2 signaling pathway (21, 22). Another compound, 
resveratrol, obtained from grapes and wine, was also found to lessen 
inflammation, and regulate redox homeostasis (23). In cells, redox 
homeostasis is the balance between generation and elimination of 
ROS/RNS (75). A study by Cao et al. (76) showed that resveratrol 
was effective in improving the redox status, decreasing mitochondrial 
damage, and promoting mitophagy in piglets injected with diquat. 
Plant species such as coriander, ginger, curcuma as well as those rich 
in flavonoids (in green tea) and anthocyanins (in various fruits) have 
antioxidant activities (24, 25). Studies showed black pepper, red 
pepper and chilli also possess antioxidant properties, however, most 
of these plants are restricted from being added specially in swine 
feed because of the pungent smell and taste of the active substances 
of these plants (3).

Growth enhancement by phytobiotics in 
swine

With the ban of antibiotic growth promoters (AGPs), phytobiotics 
have emerged as promising alternative feed additives, as noted by 
Valenzuela-Grijalva et al. (58). Various studies have demonstrated the 
potential growth-promoting effects of phytobiotics, although the 

precise mechanisms underlying their role as growth enhancers have 
not been fully elucidated (Figure 1). However, it has been suggested 
by Valenzuela-Grijalva et  al. (58) that phytobiotics may promote 
growth through several different ways. These includes: (1) through 
improvement of feed status and feed consumption by increasing flavor 
and palatability; (2) enhancement in nutrition digestion and 
absorption; and (3) promotes anabolic activity comparable to that of 
anabolic substances.

Some phytobiotics, when added to feeds, have been shown to 
enhance flavor and palatability, thereby increasing feed intake in 
swine. This improvement in feed intake can ultimately lead to 
improved production performance (28, 77). Janz et al. (27) discovered 
that pigs demonstrated a preference for feed supplemented with garlic 
or rosemary compared to feed supplemented with oregano or ginger. 
However, other studies have indicated that the palatability of feed was 
negatively affected when pigs were fed essential oils extracted from 
fennel and caraway, or from thyme or oregano (78–80).

Phytobiotics improve nutrient digestion and absorption by 
stimulating the secretion of various digestive secretions, including 
saliva, mucus, digestive enzymes, and bile. These enhanced secretions 
contribute to the breakdown and assimilation of nutrients from the 
diet. Furthermore, phytobiotics have been shown to exhibit prebiotic 
activity, promoting the growth and activity of beneficial gut bacteria, 
which further supports efficient nutrient digestion and absorption (7, 
81, 82). Janz et al. (27) and Manzanil et al. (33) conducted studies 
where they observed a stimulating effect on the pancreatic enzymes, 
specifically amylase and trypsin activity, in pigs after the 
administration of cinnamaldehyde and an essential oil blend. These 
findings suggest that these phytobiotics can enhance the activity of 
pancreatic enzymes involved in nutrient digestion, contributing to 
improved nutrient utilization in pigs (25, 33, 83, 84). The increase in 
activity of digestive enzymes facilitates an increment in the gastric 
retention time of ingested feed. This prolonged retention time allows 
for improved digestibility and availability of nutrients. As a result, the 
enhanced enzymatic activity induced by phytobiotics contributes to 
more efficient nutrient digestion and utilization in animals (81). Li 
et al. (32) conducted a study on pigs fed diets supplemented with 
essential oils and observed significant improvements in weight gain, 
as well as digestibility of dry matter and crude protein. They proposed 
that the enhancing intestinal morphology resulting from essential oil 
supplementation contributed to improved nutritional digestibility, 
ultimately leading to better performance in pigs. Similarly, in a study 
by Yang et al. (39), piglets supplemented with rosemary extract (RE) 
exhibited increased villus height and villus height/crypt depth ratio in 
both the jejunum and ileum. These changes in intestinal morphology 
have the potential to positively impact growth performance, nutrient 
digestibility, and overall intestinal health in weaned piglets (32, 39).

In a study by Davila-Ramirez et al. (26), the addition of plant 
extracts (artichoke, beet, celery, garlic, avocado, spinach, oats, and 
parsley) to the diet of pigs resulted in improved average daily gain 
(ADG), average daily feed intake (ADFI), and final live weight (LW) 
under heat stress conditions during the growing to finishing period. 
Similarly, in a study by Yan et al. (40), supplementation with an herbal 
extract mixture (HEM) containing buckwheat, thyme, curcuma, black 
pepper, and ginger resulted in improved growth performance, 
specifically increased ADG and ADFI, in growing pigs compared to a 
non-supplemented control (NC) treatment. However, no significant 
changes in feed conversion ratio (FCR) were observed. Marcin et al. 
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(41) observed a significant improvement in ADG in piglets that were 
administered a diet supplemented with extracts of sage and oregano. 
On the other hand, Ahmed et al. (85) found no significant changes in 
live body weight and ADG in growing-finishing pigs fed a diet 
supplemented with medicinal plants such as pomegranate, ginkgo 
biloba, and licorice, compared with a control group. These studies 
highlight the variable effects of different plant extracts and herbal 
supplementation on growth performance in pigs, underscoring the 
importance of considering various factors when evaluating the efficacy 
of phytobiotics in swine nutrition. These factors include: species 
variation (different plant species have varying compositions of 
bioactive compounds, which can result in different effects on growth 
performance), plant parts and inherited characteristics (the specific 
plant parts used, such as leaves, stems, and roots), their inherent 
characteristics (chemical composition and nutrient content), age of 
plants (the age of plants at the time of harvest can affect the 
concentration and composition of bioactive compounds, and 
potentially influencing their impact on growth performance), timing 
of harvest (the timing of harvest in relation to the plant’s growth stage 
can influence the concentration and potency of bioactive compounds, 
which may affect their efficacy in promoting growth), and dosage 
variations (different dosages of herbs or their extracts can have varying 
effects on growth performance). Taking these factors into account is 
important in understanding the diverse outcomes observed in studies 
investigating the effects of herbs on animal growth performance 
(86–88).

Conclusion

In recent times, the use of phytobiotics as natural growth 
promoters in the swine industry has gained increasing popularity. 
Various studies have demonstrated the potential of phytobiotics to 
exert anti-oxidative, antimicrobial, and anti-inflammatory effects. 
These findings suggest that phytochemicals could serve as a promising 
alternative to antibiotics in swine production, enhancing growth 
performance and health. While there is a general understanding of the 
effects of phytobiotics, there is still a lack of detailed information 
regarding their specific mechanisms of action, and the effectiveness of 
their implementation in practical settings. Therefore, further studies 
are necessary to investigate the modes of action of each type and dose 
of active compound in phytobiotics, as well as their potential 
interactions with other feed constituents. It is also important to assess 
the effects of phytobiotics throughout all phases of pig production to 
draw concrete conclusions regarding their use. By conducting more 

comprehensive research, we  can gain a deeper understanding of 
phytobiotics and their potential benefits, allowing for their optimal 
utilization in swine nutrition and production. This will ultimately 
contribute to improved animal health and performance, as well as 
more sustainable and efficient swine farming practices.
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Glossary

AGPs Antibiotic growth promoters

ADFI Average daily feed intake

ADG Average daily gain

BBA Baicalin-aluminum complex

CAP Capsicum oleoresin

FCR Feed conversion ratio

GAR Garlic botanical

HEM Herbal extract mixture

JAM-A Junctional adhesion molecule-A

LPS Lipopolysaccharide

LW Live weight

NC Non-supplemented control

NF-kB Nuclear factor-kB

PEO Plant extraction oil

PWD Post-weaning diarrhea

RNS Reactive nitrogen radicals

ROS Reactive oxygen species

RE Rosemary extract

TCM Traditional Chinese medicine

ZO Zonula occludens
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Metagenomic characterization of 
the cecal microbiota community 
and functions in finishing pigs fed 
fermented Boehmeria nivea
Xiaoxiao Liang 1, Zhenya Zhai 2,3, Fengyun Ren 4, Yucheng Jie 4, 
Soo-Ki Kim 5, Kai-Min Niu 2,3* and Xin Wu 2,3,6*
1 College of Animal Science and Technology, Henan Agricultural University, Zhengzhou, China, 2 Jiangxi 
Functional Feed Additive Engineering Laboratory, Institute of Biological Resource, Jiangxi Academy of 
Sciences, Nanchang, China, 3 CAS Key Laboratory of Agro-Ecological Processes in Subtropical Region, 
Institute of Subtropical Agriculture, Chinese Academy of Sciences, National Engineering Laboratory for 
Pollution Control and Waste Utilization in Livestock and Poultry Production, Changsha, China, 4 College 
of Animal Science and Technology, Hunan Agricultural University, Changsha, China, 5 Department of 
Animal Science and Technology, Konkuk University, Seoul, Republic of Korea, 6 Tianjin Institute of 
Industrial Biotechnology, Chinese Academy of Sciences, Tianjin, China

Ramie (Boehmeria nivea, BN) is used as livestock forage through suitable silage 
fermentation owing to its nutritional value. To date, relatively few studies have 
investigated the effects of dietary fermented BN (FBN) on gut health in finishing 
pigs. The aim of the present study was to investigate the effects of dietary 
supplementation with 20% FBN on intestinal morphology, gene expression, and 
the functional response of the gut microbiota in finishing pigs. We found that FBN 
did not significantly affect serum antioxidant enzyme activities, ileal morphology, 
or the expression of genes encoding antioxidant enzymes, inflammatory 
cytokines, or tight junction proteins in the liver of the pigs. However, the gene 
expression levels of aryl hydrocarbon receptor (AHR) and interleukin 6 (IL6) were 
significantly downregulated in the ileum. A metagenomic analysis demonstrated 
that, compared with that seen in the control group, the cecal microbiota of pigs 
in the FBN treatment group was more closely clustered and contained a greater 
number of unique microbes. Bacteria were the predominant kingdom in the cecal 
microbiota, while Firmicutes, Bacteroidetes, and Proteobacteria were the dominant 
phyla, and Streptococcus, Lactobacillus, and Prevotella were the dominant genera. 
Dietary FBN significantly increased the abundance of the probiotic bacterium 
Roseburia inulinivorans (p  <  0.05). Functional analysis of the cecal microbiota 
showed that ABC transporter levels and glycolysis/gluconeogenesis-associated 
functions were diminished in FBN-fed pigs. Meanwhile, CAZyme analysis revealed 
that dietary FBN significantly downregulated the contents of carbohydrate-active 
enzymes, such as GT2, GH1, GH25, and GH13_31. In addition, cytochrome P450 
analysis revealed that the abundance of CYP51 and CYP512 decreased with FBN 
treatment. An assessment of antibiotic resistance based on the Comprehensive 
Antibiotic Resistance Database (CARD) annotation indicated that the cecal 
microbes from pigs in the FBN treatment group had increased resistance to 
lincosamide, streptogramin, and chloramphenicol and reduced resistance 
to amikacin, isepamicin, neomycin, lividomycin, gentamicin, paromomycin, 
ribostamycin, and butirosin. Finally, virulence factor-related analysis showed that 
putative hemolysin-associated functions were decreased, whereas fibronectin-
binding protein, flagella, and alginate-associated functions were increased. Taken 
together, our data showed that FBN supplementation exerted only minor effects 
on intestinal morphology and microbial community composition, suggesting that 
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it is potentially safe for use as a supplement in the diets of finishing pigs. However, 
more studies are needed to validate its functionality.

KEYWORDS

pigs, metagenomics, Boehmeria nivea, fermentation, cecal microbiota

1. Introduction

Over the past few decades, China has imported an enormous 
quantity of soybean meal (SBM) owing to the rapid scaling-up of 
the modern swine industry and the limited domestic supply of 
SBM. Researchers and feed manufacturers have increasingly focused 
on identifying cost-effective native alternatives to SBM to reduce the 
reliance on imported SBM and maintain the sustainable 
development of the Chinese swine industry. Ramie (Boehmeria 
nivea) is an ancient, fast-growing, perennial textile fiber crop widely 
cultivated in the south of China (1). The leaves and tender tops of 
ramie are low in fiber but high in protein (20% crude protein 
content on a dry matter basis) and rich in amino acids (especially 
lysine), minerals, flavonoids, polyphenols, and vitamins (1). Ramie 
has been applied in feed for black goats as a substitute for alfalfa (2) 
and has not impacted the health, meat quality, or gut microbiota 
diversity of Boer goats, even at an inclusion rate as high as 40% (3). 
Dietary ramie and rice straw mixed silage has been proven to 
increase milk fat percentage, milk solid content, and dry matter 
digestibility in dairy cows (4). Ramie has good palatability and 
nutritional value as a supplement in ruminant feed but remains 
underutilized. Ramie has also been used in the diets of finishing pigs 
to improve carcass traits, muscle chemical composition (5), serum 
antioxidant enzyme activities, and pork fatty acid composition (6). 
A low dietary inclusion level of ramie has been reported to increase 
the average daily gain and feed-to-gain ratio in pigs, although 
higher inclusion levels adversely affected the growth performance 
of the animals (6).

Silage is one of the best methods for preserving forage resources 
in regions with heavy rainfall because it contains high levels of 
lactic acid bacteria and organic acids and low levels of non-digestible 
fiber (7). In general, silage is produced through natural bacteria-
mediated fermentation, with some additives being included to 
improve silage quality. Aspergillus niger is commonly used as an 
inoculant to treat a wide range of agricultural and household waste 
residues for the production of value-added products owing to its 
multi-enzymatic (mannanase, xylanase, cellulase, glucanase, and 
lipase) activities (8, 9). A. niger is also used for the production of 
organic acids and the hydrolysis of bound polyphenols using 
low-value materials (10, 11).

The gut microbiota and feed ingredients can mutually affect the 
host’s nutrition, metabolism, and overall health (12–14). However, 
it is not possible to predict how the introduction of a new feed 
ingredient into the diet of pigs will affect the development of the gut 
microbiota of the animals. The advancements in high-throughput 
sequencing technology have enabled a more comprehensive analysis 
of complex gut microbiota (15). Studies have traditionally employed 
16S rRNA gene sequencing of fecal samples to analyze the gut 
microbiota diversity and composition (16); nevertheless, this 

method cannot achieve a thorough understanding of the effects of 
diet on the functionality of gut microorganisms. In this study, 
we prepared ramie silage using an autochthonous A. niger strain 
previously isolated from ramie and explored its effects on finishing 
pigs. We performed a metagenomic shotgun sequencing analysis of 
the cecal content of the animals to comprehensively elucidate how 
a high inclusion level of ramie silage affects their gut microbiota. 
The effects of dietary ramie silage on ileal morphology and 
expression of antioxidant and anti-inflammatory genes were 
also evaluated.

2. Materials and methods

2.1. Animals and experimental diets

All experimental procedures involving animals were approved 
(2015-8A) by the Animal Care and Use Committee of the Institute 
of Subtropical Agriculture, Chinese Academy of Sciences. A total 
of 12 DLY (Duroc × Landrace × Yorkshire) finishing pigs with an 
average initial body weight of 60.11 ± 0.09 kg were used in the 
study. A basal diet containing corn, SBM, and rice bran was 
formulated based on the recommendations of the National 
Research Council (Supplementary Table S1). The pigs were 
randomly allocated to two treatment groups, with six replicates 
per group. Pigs in the control (Con) group were fed a basal diet, 
and those in the fermented Boehmeria nivea (FBN) group were 
fed a basal diet in which the corn, SBM, and rice bran mixture 
were replaced by the isocaloric and isonitrogenous inclusion of 
20% FBN. The fermented ramie was provided by Hunan 
Agricultural University. The ramie silage was prepared via the 
inoculation of 100 mL of 1 × 106 CFU/mL A. niger into 1 kg of 
ramie powder. After packaging and fermenting at 30°C for 60 
days, the FBN was formulated and pelleted. The pigs were 
provided with feed twice a day and had free access to their 
diets. The feeding trial lasted for 60 days after a 7 day 
adaptation period.

2.2. Euthanization and sample collection

At the end of the feeding experiment, the pigs were euthanized 
according to standard commercial procedures. Samples of blood, liver, 
ileum, and colon contents were collected from each pig. The blood was 
collected from the jugular vein as previously described (17). Serum 
samples were prepared by centrifugation of the blood at 3,000 × g for 
10 min at 4°C and stored at −20°C for analysis of antioxidant enzyme 
activity. Liver and ileal tissue samples and cecal contents (squeezed out 
from the cecum) were snap-frozen in liquid nitrogen and stored at 
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−80°C for gene expression analysis and metagenomic 
shotgun sequencing.

2.3. Serum antioxidant parameters

Serum total antioxidant capacity (TAC) and superoxide dismutase 
(SOD), catalase (CAT), and glutathione peroxidase (GSH-Px) 
activities were determined using commercially available kits obtained 
from Suzhou Comin Biotechnology Co., Ltd. (Suzhou, Jiangsu, China) 
following the manufacturer’s instructions.

2.4. Histological analysis of ileal 
morphology

Paraffin-embedded ileal tissue sections (5 μm) were stained with 
hematoxylin and eosin (H&E). Ileal tissue integrity was evaluated by 
measuring the villus length (VL) and crypt depth (CD) and 
determining the VL/CD ratio under a light microscope (Olympus, 
Japan) fitted with a digital camera.

2.5. Quantitative real-time PCR (qPCR) 
analysis of gene expression in the ileum 
and liver

Total RNA extraction, cDNA synthesis, and qPCR were 
performed using previously described methods (5). Briefly, total 
RNA was extracted from 0.1 g of liver or ileal tissue using column 
RNA extraction kits (Magen, Guangzhou, China). RNA 
concentration and purity were determined using a NanoDrop 2000 
spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA) 
and 1% agarose gel electrophoresis, respectively. Approximately 1 μg 
of the isolated RNA was reverse transcribed into cDNA using a 
cDNA synthesis kit (CWBIO, Jiangsu, China) following the 
manufacturer’s instructions. qPCR was conducted on an ABI 
7900HT Real-Time PCR System (Applied Biosystems, Branchburg, 
NJ, USA). The primers used in the study were designed with Primer3 
and BLAST using default parameters (Premier Biosoft International, 
Palo Alto, CA, USA) and are described in Supplementary Table S2. 
The PCR cycling conditions were as follows: 95°C for 10 min, 
followed by 40 cycles of 95°C for 15 s and 60°C for 60 s, and then 1 
cycle of 72°C for 30 s. Relative gene expression levels were calculated 
using the 2–ΔΔCt method after normalization to GAPDH or 
β-actin (18).

2.6. Microbial DNA extraction and 
metagenomic sequencing

Genomic DNA was extracted from cecal content using an 
E.Z.N.A. Soil DNA Kit (Omega Bio-Tek, Norcross, GA, USA) 
according to the manufacturer’s protocol. DNA concentration and 
quality were assessed using a NanoDrop  2000 spectrophotometer 
(Thermo Fisher Scientific, Waltham, MA, USA) and 1% agarose gel 
electrophoresis, respectively. Metagenomic DNA was paired-end 
sequenced (400 bp fragments) on the NovaSeq/HiSeq X 10 platform 

(Illumina Inc., San Diego, CA, USA) at Majorbio Bio-Pharm 
Technology Co., Ltd. (Shanghai, China) using NovaSeq/HiSeq X 10 
reagent kits.

2.7. Analysis of sequencing data

The sequencing data were analyzed online on the Majorbio Cloud 
Platform.1 Low-quality reads were removed using fastp2 (19). Reads 
were aligned using the Burrows-Wheeler Aligner (BWA)3 (20). 
Contigs of at least 300 bp were selected and used for further gene 
prediction and annotation. Open reading frames (ORFs) from each 
assembled contig were predicted using MetaGene4 (21). The predicted 
ORFs (length ≥ 100 bp) were retrieved and translated into amino acid 
sequences based on the NCBI translation table.5 A non-redundant 
gene catalog was constructed using CD-HIT6 (22) with 90% sequence 
identity and 90% coverage. After quality control, the reads were 
mapped to the non-redundant gene catalog with 95% identity using 
SOAPaligner7 (23), and the gene abundance in each sample 
was calculated.

2.8. Functional annotation

Representative sequences from the non-redundant gene catalog 
were aligned to the NCBI non-redundant database for taxonomic 
annotation and Cluster of Orthologous Groups (COG) analysis of 
proteins. Functional annotation of the representative sequences 
against the Kyoto Encyclopedia of Genes and Genomes (KEGG)8 was 
performed using Diamond9 (24). In addition, functional annotation 
of the representative genes was further analyzed in the Carbohydrate-
Active enZYme (CAZy) database (v07312018)10, the Comprehensive 
Antibiotic Resistance Database (CARD)11, and the Virulence Factor 
Database (VFDB)12 using Diamond (24).

2.9. Statistical analysis

Differences between the Con and FBN treatments were assessed 
using the t-test in SPSS 24.0 (SPSS IBM, NY, USA). The results were 
expressed as mean ± standard error of the mean (SEM), and a p-value 
<0.05 was considered significant.

1 www.majorbio.com

2 https://github.com/OpenGene/fastp, version 0.20.0

3 http://bio-bwa.sourceforge.net, version 0.7.9a

4 http://metagene.cb.k.u-tokyo.ac.jp/

5 http://www.ncbi.nlm.nih.gov/Taxonomy/taxonomyhome.html/index.

cgi?chapter=tgencodes#SG1

6 http://www.bioinformatics.org/cd-hit/, version 4.6.1

7 http://soap.genomics.org.cn/, version 2.21

8 http://www.genome.jp/kegg/

9 http://www.diamondsearch.org/index.php, version 0.8.35

10 http://www.cazy.org/

11 https://card.mcmaster.ca/home

12 http://www.mgc.ac.cn/VFs/
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3. Results

3.1. Serum antioxidant parameters

The effects of dietary FBN on serum antioxidant enzyme activities 
in finishing pigs are shown in Table 1. Serum TAC, SOD, CAT, and 
GSH-Px activities were not significantly affected by the 
supplementation of 20% FBN in the diet.

3.2. Ileal morphology

The effects of dietary FBN on ileal histomorphology are shown in 
Figure 1. No significant differences in VL, CD, or VL/CD ratio were 
found between the two treatment groups (p > 0.05).

3.3. Gene expression in the liver and ileum

Compared with the Con treatment, no significant changes in the 
relative expression levels of genes encoding antioxidants, inflammatory 
cytokines, and tight junction proteins were detected in the livers of 
animals administered with FBN (Figure 2A); however, the expression 
of the AHR and IL6 genes in the ileum was significantly downregulated 
by dietary FBN supplementation (p < 0.05) (Figure 2B).

3.4. Taxonomic composition of the cecal 
microbiomes of the two groups

Principal component analysis (PCA) indicated that the cecal 
microorganisms were more closely clustered in the FBN treatment 
group than in the Con treatment group, and there was a distinct 
separation between the microbiota of the two groups (Figure 3). A 
total of 11,692 species were identified using shotgun metagenomic 
sequencing, of which 10,271 were shared between the two groups and 
528 and 893 were unique to the Con and FBN groups, respectively 
(Figure 4). The taxonomic composition of the cecal microbiome was 
determined at the domain, kingdom, phylum, and genus levels 
(Figure 5). Bacteria were the most abundant organisms at the domain 
and kingdom levels, with other organisms making up only a very 
small proportion of the total (Figures 5A,B). At the phylum level, 
Firmicutes, Bacteroidetes, and Proteobacteria were predominant in 

FIGURE 1

Dietary effect of fermented Boechmeria nivea on ileal morphology of finishing pigs.

TABLE 1 Dietary effect of fermented Boechmeria nivea leaves on serum 
antioxidant enzymes.

Items Con FBN p value

TAC (U/mL) 1.82 ± 0.17 1.24 ± 0.10 0.055

SOD (U/mL) 38.09 ± 8.53 37.25 ± 7.01 0.992

CAT (nmol/min/mL) 22.90 ± 1.47 20.36 ± 0.62 0.287

GSH-Px (nmol/min/mL) 15.84 ± 3.84 16.44 ± 3.46 0.992
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that order of abundance (Figure 5C). At the genus level, 15 dominant 
genera were identified in the cecum of the finishing pigs. Dietary FBN 
supplementation significantly reduced the relative abundance of 
Streptococcus and Ruminococcus, and increased that of Clostridium, 
unclassified_f_Lachnospiraceae, Eubacterium, and unclassified_o_
Clostridiales in the cecal contents of the animals (Figure 5D).

3.5. Functional annotation of the 
microbiome

Changes in the functional profiles of the cecal microbial 
communities were investigated using Tax4FUN software based on the 
16S rRNA gene datasets. To analyze the putative functionality of the 
microbiome, the genes were annotated based on six functional 
annotation databases. The sequences in the final gene catalog were 
aligned and analyzed in the probiotic database. A total of 15 dominant 
probiotic strains were identified among the sequences of the cecal 
microbiome of finishing pigs, with Lactobacillus reuteri exhibiting the 
greatest abundance. Additionally, the abundance of Roseburia 
inulinivorans was significantly improved by FBN treatment (Figure 6). 
The correlation analysis showed that the abundance of R. inulinivorans 
was negatively correlated with the gene expression of AHR and IL6 in 
the ileum (Figure 7). The gene catalog was then functionally annotated 
in the KEGG database, and the top 15 functional categories were 
identified (at level 3). Genes involved in pathways predicted to 
be related to ABC transporters and glycolysis/gluconeogenesis were 
significantly underrepresented, whereas those associated with 
mismatch repair were enriched with dietary FBN treatment (Figure 8). 

The gene catalogs were further aligned to their protein sequences and 
analyzed in the CAZy database. The sequences were mainly classified 
into three enzyme groups, namely, glycosyl transferases (GTs), 
glycoside hydrolases (GHs), and carbohydrate esterases (CEs). Among 
them, GT2, GH1, GH25, and GH13_31 were significantly reduced by 
dietary FBN treatment, coupled with a decline in CE1 abundance 
(Figure  9). Moreover, the gene sequences were analyzed in the 
Cytochrome P450 Engineering Database. The results showed that 
CYP51, CYP505, and CYP125 were the predominant CYP450 
families. Among these P450 families, the abundance of CYP51 and 
CYP512 was significantly decreased with dietary FBN supplementation 
(Figure 10). We also analyzed the gene catalog in the CARD to identify 
and compare the abundance of antibiotic resistance genes (ARGs) 
(Figure  11). The results showed that dietary FBN reduced the 
abundance of ARGs and increased that of antibiotic susceptive genes. 
Finally, we analyzed the virulence factors in the cecal microbiome in 
the VFDB. We found that the abundance of hemolysin-related genes 

FIGURE 2

Dietary effects of fermented Boechmeria nivea on relative gene 
expression in liver (A) and ileum (B) of finishing pigs.

FIGURE 3

Principal component analysis of the similarity of the cecal 
microbiota.

FIGURE 4

Venn diagram showing the unique and shared species in the cecal 
microbiota.
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was decreased, whereas that of genes related to fibronectin-binding 
protein, flagella, and alginate was significantly increased in the FBN 
supplementation group (Figure 12).

4. Discussion

The use of ramie as an unconventional forage source in the diet 
of pigs has been explored in some areas of southern China with the 
aim of reducing the region’s reliance on imported SBM (5, 6). It has 
been reported that the inclusion of ramie powder at less than 9% 
in the diet of finishing pigs partially improved carcass traits and 
serum antioxidant capacity without impairing growth (5, 6). 
Similarly, in this study, we did not observe any detrimental effect 
of FBN on the activities of antioxidant enzymes in serum when 
supplemented at 20% in the diets of finishing pigs. Antioxidant 
enzymes such as SOD, CAT, and GSH-Px play important roles in 
the elimination of ROS and the maintenance of redox homeostasis 
(6). The fact that serum antioxidant enzyme contents were 

unaltered suggests that even high inclusion levels of FBN do not 
induce oxidative stress in finishing pigs.

In goats, high dietary inclusion levels of ramie (up to 40%) have 
been reported to improve butyrate concentrations in the rumen without 
altering the diversity of the ruminal microbiota (3). Compared with 
monogastric animals, ruminants are better at digesting ramie forage. 
During silage fermentation, the fiber content is typically reduced, which 
enhances the digestibility of the resulting forage. This implies that even 
a high inclusion level of fermented ramie may not be detrimental to 
pigs. Nevertheless, when a new ingredient is introduced into animal 
feed, the effects on gut health must be carefully assessed. In this study, 
no changes in intestinal architecture or morphology were observed in 
the FBN treatment group, indicating that FBN can be safely included in 
the diets of finishing pigs. Given its detoxifying functions, it is also 
important to assess the status of the liver when a new feed ingredient is 
introduced. AhR has been extensively studied for its role in mediating 
xenobiotic metabolism; however, it is also known to be  a critical 
regulator of immunity and inflammation (25, 26). One study reported 
that a microbial polyphenol metabolite enhanced gut barrier function 

FIGURE 5

The dominant cecal microbiome at the domain (A), kingdom (B), phylum (C), and genus (D) levels. *indicates significant differences at the level 
P  <  0.05.
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via activation of AhR/nuclear factor erythroid 2-related factor 2 (Nrf2)-
dependent pathways (27). Nrf2 is a downstream target of the AhR and 
plays a vital role in the antioxidant defense system (28). We assessed the 
expression of genes involved in the AhR-Nrf2 pathway, such as those 
involved in antioxidant, immune, and barrier functions, in both the liver 
and the ileum. We found that the expression of both the AHR and IL6 
genes was downregulated in the ileum, which may be  due to the 
presence of unknown phytochemicals in the FBN. IL-6 is a 
pro-inflammatory cytokine and is also involved in immune responses 
(29). The observed decline in IL6 gene expression suggests that FBN has 
anti-inflammatory potential.

The gut microbiota plays a critical role in nutrient digestion and 
adsorption, gastrointestinal immunity, and epithelial cell renewal 
(30). Many factors, both intrinsic and extrinsic, can influence gut 
microbial diversity, composition, function, and metabolic activities. 
To date, no study has investigated the effects of dietary FBN on the 
gut microbiota of finishing pigs. Knowledge of the alterations that 
occur in the composition and relevant functions of the gut microflora 
in response to dietary changes will help in the development of 
practical new forage for pigs. In this study, FBN treatment-induced 
changes in the composition of the cecal microbiota were characterized 
by a greater number of unique species compared to the control 
treatment. Dietary FBN did not significantly affect microbial 
composition at the domain, kingdom, and phylum levels, suggesting 
that even high dietary inclusion levels of FBN do not alter gut 
microbial stability. At the genus level, the abundance of Streptococcus 
was reduced, while that of Clostridium, Unclassified_f_Lachnospira
ceae, Eubacterium, Ruminococcus, Unclassified_o_Clostridiales, and 
the probiotic Roseburia inulinivorans was increased when FBN was 

included in the diet of the pigs. Streptococcus, Lactobacillus, and 
Clostridium species are prevalent in specific pig species, as revealed 
by a meta-analysis of 16S rRNA sequences and metagenomics (31). 

FIGURE 6

Putative probiotic abundance in the cecal microbiota annotated by the probiotic database.

FIGURE 7

Correlation analysis between the differentially altered species and 
gene expression.
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FIGURE 8

Putative functions of the cecal microbiome annotated by the Kyoto Encyclopedia of Genes and Genomes (KEGG) at level 3.

FIGURE 9

Putative carbohydrate-active enzyme (CAZyme) abundances of cecal microbes at the family level, annotated using the CAZy database. GT, 
glycosyltransferases; GH, glycoside hydrolases; CE, carbohydrate esterases.
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Streptococcus species such as S. alactolyticus are prevalent in pigs 
from China but not in pigs from France or Denmark, which may 
be  attributed to the widespread use of antibiotics in China (31). 
Several ARGs that confer resistance to aminoglycosides, macrolides, 
and fluoroquinolones have been found in the genome of Streptococcus 
suis isolated from diseased pigs (32). S. suis is an important 
hemolysin-producing pathogen of swine (33). The decrease in 
Streptococcus abundance may explain the reduced antibiotic 
resistance and hemolysin levels in the gut microbiome of FBN-fed 
pigs. Wylensek et al. identified several Clostridium species in the cecal 
microbiota of pigs, such as C. innocuum, C. beijerinckii, C. perfringens, 
C. cochlearium, C. cadaveris, C. porci, C. celerecrescens, and C. scindens 
(31). Among these, C. porci was a newly identified species, and a 
fucosyltransferase-encoding gene was found in its genome (31). 
Eubacterium and Ruminococcus are common intestinal genera and 
have been detected in sows in both prenatal and postnatal periods 
(34). Yang et al. (35) reported that the abundance of Eubacterium and 
Ruminococcus decreased in diarrheic piglets, suggesting that greater 
numbers of the two genera may indicate a healthier gut microbiota 
in pigs. A metagenomic analysis showed that Roseburia inulinivorans 
was enriched in the intestinal microbiota of FBN-fed pigs. 
R. inulinivorans is known to produce butyrate from dietary 
polysaccharides via the secretion of fructofuranosidase, α-amylase, 
and α-glucanotransferases (36). Function prediction based on the 

KEGG database indicated that ABC transporter function decreased 
with FBN supplementation, which is consistent with a previous 
report showing that traditional Chinese medicine significantly 
decreased the abundance of ABC transporters in mice (37). The 
enzymatic activities of gut microbes are very important for nutrient 
digestion and absorption. Functional insights into the microbiome 
based on the CAZy database showed that the activities of GT2, GH1, 
GH13, and GT2 were decreased with FBN treatment. Among these, 
GT2 was reported to be the most abundant enzyme (family level) in 
the ileum, cecum, and colon of pigs (16). The decreased activities of 
these enzyme families may be attributed to the inhibitory effects of 
some phytochemicals in FBN on microbes capable of producing 
glycoside transferase and glycoside hydrolase enzymes, which are 
involved in glycolysis/gluconeogenesis. Cytochrome P450s play an 
important role in the activation and detoxification of drugs, 
environmental toxicants, and dietary ingredients. The gut 
microbiome is involved in the biotransformation of xenobiotics in the 
host either directly via the production of enzymes that metabolize the 
xenobiotics or indirectly by influencing host receptors and signaling 
pathways via metabolite production (38). The CYP51 family is widely 
distributed in fungi (39). Unexpectedly, FBN supplementation in the 
diet reduced the abundance of CYP51 in the gut microbiome of the 
finishing pigs. This may be due to the low abundance of fungi in the 
gut microbiome of the animals. Additionally, AhR may be associated 

FIGURE 10

Putative CYP450 family of cecal microbes annotated using the Cytochrome P450 Engineering database.
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with the reduced abundance of CYP family proteins given that it acts 
upstream of CYP genes (27).

5. Conclusion

In conclusion, this study was the first to explore the effects of high 
dietary inclusion levels (20%, w/w) of Aspergillus niger-fermented 
Boehmeria nivea on the composition, structure, and putative functions 
of the cecal microbiota of finishing pigs. High levels of FBN 

supplementation in the diet did not affect serum antioxidant capacity, 
intestinal morphology, or the expression of genes encoding antioxidant-, 
immune-, and tight junction-related proteins in the liver, except for an 
observed decrease in AHR and IL6 gene expression levels in the ileum. 
FBN treatment altered the composition of the gut microbiota at the 
genus level, as evidenced by the reduced abundance of Streptococcus and 
the enrichment of Clostridium, Eubacterium, Ruminococcus, and 
Roseburia inulinivorans. In addition, the inclusion of FBN in the diet 
reduced the predicted functions of glycoside hydrolases (GH1, GH13, 
GH25), which may be associated with pathways involved in glycolysis/
gluconeogenesis. Gene functions related to antibiotic resistance and 
hemolysin-based virulence in the cecal microbiota were attenuated with 
FBN treatment. These results indicate that high dietary inclusion levels 
of FBN may not impact gut health in finishing pigs. However, the effects 
of FBN on growth performance, meat quality, and feed costs require 
further investigation.
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Dietary supplementation with 
olive oil co-products rich in 
polyphenols: a novel nutraceutical 
approach in monogastric animal 
nutrition
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In recent years, the increased demand for agri-food products to feed livestock 
species has stimulated research to identify novel solutions for the valorization of 
natural waste, according to the modern concept of a circular economy. Numerous 
studies have shown the use of plant-derived and agro-industrial co-products that 
are sources of bioactive molecules for preparing animal feeds. Supplementation 
with co-products derived from the extraction of olive oil (i.e., olive pomace, olive 
mill wastewater, olive cake and olive leaf) in diet has been widely considered 
in recent decades, because these wastes are produced in high quantity and 
their re-use represents an innovative economic and environmental strategy. 
Olive oil co-products are characterized by various bioactive molecules such 
as polyphenols, carbohydrates, proteins, and lipids. Among them, polyphenols 
are the nutraceuticals most studied, showing to promote health effects in both 
humans and animals. Olive oil co-products and their phenolic extracts have shown 
many beneficial and promising effects when added to the diets of monogastric 
animals, by improving performance parameters and maintaining the oxidative 
status of meat and derived products. This review provides an update on the use 
of olive co-products in monogastric animal (swine, poultry and rabbit) diets and 
their effects on the productive performance, meat quality characteristics and gut 
health status.

KEYWORDS

antimicrobials, antioxidants, feed supplementation, monogastric, olive oil co-products, 
polyphenols

1. Introduction

The global consumption of olive oil has grown over the past three crop years due to its high 
nutritional value and health benefits, and should reach about 3.055 million tons in the 2022/2023 
(1). It is known from the International Olive Council (IOC) that there are more than 800 million 
olive trees in the word, covering an area of 10 million hectares (2), and that the Mediterranean 
region accounts for 97% of global olive oil production (1). In Mediterranean countries, there are 
significant differences in the extraction methods of olive oil in different areas. The three-phase 
centrifugal extraction method is the most common; other techniques are the two-phase 
extraction and traditional discontinuous pressing (3). The three-phase decanter has become 
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popular for its ability to decrease labor requirements and 
simultaneously enhance processing capacity and production of oil. 
However, it requires a large amount of energy and water during 
malaxation and generates large quantities of wastewater during the 
production process. The two-phase decanter separates the liquid part 
(the oil) from a moist solid part without requiring water, resulting in 
oil with high antioxidant and aromatic compound levels. However, the 
two-phase process typically necessitates higher energy consumption 
and entails a certain degree of loss of oil, because it remains in the 
pomace (4).

Each production process generates high amounts of co-products, 
mainly solid and liquid residues including olive cake, olive mill 
wastewater (OMWW) and olive pomace, which pollute the 
environment and create disposal problems (5). After two-phase 
centrifugation, the percentage of wet olive pomace, extra virgin olive 
oil (EVOO) and OMWW are 78.3, 18.7 and 3%, respectively. After 
three-phase centrifugation, the percentages of wet olive pomace, 
EVOO and OMWW are, respectively, 37.6, 17.4 and 45% (4).

In the last decades, innovative strategies including the reutilization 
of these wastes have become necessary, in order to reduce a negative 
impact on the ecosystem (6). Interestingly, these co-products can 
be regarded as excellent economic sources for their content in various 
beneficial compounds including proteins, lipids, fibers (lignin, 
cellulose, hemicelluloses, and pectins), polyphenols (phenolic 
alcohols, phenolic acids, secoiridoids and flavonoids) and other 
phytochemicals such as tocopherols, triterpenoids and carotenoids 
(7–9). The content of bioactive molecules differs according to the type 
of product, and for this reason it is important to consider their 
individual features and composition, in order to find the most useful 
applications in different fields (7).

Extra virgin olive oil include a number of polyphenols, among 
which the phenyl alcohols tyrosol and hydroxytyrosol and the 
secoiridoid oleuropein, which are abundant and have a considerable 
antioxidant and antimicrobial activity (10). After extracting olive oil, 
some olive oil remains in the liquid and solid phases, and these 
co-products retain about 98% of total phenolic compounds (11). Thus, 
co-products of olive oil, including OMWW and olive pomace, are 
considered an excellent source of polyphenols [3.0–50.0 g/kg of dry 
matter (DM)] (11).

Among the various bioactive molecules contained in olive oil 
co-products, polyphenols are the most recently studied and recovered 
molecules, which in several human and animal studies showed 
multifunctional effects that need to be further investigated (8).

Polyphenols occur naturally in plants either as free aglycones or 
as esters with polysaccharides or monosaccharides (12). The 
polyphenols encompass over 8,000 molecules that are characterized 
by phenolic rings with one or more hydroxyl groups, which are crucial 
in determining their antioxidant functions (13). Hydroxytyrosol and 
tyrosol are the major components found in OMWW that could 
be  exploited as high-value compounds (13, 14). Oleuropein and 
hydroxytyrosol represent as much as 10% of the composition in fresh 
olive leaves (15), while tyrosol and hydroxytyrosol can also be found 
in leaf extract and olive cake (16). Furthermore, oleuropein is the 
main polyphenol in olive leaf extract (17), and dried olive pulp also 
contains antioxidant phenols such as oleuropein and hydroxytyrosol 
(10). Membrane technologies such as microfiltration, ultrafiltration 
and nanofiltration have recently been developed to extract phenolic 
compounds from olive oil co-products. This innovative method could 

be a valorization to make the co-products of olive oil a nutritional 
source of high economic value. Moreover, the novel recovery processes 
concerning olive oil co-products, in general, helps also to simplify 
their disposal and management (18).

Phenolic compounds show important biological effects, including 
anti-inflammatory, antioxidant, antibacterial, antiproliferative, 
antifungal and hypoglycaemic activities (19). In particular, based on 
their antioxidant and antimicrobial power, they have become 
increasingly important for livestock. Olive oil co-products could 
provide an advantage for the agri-food and zootechnical industries, 
and their inclusion in livestock feed may provide benefits without 
compromising their production traits.

The use of these products for animal feeds could be considered a 
contribution to the circular economy of Mediterranean countries such 
as Italy, Spain and Greece, which are the main olive oil producers. 
Moreover, agro-industrial co-products are usually less expensive 
compared with the feeds traditionally used (20). Regarding animal 
nutrition, especially for monogastric animals, there has been extensive 
research into the use of plant extracts high in polyphenols (21). Plant 
extracts can be  regarded as promising alternatives to synthetic 
antioxidants, given the characteristics of many natural compounds 
they contain, especially polyphenols (21). The potent antimicrobial 
properties of phenolic compounds can also potentially reduce the risk 
of bacterial infections (22). In this regard, it should be  useful 
be remembered that the European Union (EU) has prohibited the use 
of antibiotics as growth promoters in livestock since 2006 (EC 
Regulation No. 1831/2003), owing to the potential detrimental 
impacts on food safety and animal health (23, 24). The use of 
polyphenols as potential natural feed supplements with a role in the 
immunity, antimicrobial, antioxidant power and overall production 
performance of swine and poultry has been confirmed by in vivo and 
in vitro studies (21, 25). Furthermore, dietary supplementation with 
polyphenols could enhance food oxidative stability originating from 
livestock animals (26). Phenolic compounds can also be applied as 
natural compounds protecting animals from the bad consequences of 
feed component oxidation, particularly when there is an high 
unsaturated fatty acid content (25). This review summarizes the 
studies available that have examined in monogastric animals the 
effects of olive oil co-products and extracts as sources of beneficial 
bioactive molecules, including polyphenols.

2. Chemical composition of olive oil 
co-products

2.1. Olive pomace and olive cake

Olive pomace is the primary solid product that remains after 
extracting olive oil from the fruit; it is composed of oil, skin, pulp and 
pits and has a relatively high water content. It is a good source of 
beneficial molecules such as carbohydrates, proteins, lipids and 
polyphenols (7, 27). Olive pomace is rich in fibrous compounds such 
as cellulose, lignin, pectins and hemicelluloses (xyloglucans, xylans, 
mannans and glucoroxylans) and also contains small amounts of 
organic nitrogen as well as minerals (especially potassium) (7, 27).

Interestingly, this co-product is composed by oleuropeosides, 
polyphenols and flavonoids. The extract of olive pomace contains at 
least 10% of triterpenes and 2% of polyphenols (28).
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Olive cake is a semi-liquid paste produced by pressing and 
compressing the olive pomace to extract any remaining oil. The olive 
cake consists of stone (18–32%), pulp, olive skin, kernel, a portion of 
oil, and approximately 40–60% of water. The olive cake can be regarded 
as a source of various phytochemicals such as peptides, flavonoids 
(quercetin), tocopherols and polyphenols (7). Interestingly, vitamin E 
is a group of exogenous antioxidants including tocopherols that is 
lipophilic and can work in a synergically with phenolic acids, 
potentiating its action (29).

Olive cakes devoid of stones exhibit a significant presence of fiber 
and lignin (160–557 g/kg DM), while the crude protein (CP) content 
is relatively low and varies from 44 to 115 g/kg DM (30, 31). Some 
olive cake can be  used in the diets of finishing pigs after partial 
defatting. On dry matter basis, olive cake contains 52–92 g/kg of CP, 
7.9 g/kg of Ca, 9 g/kg of total phosphorus, 122 g/kg of ether extract, 
8.6 g/kg of total polyphenols (gallic acid equivalents) and 170 g/kg of 
lignin (32, 33). The semisolid destoned olive cake, called pâté, has an 
olive oil concentration varying from approximately 8 to 12%, 
depending on the moisture content. Pâté also has high levels of sugars, 
structural carbohydrates and a moderate CP content. Fatty acids in 
pâté mainly comprise oleic acid and polyunsaturated fatty acids (34). 
The main components of pâté are the following: total polyphenols 
120 mg/kg, hydroxytyrosol 54 mg/kg, tyrosol 60 mg/kg, pinoresinol 
3 mg/kg, and verbascoside 3.5 mg/kg (34).

2.2. Olive pulp

Olive pulp refers to the fleshy part of the olive fruit that is left over 
after the oil is extracted. It consists of fragments of olive stones, skin 
and a small portion of olive oil; it is what remains of the olive cake 
after drying. Olive pulp is rich in essential fatty acids (73% oleic acid, 
13% palmitic acid and 7% linoleic acid) and has a high residual oil 
(35). Because of this high residual content, dried olive pulp could be a 
low-cost source of energy. Olive pulp contains fibers, whose contents 
may change depending on the processing (36). It is also composed by 
protein, fat, calcium, copper and cobalt, even if it does not have a high 
nutritional value because of its decreased digestible protein and 
mineral content and a high lignin concentration (36). Dried olive pulp 
is considered a relevant reservoir of natural antioxidants, with a high 
concentration of hydroxytyrosol (228.6 mg/kg DM) and oleuropein 
(1,007 mg/kg DM), and has antibacterial and antifungal effects (10). 
The proximate chemical composition of dried olive pulp includes 
88–95% of DM, 7–12% of CP, 28–35% of crude fiber, 7.9–19.0 g/kg 
DM of total phenolic compounds, and 229 mg/kg DM of 
3,4-dihydroxyphenylethanol (DHPEA) (10, 37, 38).

2.3. Olive mill wastewater

Olive mill wastewater is the liquid waste generated during the 
production of olive oil. It consists of the vegetation water of olives 
diluted during the extraction of oil and has a high polyphenolic 
content (up to 53% of olive fruit phenolic compounds) for the 
elevated water solubility of these molecules (39). This liquid 
product presents a high content of organic compounds such as 
proteins, lipids, carbohydrates, tocopherols, carotenoids and 
polyphenols (7).

The amount of OMWW produced every year in the Mediterranean 
region is approximately 30 million m3 (40). Polyphenolic powder can 
be extracted from OMWW by separating the solids; acidifying the 
solution; extracting with a solvent; purifying through filtration; and 
precipitating, drying and storing the isolated polyphenols (40). 
Different extraction processes have a greater impact on the content of 
phenolic compounds. The content of total polyphenols is 
approximately 100 mg/g, with hydroxytyrosol and tyrosol being 0.5 
and 0.55 mg/g, respectively (41). In terms of g/kg DM, the content of 
total polyphenolic is approximately 96.6 g/kg, with hydroxytyrosol and 
tyrosol representing, respectively, 20.8 and 3.9 g/kg of the 
composition (13).

2.4. Olive leaf extract

Another interesting co-product of olive fruit is the olive leaf 
extract, which is a bitter-tasting, dark brown liquid derived from olive 
leaves; it represents approximately 10% of the material deriving from 
the olive oil press (42, 43). Olive leaves are remnants from the 
agricultural process of harvesting olives, where the olive trees are 
beaten to collect the fruits. Pruning yields about 25 kg of olive leaves 
per tree. The chemical composition of olive leaves consists of a high 
quantity of extractives (36.52%), lignin (39.6%), cellulose (5.7%) and 
hemicelluloses (3.8%), as well as crude proteins (ranging from 8.10 to 
39.6%) (7).

Fresh olive leaves contain approximately 10% polyphenols (15), 
specifically oleuropein and hydroxytyrosol. After drying for 2 days at 
37°C, olive leaves have up to 25 g/kg total polyphenols and 22 g/kg 
oleuropein (43). Deriving from the leaves of the olive tree, olive leaf 
extract is a dark brown liquid with a bitter taste and is also rich in 
polyphenols, which have a strong antimicrobial effect (44). Among 
them, oleuropein is the most abundant, with a concentration ranging 
from 60 to 90 mg/g in dried olive leaves (45).

3. Antimicrobial properties and effects 
on gut health

In plants and plant extracts, polyphenols are the main secondary 
metabolites widely known to have antimicrobial action (46). The 
antimicrobial effects of co-products from olive oil production 
(especially olive mill waste water and olive leaf extracts) have been 
related to the presence of phenolic compounds (47), among which 
oleuropein and hydroxytyrosol are the two most powerful bioactive 
molecules contained (48, 49). Many polyphenols are able to inhibit the 
microbial growth and also interfere with oxidative reactions (46). 
Oleuropein can stimulate the increase of nitric oxide inside the 
macrophages, protecting them from the endotoxins produced by the 
gram-negative bacterial species (50). Additionally, extracts can 
be considered more effective than insolated compounds, because each 
constituent can be affected by the others contained. In this way, the 
use of extracts, including the ones from olive oil production, is 
considered essential for enhancing the synergistic actions of their 
bioactive compounds (49), with possible applications in animal feed 
as natural antimicrobial compounds (51). Moreover, a greater 
antimicrobial activity of olive co-products such as olive leaf extract 
could be  attributed to many phenolic metabolites, including the 
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products of oleuropein hydrolysis (elenolic acid and oleuropein 
aglycon) rather than the oleuropein glucoside form (49).

The antimicrobial effect of natural extracts can be also related to 
their the ability to change the intestinal bacterial population (52) and/
or modulating the immune response in the gut. In the body, the 
primary defense system against adverse microorganisms and harmful 
internal and external substances is the intestinal tract. However, 
oxidative stress can compromise this function, resulting in intestinal 
cell damage, apoptosis and reduction in tight junction proteins’ 
expression, that contribute to the function of mucosal barrier (53). 
Gut health is crucial for animal growth and is closely related to 
intestinal immune function. In farm animals, oxidative stress is often 
associated with gut dysbiosis and pathogenic infections, which can 
lead to reductions in the antioxidant capacity and increased lipid 
peroxidation, potentially resulting in severe conditions like sepsis (54). 
In broiler chickens and weaned piglets, oxidative distress may also 
contribute to microbial infections, causing inflammation and a 
reduction of feed efficiency related to a gut function impairment (13).

Interestingly, polyphenols from olive oil have been found to 
maintain the integrity of gut barrier by increasing the expression of 
genes involved in tight junction stability and modulating the oxidative 
state, immune and inflammatory response in the intestinal epithelium 
(55). Polyphenols also act during weaning stress in piglets and calves 
by improving not only nutrient absorption and digestion, but also 
intestinal barrier and intestinal microbiota function (56). 
Furthermore, olive oil co-products rich in phenolic compounds can 
induce a modification of gut microbiota populations not only by 
decreasing intestinal pathogens (i.e., Helicobacter pylori and 
Escherichia coli) (42), but also exerting a prebiotic action in the gut 
through an induction of the growth of helpful bacteria such as 
Clostridium (44, 57) and Lactobacillus (44, 58). In every animal 
species, particularly during the first days of life, is important to have a 
good microbial composition in the gut, in order to maintain 
homeostasis and avoid intestinal tract disorders that may occur, 
especially in the early period (59). In piglets, gut microbiota 
colonization at birth also derives from the microbiota of the maternal 
intestinal tract (59). For this reason, the increase of Lactobacillus spp. 
and Bifidobacterium spp. in the sow’s intestinal tract after dietary 
administration with olive oil co-products (such as olive pulp) is an 
important strategy to transfer these effects to the offspring (60). In 
laying hens, supplementation with olive oil co-products (e.g., with 
fermented defatted olive pomace) in early life induced an increase of 
the abundance of Firmicutes, Proteobacteria and Actinobacteria, also 
stimulating bacterial diversity. These actions can strengthen the innate 
immune response, help to compete with microbial pathogens and 
could potentially reduce the antibiotic use (61).

3.1. Olive cake

Dietary supplementation of piglets with an extract of olive cake 
partially restores intestinal villi height and reduces the depth of crypts 
by alleviating the lipopolysaccharide (LPS)-induced inflammatory 
response (53). Furthermore, in the same study the olive cake extract 
group had a reduced impairment of small intestine morphology, 
showing that this supplementation can contribute to the 
morphological and structural integrity of intestine by alleviating 
LPS-induced damage. Additionally, olive cake extract has been shown 

to increase the amount of the pro-biotic bacteria Clostridium and 
Lactobacillus by lowering the pH, displaying a beneficial effect on pig 
intestine (53) (Table 1).

3.2. Olive mill wastewater

Bonos et al. (57) recently demonstrated that silage supplemented 
with OMWW significantly reduced the amounts of harmful bacteria 
such as Clostridium spp., E. coli, and Campylobacter jejuni, suggesting 
a good correlation between gastrointestinal tract modifications and 
bird health. Olive mill vegetation water is also able to improve meat 
microbial quality (62). In poultry, dietary treatment with a phenolic 
extract from OMWW decreased Campylobacter spp. prevalence, by 
controlling the spread of the bacterium when the production lifespan 
ended, which could reduce the risk of Campylobacter infection in 
processed poultry meat (5) (Table 1).

3.3. Olive leaves

In one study, olive leaf extract dietary supplementation (100 and 
200 mg/kg) was more efficient in decreasing the number of total 
coliform bacteria and E. coli compared to a control diet (44). 
Additionally, feeding broiler chickens with an olive leaf extract 
reduced the level of total coliform bacteria. This extract exerted also a 
beneficial effect on the microflora content of broiler chicken ileum (by 
increasing the concentration of Lactobacillus) and could be used as 
natural antioxidant alternatives to probiotics (44). Olive leaf extracts 
have also been shown to successfully inhibit in vitro the adhesion of 
C. jejuni and hamper its colonization (63). Olive leaf extract 
polyphenols exhibit antimicrobial activity against various pathogenic 
microorganisms, particularly E. coli, and the combined phenolics 
exert antioxidant and antimicrobial effects comparable to or better 
than individual phenolics (64). Additionally, in broiler chickens, 
dietary inclusion of different levels of an olive leaf powder improved 
the intestinal morphology by enhancing the length and surface of villi 
and the depth of crypts (65).

4. Effects on animal performance

A current issue in livestock industry is the promotion of animal 
performances without increasing production costs, minimizing 
environmental impacts and maximizing welfare (66). In the animal 
body, different stress conditions including farm practices, changes of 
environment, transportation, lairage and fasting preceding slaughter 
can disrupt the balance between the antioxidant defense and the 
production of free radicals (67). Reactive oxygen species (ROS) and 
nitrogen species (RNS), the most common groups of free radicals in 
biological systems, are usually produced at low or moderate levels in 
livestock animals being exposed to the stress conditions of the 
extensive or rangeland production (68). The excess of ROS in the body 
can be detrimental. Moreover, animals with faster growth rates, and 
thus high metabolic rates, are more prone to oxidative stress (68), 
causing negative effects on livestock. Accumulating evidence suggests 
that oxidative stress can reduce the health status, leading to an 
impaired immune system and lower productivity and welfare (67).
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Stress regulates the functions of the cells by inducing physiological 
or pathological modifications, and consequently affecting metabolism 
and the fate of nutrients in the body. Furthermore, oxidative stress 
could induce DNA, lipid and protein damage, changes that are 
correlated to various harmful consequences which alter animal 
production and performances (69). This may contribute to 
deterioration of the qualitative characteristics of meat products (68). 
Additionally, in piglets, weaning is a very stressful condition 
characterized by high production of free radicals, leading to all the 
oxidative-stress induced negative effects (70). Post-weaning stress is 
often linked to a decreased growth performance, as well as to an 
higher susceptibility to microbial infections (71, 72).

Animal performance and quality of the derived products are 
markedly affected in monogastrics, especially chickens (16, 28, 33, 44, 
73) and pigs (43, 74, 75). On the farm, the use of antioxidants is 
required during animal life conditions such as reproduction and 
growth, in order to maintain the oxidative balance in the biological 
systems of both cells and tissues (68). Recent research has focused on 
the addition of natural antioxidants in livestock feed, in order to 
improve the productivity and health of animals, protecting them from 
the harmful effects of oxidative stress (76). More specifically, the use 
of phenolic compounds can reduce the oxidative stress-induced 
damages in animals due to the antibiotic-like action of these molecules 
(77). In this way, these molecules can also improve the antioxidant 
potential of products of animal origin, e.g., meat.

Many in vitro and in vivo animal studies have demonstrated that 
polyphenols present in olive oil, olive fruit and extracts (such as 
OMWW) exert strong biological activities, mostly-but not only 
exclusively-linked to their antioxidant power (78). For example, 
pretreatment with hydroxytyrosol protects renal cells from membrane 
oxidative damage induced by free radicals by improving also the 
morphology and biochemical functions in the proximal tubular 
epithelium (79). The protective action of hydroxytyrosol from EVOO 
has been also demonstrated against the damage induced by 
ochratoxins in a Madin–Darby canine kidney cell line (MDCK) and 
rabbit kidney cell line (RK 13) (80).

Regarding the in vivo effects, the use of natural plants and their 
extract rich in polyphenols in diet has been recently considered as a 
novel strategy in farm animals, in order to improve their growth and 

reduce mortality (81). Polyphenols can be  considered as good 
promoters of farm animal growth by stimulating saliva, enzyme 
digestion, secretion of mucus and bile, and by protecting gut 
morphology thanks to their anti-inflammatory and anti-oxidant 
action (81). Moreover, the improvement of chicken growth rate is 
probably related to a reduction of the passage rate induced by 
polyphenols during digestion, which increases the digestibility of feed 
(38). Among the co-products of olive oil extraction, olive leaf extract 
supplementation in animal feed regulates the digestion and enhances 
digestive juices stimulating appetite and the consumption of food by 
the animal. This extract may additionally prevent diseases for its 
antibacterial and antifungal activity, and improves animal 
performance (73).

4.1. Olive pomace and olive cake

Herrero-Encinas et al. (28) demonstrated that a bioactive olive 
pomace extract added to chicken diets (750 mg/kg) improved animal 
growth given its anti-inflammatory activities and did not induce a 
negative effect on body weight (BW) and feed conversion ratio (FCR) 
(Table 2). Moreover, olive cake supplementation at 10% to broiler 
chicken diets significantly improved the FCR (33), while its inclusion 
up to 15% in laying hen diets increased feed intake (FI) and improved 
feed efficiency (82). Branciari et al. (5) confirmed these positive effects 
in poultry: they found that dietary supplementation with a dehydrated 
olive cake could increase live weights compared to the controls. 
Dietary olive cake (10%) with citric acid improved final BW and daily 
and total body weight gain (BWG) in broiler chickens (88). In rabbit 
diets, supplementation with olive cake at 30% and bentonite led to 
improvements of final BW, daily weight gain and FCR parameters 
(89). Olive cake pulp (up to 25%) added in growing rabbits did not 
induce harmful effects on their growth performance parameters (90). 
Furthermore, dietary supplementation with 82.5 and 165 g/kg of pâté 
olive cake led to greater BW in chickens compared with the control 
diet (34). A diet based on wet crude olive cake in Iberian pigs resulted 
in a better growth performance compared with dry olive pulp (91), 
and the addition of olive cake in finishing pig diets also increased FI 
and BWG (37). Similarly, Joven et al. (75) reported in pigs an higher 

TABLE 1 Effects of olive oil co-products on microbial populations.

Co-product Content of 
polyphenols (g/kg)

Dosage (g/kg) Species Effect References

Olive leaf extract 97 0.5, 1.0 Ross 308 male broilers Total aerobic bacteria →, 

Total coliform bacteria ↓, 

Lactobacilli bacteria ↑

(44)

OMWPE, DOC 0.0125, 0.0625 160, 330 Ross 308 female 

broilers

Campylobacter spp. ↓ (5)

Olive cake 8.6 120 Finishing pigs Total aerobic bacteria →, 

Enterobacteria →, 

Bifidobacteria →, 

Lactobacilli →

(32)

Olive oil cake extract - 1.0 Weaned piglets (DLL) Clostriudium _sensu_

scricto_ ↑, Lactobacillus ↑

(53)

DLL, Duroc × Landrace × Large White; DOC, dried olive cake; GA, gallic acid; OMWPE, Olive mill wastewater polyphenolic extract. ↑, increased; ↓, decreased; →, no difference.
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consumption of feeds and higher growth rates after a dietary 
supplementation with 5% or 10% of olive cake (replacing an equivalent 
proportion of barley in the diet) (Table 2). In contrast, during the pig 
finishing period, dietary supplementation with 100 mg/kg of partially 
defatted olive cake had no effect on growth performances, showed 
only a tendency to increase FCR (p = 0.059) and significantly reduced 
loin depth (32).

4.2. Olive pulp

Dietary supplementation with dried olive pulp can be considered 
a good strategy for feeding slow-growing broilers, as it has no adverse 
effects on animal productive performance, carcass weight, yield of 
breast, and fatty acid composition of breast meat (10). An increase in 
FI has been observed when supplementing broiler chicken diets with 
olive pulp (37). In addition, researchers reported an increase in BW 

and BWG of broilers subjected to heat stress after dietary treatment 
with olive pulp (92).

4.3. Olive mill wastewater

A natural polyphenolic product from OMWW included in post-
weaning pig feed induced higher BW and average daily gain (ADG) 
(70). Furthermore, this phenolic administration improved clinical 
performance by decreasing the frequency of post-weaning diarrhea 
(70). Branciari et al. (5) demonstrated that in poultry, supplementation 
with an OMWW polyphenolic extract could increase final BW and 
carcass weight compared to the control. Sabino et al. (93) did not find 
differences in feed conversion efficiency after dietary supplementation 
with OMWW in chicken diets compared to controls, but the observed 
morphological changes in the jejunum of the OMWW-supplemented 

TABLE 2 Effects of olive co-products supplementation on animal growth performances.

Co-product Content of 
polyphenols (g/kg)

Dosage (g/kg) Species Effect References

Olive cake - 100, 150 Ross 308 broilers BWG →, FI →, FCR ↓ (82)

Olive pomace extract 20 0.75 Ross 308 broilers ADG↑, FCR ↓, ADFI→, 

AID →

(28)

Olive pulp 2.41 30, 60 Ross broilers BW →, FC →, FCR →, 

hock burn →, feather 

cleanliness ↑, foot pad 

dermatitis ↓

(83)

Olive leaf extract 97 0.5,1.0 Ross 308 broilers BWG ↑, FCR ↓, FI → (44)

Olive leaf extract 4.4 5, 10, 15 Arbor acre broilers ADG ↑, ADFI ↑, FCR ↓ (16)

Olive cake - 50, 100 Ross broilers BW →, FI →, FCR →, 

survival rate ↑

(33)

Pâté olive cake 0.17 82.5, 165 Ross 308 broilers LW ↑, ADG ↑, FCR ↓ (34)

Olive leaf and grape 7 2 Ross 308 broilers ADG →, ADFI →, FCR 

→, EBI →

(84)

Olive pulp - 25–50, 50–50, 50–80 Cobb 500 broilers ADG →, ADFI →, FCR 

↑

(10)

Olive pulp 7.9 50, 100 Hubbard broilers BW →, ADG →, ADFI 

→, FCR →, mortality →

(85)

OMWW extract 100 0.2, 0.5 Hubbard-Sasso broilers BW →, water 

consumption →

(41)

Olive cake - 50, 100, 150 Finishing pig BW ↑, FI ↑, ADG →, 

FCR →, ADE ↑

(75)

Olive leaf 25 50, 100 Growing-finishing pigs FW↓, ADG↓, ADFI↓, F/

G↑, ATTD↓

(43)

Olive cake 8.6 120 Finishing pigs BW →, ADG →, ADFI 

→, FCR →, LD ↓

(32)

Olive cake - 100 Finishing Bísaro pigs BW →, pH →, color →, 

CW →

(86)

Olive cake - 50, 100 Pietrain pigs BW ↑, FCR ↑ (87)

ADFI, average daily feed intake; ADG, average daily gain; ADE, apparent digestible energy; AID, apparent ileal digestibility; ATTD, apparent total tract digestibility; BW, body weight; BWG, 
body weight gain; EBI, European broiler index; FCR, feed conversion ratio; FI, feed intake; FW, feed weight; GA, gallic acid; LD, loin depth; LW, live weight; OMWW, olive mill wastewater. ↑, 
increased; ↓, decreased; →, no difference.
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group suggest that this co-product could have a beneficial effect on the 
intestinal ecosystem.

4.4. Olive leaves

Researchers have demonstrated that olive leaves can be added to 
feeds without adversely affecting growth performance (94). The 
healthful effects of the olive leaf extract have been attributed to the 
known antioxidant, anti-microbial and anti-inflammatory activity 
(12) (Table 2). Paiva-Martins et al. (43) investigated the effect of the 
dietary addition of olive leaf extract on feed digestion, growth 
performance and meat qualitative characteristics of pigs (Table 2). 
Olive leaf supplementation improved growth performance, with a 
better feed-to-gain ratio by comparing with a conventional diet. Sarıca 
and Ürkmez (44) reported in broiler chickens an increase in BWG and 
a decrease in the FCR during the 6 weeks after supplementation with 
a composition of either 100 or 200 mg/kg of olive leaf extract (Table 2). 
In broiler chickens reared in humid and warm temperature, 
supplementation of drinking water with olive leaf extract at 15 mL/L 
(containing 66 mg/L oleuropein) improved BW, BWG, FI and the FCR 
(16). Furthermore, supplementation of growing rabbits with until 
1.5 mL/kg of an olive leaf extract improved several performance 
parameters (final BW and the FCR) (95). The supplementation of an 
aqueous extract of olive leaf also increased ADG in growing 
rabbits (96).

5. Effects on meat quality

Antioxidants can contribute to animal welfare and productivity by 
delaying or preventing lipid oxidation through the reduction of free 
radical activity in meat (43). An excess of reactive oxygen species 
(such as ROS and RNS) reduce the quality of meat, causing many 
defects in flavor and taste that compromise the biological and reduce 
meat shelf life (67). Polyunsaturated fatty acids are highly susceptible 
to oxidation, and oxidation products can destroy the nutritional, 
chemical and sensory characteristics of meat, especially tenderness, 
juiciness, flavor, drip loss and shelf life (15, 43, 97). Nutritional 
supplementation is a novel strategy that can improve meat stability by 
changing the profile of fatty acids or the content of tocopherols in the 
muscle. Notably, the addition of anti-oxidants in animal feed is 
considered a useful method to increase meat stability (98). Recently, 
the use of natural antioxidants including polyphenols has been 
recommended, in order to restrict lipoperoxidation and maintain 
qualitative characteristics (flavor, color, tenderness) and shelf life of 
animal-derived products, ensuring their healthfulness for the 
consumers (99). Co-products deriving from olive oil could 
be employed as potential animal nutrients to produce high-quality 
meat based on their strong radical scavenger activity from its very 
high levels of polyphenols, including oleuropein, hydroxytyrosol and 
verbascoside (100). Hydroxytyrosol is able to scavenge the peroxyl 
radicals near the surface of the membranes, and oleuropein can 
interfere with their chain propagation (101). Increased dietary 
absorption of polyphenols can also exert a protective effect on the 
low-molecular-weight antioxidant tocopherol by acting as a barrier 
against the oxidation of lipids (68).

Oxidative stress can be evaluated with the thiobarbituric acid-
reactive substance (TBARS) content, which measures 
lipoperoxidation due to free radical generation. Branciari et al. (34) 
reported the TBARS content of meat from animals fed with olive 
polyphenols. They found that this supplementation improved the 
oxidative status of the meat. Recent in vivo studies have reported that 
co-products from olive oil rich in polyphenols improve the 
antioxidant state and welfare of monogastric species including 
chickens, pigs and rabbits, as well as the quality of their meat (34). 
Tufarelli et al. (38) also demonstrated an improvement of antioxidant 
status with lower TBARS in the liver of chickens fed with a 
supplementation of EVOO. Additionally, a reduction in saturated 
fatty acids and a monosaturated fatty acids increase improves the 
meat chemical composition, and these effects can be  induced by 
polyphenols from olive oil co-products (32, 75) (Table 3). The analysis 
of fat content in animal-based products usually consists in the 
evaluation of nutritional parameters including the ratio between 
polyunsaturated/saturated fatty acids and of n-6/n-3 fatty acids (104), 
which are important to ensure healthy human nutrition.

5.1. Olive pomace and olive cake

De Oliveira et  al. (105) demonstrated that in chickens olive 
pomace can induce a modification of the lipid composition in meat by 
increasing the monounsaturated fatty acids content and decreasing the 
amount of the saturated ones. The same co-product type (from 5 to 
16%) added in rabbit diets significantly increased meat 
monounsaturated fatty acids, with a correlated reduction in the 
polyunsaturated ones (100). Moreover, a reduced meat peroxidation 
has been observed in the olive pomace–supplemented group, in 
comparison to the control (100).

Dietary supplementation of a chicken diet with a high 
concentration of pâté led to a reduction of TBARS values in meat (34). 
Increasing levels of olive cake (up to 15%) led to healthy fatty acid 
profiles in pig fat by promoting a linear decrease in the proportion of 
total saturated fatty acids and an increase in the percentage of the total 
monounsaturated ones (75). The addition of partially defatted olive 
cake in pig diets did not shown a significant effect on carcass quality, 
microbial counts and subcutaneous fatty acids profile, but induced a 
lower pH and polyunsaturated fatty acid content and higher 
monounsaturated fatty acid concentration in the meat (32). 
Additionally, the inclusion of olive cake silage in the diet (up to 40%) 
of Apulo-Calabrese pigs promoted a higher proportion of 
monounsaturated fatty acid, especially oleic acid, and a lower 
concentration of polyunsaturated acids (102).

5.2. Olive pulp

The results reported by Papadomichelakis et al. (10) confirmed 
that feeding broiler chickens with dried olive pulp can increase the 
content of monounsaturated fatty acids in meat. The addition of this 
olive co-product in broiler diets also induce a significant improvement 
in meat color, as indicated by higher meat lightness (L*) and redness 
(a*) values (85). Moreover, in finishing pigs, meat yellowness 
decreased and meat oxidation stability tended to be improved after 
dried olive pulp supplementation (74).
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5.3. Olive mill wastewater

Olive mill wastewater supplementation in chicken feed can induce 
a decrease in the oxidation of lipids and proteins in meat without 
influencing its color stability. Moreover, piglets fed with an OMWW 
polyphenolic co-product showed lesser damages in proteins and lipids 
related to oxidative stress, indicated by a decrease in TBARS and 
protein carbonyl contents (106). The addition of a polyphenolic 
powder from OMWW to chicken diets reduced oxidative stress–
induced damage (41). Gerasopoulos et  al. (14) indicated that in 
piglets, feed containing polyphenolic additives from processed 
OMWW improved the lipid ratio and the quality of the meat. OMWW 
supplementation into rabbit diets also decreased Pseudomonas spp. 
growth in the meat (107).

5.4. Olive leaves

Olive leaves contain a large amount of polyphenols, which are 
strong natural antioxidants potentially able to decrease the excess of 
free radicals and harmful DNA modifications (41). Olive leaf extract 
could be used to produce high-quality meat due its very high level of 
polyphenols, including oleuropein (108). Supplementation of pig diets 
with 5% or 10% olive leaf extract significantly increased α-tocopherol 
content in Longissimus dorsi muscle and backfat compared with a 
control diet (43) (Table 3). Even if added at low dosages, olive leaf 
extract is a beneficial source of biologically-active molecules and could 
increase tocopherols in meat (43). In broiler chickens, dietary 
supplementation with olive leaf and a grape co-product (2 g/kg) 
changed breast color, by increasing its yellowness (b*) values and color 

TABLE 3 Effects of olive co-products supplementation on meat quality.

Co-product Content of 
polyphenols (g/kg)

Dosage (g/kg) Species Effect References

OMWW extract, DOC 0.125, 0.0625 160, 330 Ross broilers LW ↑, CW ↑, dressing 

percentage →

(5)

Olive leaf and grape 7 2 Ross 308 broilers CY →, color →, drip loss 

→

(84)

Olive pulp - 25–50, 50–50, 50–80 Cobb 500 broilers SFA ↓, MUFA ↑, MDA →, 

cooking loss →, shear force 

→, pH24 ↓, a* →, b* → L*↑

(10)

OMWW extract 100 0.2, 0.5 Hubbard-Sasso broilers CAT ↑, GSH ↑, TAC ↑, 

protein oxidation ↓, lipid 

peroxidation ↓

(41)

Olive pulp 7.9 50, 100 Hubbard broilers Carcass traits →, pH24 ↑, 

FA →, L* ↑, a* ↑, b* ↓, 

TBARS ↓, SFA ↓, MUFA ↑, 

PUFA/SFA →, Lipid 

hydroperoxides ↓

(85)

Pâté olive cake 0.17 82.5, 165 Ross 308 broilers pH →, drip loss →, 

cooking loss →, shear force 

→, TBARS ↓, DPPH ↑

(34)

Olive pulp - 50 Finishing pigs CW →, pH →, cooking 

loss →, b* ↓, shear force →

(74)

Olive leaf 25 50, 100 growing-finishing pigs α-tocopherol ↑, pH →, 

color →, cooking loss →, 

drip loss ↓

(43)

Olive cake - 50, 100, 150 Finishing pigs CW ↑, fat depth ↓, SFA ↓, 

MUFA ↑, PUFA →

(75)

Olive cake - 200, 400 pigs MUFA ↑, OA ↑, PUFA ↓, 

LA ↓

(102)

Olive leaf 67 25, 50 Finishing pigs Improvement of 

tocopherol content

(103)

Olive pulp - 50 Finishing pigs CW →, pH →, cooking 

loss →, b* ↓, shear force →

(74)

a*, redness; ADE, apparent digestible energy; b*, yellowness; CAT, catalase; CW, carcass weight; CY, carcass yield; DOC, dried olive cake; DPPH, 2,2-diphenyl-1-picrylhydrazyl; FA, fatty acid; 
GSH, glutathione; L*, lightness; LA, linoleic acid; LW, live weight; MDA, malondialdehyde; MUFA, monounsaturated fatty acids; OA, oleic acid; OMWW, olive mill wastewater; PUFA, 
polyunsaturated fatty acids; SFA, saturated fatty acids; TAC, total antioxidant capacity; TBARS, thiobarbituric acid reactive substances. ↑, increased; ↓, decreased; →, no difference. 
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intensity (84), compared with protected sodium butyrate. The same 
dietary supplementation seemed to decrease drip loss, a change related 
to enhanced breast meat quality (84) (Table 3). The combination of 
oleuropein, magnesium, betaine and vitamin E in pig diet could 
improve the oxidative state and maintain the stability of lipids in 
meat (67).

6. Effects on gene transcription

Dietary nutrients may modify gene and protein expression and 
metabolism directly or indirectly (109, 110). Diet is one of the external 
factors that can influence directly the expression of genes through the 
biologically-active nutrients contained, which interact with 
transcriptional factors to positively or negatively affect signal 
transduction pathways (111–113). Moreover, bioactive molecules in 
food and feed can have an impact on epigenetics, e.g., methylation of 
DNA and modifications occurring in histones (111). Transcription 
factors are found in organs which are metabolically active, like liver, 
adipose tissue and intestines. Their function consists in acting as 
molecular sensors through a modification of gene transcriptions as a 
response to changes in nutrient composition (109). Polyphenols can 
affect various transcription factors and gene expression (114).

Due to their antioxidant properties, polyphenols can inhibit the 
negative consequences of excessive ROS production. Two essential 
regulatory mechanisms inside the cells are the gene expression 
regulation and the adaptive homeostasis, both of which are redox-
induced (115). When the oxidation rate is high, a stress response 
started inside the cell to control free radicals excess and support redox 
homeostasis (115). Specifically, stress situations stimulate the 
translocation of transcription cellular factors [like nuclear factor 
kappa-light-chain-enhancer of activated B cells (NF-κB)] inside the 
nucleus; they then bind to specific DNA sites to exert a protective 
function, but can often exert the opposite effect (115). Oxidative stress 
induces different cellular processes linked to inflammation, 
proliferation and apoptosis (116). Polyphenols act by reducing ROS 
and, consequently, inhibit NF-κB, the most important regulator of the 
transcription of inflammatory markers (interleukins, tumor-necrosis 
factor etc). Cappelli et  al. (116) showed for the first time the 
downregulation of the tumor necrosis factor-alpha (TNFA), advanced 
glycosylation end-product specific receptor (AGER) and BCL2-
associated X apoptosis regulator (BAX) genes in rabbit liver after 
dietary supplementation with OMWW polyphenols. These effects 
suggest a possible inhibition from polyphenols of the effect of 
oxidative stress on NF-κB. Dietary OMWW also decreased BAX 
expression in rabbit’s ovary system, which highlighted the beneficial 
action of polyphenols on reproduction linked to inhibition of 
apoptosis (117).

Additionally, Sabino et  al. (93) demonstrated that the 
incorporation of OMWW into broiler chicken diets modulated, in 
their jejunum, the expression of innate immune response genes 
against viral infections [recombinant inhibitory subunit of NF kappa 
B Epsilon (IKBE), Toll-like receptor 3 (TLR3), eukaryotic translation 
initiation factor 2 alpha kinase 2 (EIF2AK2), oligoadenylate synthetase 
like (OASL), myxovirus resistance gene (MX) and radical S-adenosyl 
methionine domain containing 2 (RSAD2)]. The same study 
supported that an OMWW-supplemented diet could regulate sterol 

biosynthesis and lipid metabolism by downregulating farnesyl 
diphosphate synthase (FDPS), matrix metalloproteinase 1 (MMP1) 
and fatty acid binding protein 3 (FABP3) expression in chicken small 
intestine (93). This nutritional strategy reduced fatty acid 
transportation as well as body fat accumulation in chickens (93). A 
few genes involved in lipid metabolism [acetyl CoA carboxylase 
(ACC) and fatty acid synthase (FAS)] had an upregulated expression 
in the serum of laying hens fed with a diet supplemented with olive 
cake (118). Furthermore, olive oil increased the expression of many 
genes encoding for heat shock proteins in broiler chickens, improving 
their tolerance to heat stress (119).

7. Conclusion

The supplementation of co-products from olive oil extraction–
olive pomace, olive cake, OMWW, olive pulp and olive leaf–in 
monogastric animal nutrition is advisable, as these co-products are 
found to be harmless, sustainable and are sources of several valuable 
bioactive compounds. In particular, olive co-products retain the 
majority of EVOO polyphenols, which are the secondary metabolites 
most studied and recovered, given their multifunctional effects 
(antioxidant, antimicrobial, and anti-inflammatory) widely 
demonstrated in both humans and animals. Additionally, the use of 
these co-products in animal diets represents an innovative and efficient 
strategy which contributes to the circular economy, ensuring economic 
and environmental improvements. The suitability of co-products 
depends on their specific chemical features. Co-products such as 
OMWW can be added more easily in monogastric diets compared to 
others (such as olive pomace, olive pulp and olive leaf), which contain 
a high level of structural carbohydrates and decrease digestibility and 
palatability in poultry. Furthermore, the beneficial functions of the 
phenolic compounds contained in olive co-products and the derived 
extracts are related to many factors including type, dosage, absorption 
and metabolism. This review suggests that dietary supplementation 
with olive oil co-products may improve animal health, productive 
performances and meat quality characteristics, reduce the adverse 
effect of lipid peroxidation and improve the antioxidant status.
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Yeast Saccharomyces and its derivatives have been largely used in livestock and 
poultry nutrition for their potential positive impact on growth, performance, and 
general health. Originally included in animal diets as a source of protein, yeasts can 
also offer a wide range of by-products with interesting bioactive compounds that 
would confer uses beyond nutrition. Although its supplementation in livestock, 
poultry and even in humans is well documented, the available body of literature on 
the use of yeast and its derivatives in companion animals’ food, mainly dogs and 
cats’ diets, is still developing. Despite this, gut microbiota modulation, immune 
system enhancement or decreasing of potentially pathogenic microorganisms 
have been reported in pets when using these products, highlighting their possible 
role as probiotics, prebiotics, and postbiotics. This review attempts to provide the 
reader with a comprehensive on the effects of Saccharomyces and its derivatives 
in pets and the possible mechanisms that confer their functional properties.

KEYWORDS

companion animals, prebiotics, probiotics, postbiotics, yeast

1. Introduction

As the pet food industry keeps steadily growing annually, so does the demand for functional 
ingredients in dogs and cats’ diets. Owners look for ingredients that can provide additional 
health benefits beyond basic nutrition, echoing the functional foods trend already established 
in humans. Examples of these ingredients are omega-3 fatty acids, probiotics/prebiotics/
postbiotics, or plants and vegetables’ extracts. Yeasts may also represent a good candidate. There 
are about 500 different yeasts species and some of them have been used both in humans and 
animals, especially livestock, for many years, Saccharomyces cerevisiae (S. cerevisiae or SC) being 
the predominant one. In this review, we will specifically focus on the use of S. cerevisiae, referring 
to it also as yeast.

Although the use of yeast in livestock and poultry feed has been widely reviewed, there is 
still a lack of information about the effects on dogs and cats, admittedly the number of studies 
is increasing. Moreover, despite the many beneficial health effects reported, the supplementation 
of yeast-based products has not always resulted in consistent effects, and the precise mode of 
action of these compounds has been difficult to determine. Thus, the aim of this review is to 
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provide an overview on the use of Saccharomyces and/or their 
derivatives, as a functional ingredient in pet food, discussing its 
general possible modes of action with a specific focus on in vivo 
studies in companion animals.

2. Saccharomyces composition and 
products

Yeasts cells intracellular composition includes amino acids, 
peptides, carbohydrates, salts, vitamins, monosodium glutamate, 
nucleic acids, enzymes, and cofactors. On the other hand, yeast cell 
wall (YCW) is mostly formed by Beta-glucans (β-glucans), 
glycoproteins, and mannan oligosaccharides (MOS), and to a lesser 
extent by chitin. There are different forms of yeasts being studied, 
ranging from viable yeast cells to purified components of the cell 
wall, as shown in Table  1. From primary yeast cultures that 
undergo propagation and fermentation steps, yeasts by-products 
are obtained via downstream processing (1, 2). Live yeast cells can 
be  inoculated in specific culture media to ferment it and 
subsequently be dried, forming a yeast culture containing a wide 
variety of metabolic products. Yeast cells can also undergo a 
process of hydrolysis or autolysis to obtain yeast lysates that 
contain both intracellular and cell wall fractions. However, 
intracellular components and carbohydrates of the cell wall can 
also be found separately as yeast extract and cell wall products, 
respectively.

Most of the yeast-based products available in the European 
market are registered under the European Food Safety Authority 
(EFSA) category of zootechnical additives, and subcategories of gut 
microbiota stabilizers or digestibility enhancers, depending on the 
product and target species. Whereas dried yeast is used for its 
nutritional value as a specialty amino acid, vitamin and mineral 
supplement, the rest of the products could fall under the definitions 
of probiotics, prebiotics, and postbiotics established by the 
International Scientific Association for Probiotics and Prebiotics 
(ISAPP). Active dry yeast is formed by live yeast cells and acts as a 
probiotic, defined by ISAPP as “live microorganisms that when 
administered in adequate amounts, confer a health benefit on the 

host” (3). The probiotic role of Saccharomyces cerevisiae var. 
boulardii (S. boulardii), a strain of the same genus as SC, nearly 
identical at a molecular level but physiologically different (4), is 
well established. However the probiotic role of S. cerevisiae needs 
further investigation, although some recent studies in dogs 
reported positive and promising results on modulation of 
fermentative metabolites and microbiota composition and function 
(5). On the other hand, yeast lysates, yeast extracts, and YCW 
components, mostly MOS and β-glucans, could be  considered 
prebiotics and their use is more extended, with more studies 
reporting benefits on both human and animal health (1, 6). 
Prebiotics are defined by the ISAPP as “a substrate that is selectively 
utilized by host microorganisms conferring a health benefit” (7). 
Lastly, yeast culture, also known as Saccharomyces cerevisiae 
fermentation product (SCFP), would pertain to the still recent 
term “postbiotics” defined by the ISAPP as “preparation of 
inanimate microorganisms and/or their components that confers 
a health benefit on the host” (8).

3. Saccharomyces as a functional 
ingredient: modes of action

3.1. Microbiota improvement

A balanced gut microbiome is of vital importance for the 
health of the host and yeasts have been proven to cause shifts in 
the bacteria population of the gastrointestinal tract in several 
species (9, 10). In vitro studies reported that the association of 
some strains of Saccharomyces and Lactobacillus rhamnosus exert 
a protective effect on human microbiota following antibiotic 
administration (11) or against pathogenic bacteria (12). The use of 
yeast β-glucan also promoted the growth of Bifidobacterium 
longum and other health-promoting gut microbiota in a study 
simulating human saliva, gastric and intestinal digestion (13). 
Similarly, mannan and MOS derived from yeast were able to grow 
specific lactic acid bacteria strains in vitro and beneficial 
Bacteroides in humans (14, 15). Thus, yeast and yeast-based 
products may potentially promote host’s gut health.

TABLE 1 Most common Saccharomyces cerevisiae products added in animal feed, with its production process and the major composition (1).

Product Process Composition

Dried yeast (also dehydrated primary yeast) Drying of whole yeast cells (high temperature). Biomass of dead yeast cells.

Active dry yeast (also dehydrated active yeast or live 

yeast)

Drying of whole yeast cells. Live yeast cells.

Yeast culture (also dehydrated yeast culture or SCFP 

in the case of Saccharomyces cerevisiae)

Inoculation of live yeast cells in a specific culture 

medium followed by controlled fermentation and 

drying.

Yeast biomass (residual viable cells, dead cells, and yeast cell 

wall fragments), fermentation metabolites, and residual growth 

medium.

Lysate yeast (also hydrolyzed yeast /hydrolysates or 

autolyzed yeast/autolysates)

Hydrolysis or autolysis of whole yeast cells. B vitamins, peptides, amino acids, glutamic acid, nucleotides, 

minerals, mannan oligosaccharides, and β-glucans.

Yeast cell wall components Centrifugation after the hydrolysis/autolysis of the 

yeast.

Mannan oligosaccharides and β-glucans (together or 

individualized).

Yeast extract Centrifugation after the hydrolysis/autolysis of the 

yeast.

B vitamins, peptides, amino acids, glutamic acid, nucleotides, 

and minerals.

SCFP, Saccharomyces cerevisiae fermentation product.
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3.2. Immune system enhancement

The supplementation of yeast products can modulate the immune 
system through changes in the innate and adaptative response. It is 
thought that the main responsible of these properties are the β-glucan 
and MOS present in yeast. The specific changes are different 
depending mainly on the type of product and the general health status 
of the animals. As reviewed by many authors, yeast products can affect 
concentrations of platelets and WBC populations, phagocytic capacity 
of cells, secretion of pro- and anti-inflammatory cytokines, acute 
phase proteins concentrations, and antibodies production by binding 
with complement receptor type three (CR3), dectin-1 or TLRs on 
different cells (16–18). Yeasts may also have an indirect effect on the 
immune system through microbiota; as previously mentioned, 
β-glucans and MOS could increase Bifidobacterium population which, 
in return, has been shown to decrease the expression of toll-like 
receptors (TLRs), NFkB, and cytokines, in vitro and in vivo with mice 
(19–21). Moreover, emerging studies also point out the potential of 
yeast of altering the metabolism, including availability of glucose and 
fatty acids, as another factor contributing to their capacity of modulate 
the immune system (16). In conclusion, the immune response is a 
complex process that goes beyond the response of a single immune 
parameter; thus, to truly understand the mechanisms behind the 
possible beneficial effects of the use of yeast as an immunomodulator, 
integration of the different factors is needed.

3.3. Increased digestibility

Glucans present in yeasts could improve nutrient digestibility 
through the modification of passage rate in the small intestine. This 
effect would be  mediated by the formation of a semisolid gel 
promoted by yeast’s alkali-soluble glucans that could slow the passage 
and increase the time that the chyme is in contact with enzymes, 
resulting in a higher digestibility of nutrients (22). As a result of this, 
bacterial fermentation in the large intestine would be reduced as less 
fermentable substrate would be  available. However, one should 
be cautious with this hypothesis as in vivo studies with yeast β-glucans 
have reported increases in apparent total tract digestibility (ATTD) 
in pre-ruminant calves (23) or no changes at all in dogs (24). Other 
possible mechanism of yeast to modulate nutrient digestibility is the 
production of enzymes, such as amylases, lipases, and proteases. 
Some studies with fish and hens have reported increases in digestive 
enzymes with yeast supplementation, resulting in improved nutrients 
digestibility (25, 26).

Despite this, other studies have reported decreases in crude protein 
(CP), nitrogen-free extracts and dry matter (DM) apparent digestibility 
in dogs supplemented with MOS (27). These reductions in digestibility 
were accompanied by increased total fecal water and decreased unbound 
water which could mean different physical properties of intestinal chyme. 
Thus, the higher water binding could have had an impact on the solubility 
of nutrients and affected digestibility.

3.4. Protection against toxins and pathogens

Saccharomyces cerevisiae and other genetically close yeasts can 
exert a protective effect against toxins and pathogens through different 
mechanisms that involve the binding of bacteria and toxins, 

enhancement of immunoglobulins production by the host, and 
releasing of proteases that destroy certain toxins, among others 
(28, 29).

One of the most frequent protection mechanisms of yeasts that 
can be found in the literature is the capacity of binding pathogenic 
bacteria, avoiding its union with the host’s receptors, being MOS the 
main responsibles for this binding activity. Tiago et al. (30) showed 
both in vivo with mice and in vitro that selected strains of S. cerevisiae 
were able to capture some enteropathogenic bacteria on the surface, 
regardless of the yeast viability. However, this capturing ability was 
limited to specific Gram-negative enteropathogens such as 
Salmonella and Escherichia coli (E. coli). Mannan oligosaccharides 
form part of Saccharomyces cell walls, and their concentration is 
especially high in yeast derivatives such as YCW. The mechanism 
would be that mannose can occupy binding sites on fimbrial adhesins 
on the surface of bacteria. This way, mannose residues in live yeast 
or derivatives could prevent certain bacteria that possess fimbria 
type-1 from adhering to the intestinal mucosa, thus avoiding 
colonization and multiplication to disease-causing levels (31–33).

Saccharomyces cerevisiae var. boulardii has been widely used in 
treating Clostridium difficile diarrhea and colitis. The mechanisms of 
this effect include increasing the activity of intestinal disaccharidases 
(34) and stimulation of the intestinal secretion of s-IgA and of the 
secretory component of immunoglobulins (35, 36). Other authors 
characterized a serine protease released by the yeast that hydrolyzes 
toxins A and B, which are C. difficile’s mediators of diarrhea and 
colitis, thus inhibiting the binding of the toxins to its intestinal 
receptor (37–39). More recent studies have found that S. boulardii 
exerts an effect on the structural component of the microbe’s biofilm 
matrix in vitro, possibly affecting intestinal colonization (40). Reports 
about the use of S. cerevisiae against this pathogen are scarce but 
some demonstrate a protective effect of certain strains of the yeast in 
rats and mice (41, 42). Inhibition of other toxins such as cholera toxin 
or aflatoxin B1 has also been observed in in vitro and in vivo trials 
using rats, with S. cerevisiae and S. boulardii, hypothesizing that in 
this case the mode of action included binding of the toxin through a 
receptor located in its surface (43, 44).

Saccharomyces cerevisiae was also able to reduce heat-labile 
enterotoxins production from Enterotoxigenic Escherichia coli 
(ETEC), associated with the removal of the toxin by the yeast and 
the reduction in the expression of its corresponding gene eltB (45). 
In the same series of assays, the yeast also interacted directly with 
ETEC through agglutination in a mannose-related manner.

Lastly, S. cerevisiae-based probiotic has shown benefits in the 
treatment of bacterial vaginosis produced by Gardnerella vaginalis 
in mice (46). In this case, the suggested mechanisms of action 
include direct interference with adherence to vaginal tissues, 
inhibition of sialidase activity and reduction of vaginal 
epithelial exfoliation.

3.5. Antioxidant effect

The activity of S. cerevisiae and derivatives has been assessed to 
explore their potential as natural antioxidants, protecting cells 
against oxidative stress. Although it is probably a result of the 
combined action of different factors, cell wall β-glucans and 
mannans are thought to be  the main actors in the antioxidant 
capacity of yeasts. As widely review in the literature, these 
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compounds can boost the antioxidant status of the body by 
improving the activity of antioxidant enzymes such as glutathione 
peroxidase (GPx), catalase or superoxide dismutase (SOD) (17). 
Experiments with porcine jejunum epithelial cell lines damaged by 
deoxynivalenol, a strong inducer of oxidative stress, reported 
promising results. The association of mannan and β-glucan from 
yeast cell walls was able to down-regulate the production of 
malondialdehyde (MDA) and reactive oxygen species (ROS), while 
up-regulating the production of glutathione (47). In vivo studies 
with weaned piglets, supplemented with S. cerevisiae cell wall, also 
resulted in decreased serum MDA and increased activity of the 
enzymes GPx, catalase and SOD (48). The addition of yeast 
β-glucans in broilers exposed to mycotoxins improved serum levels 
of antioxidant enzymes and lower lipid peroxidation as well (49). 
Moreover, the naturally good antioxidant capacities of selenium 
seem to be improved by the enrichment with yeast, due to a synergic 
effect, as shown in in vitro and in vivo assays with mice (50).

3.6. Other effects

3.6.1. Skin health
Saccharomyces cerevisiae extract, known occasionally as “skin 

respiratory factor,” has largely been used by humans for the treatment 
of burns, wounds and hemorrhoids (51). Studies with human and 
animal models indicate that it accelerates healing stages: 
inflammation, angiogenesis, granulation tissue and epithelial 
migration (52–55). The active fraction of the extract has been 
identified as a mixture of peptides from 6 to 17 kD formed by: 
copper zinc superoxide-dismutase ubiquitin, glucose-lipid regulated 
protein and acyl-CoA binding protein (51, 52). Gruenstein et al. (56) 
used a human monocyte-derived cell line, THP-1, to study the 
mechanisms involved in the extract and wound healing. These cells 
are widely used to study monocyte functions and mechanisms, being 
monocytes one of the first immune cells to reach the wound site. 
Apparently, the yeast derivative activates phospholipase-C which 
results in an increase of cytoplasmic Ca2+. This in turn initiates the 
transcription of early genes for tissue repair, such as c-fos. β-glucans 
are other components of the yeast cell wall that can have an effect on 
wound healing, facilitating the transportation of macrophages to the 
wound site, stimulating the tissue granulation and re-epithelization, 
and improving collagen deposition (57).

Topical application of S. cerevisiae has been shown to improve the 
healing of burn wounds and to enhance the action of a collagen hydrogel-
scaffold, increasing epithelialization and biomechanical performance of 
wound area and reducing the scar size, in rats (58). Studies with 
seabreams and trouts showed that feed supplementation with S. cerevisiae 
improved skin health and skin recovery from wounds (59, 60).

The evidence of S. cerevisiae wound healing effect and its 
antioxidant properties have targeted the yeast as a potential 
biotechnological raw material in dermo-cosmetic formulations. 
Dermatological formulations that include S. cerevisiae extract or 
derivatives showed positive effects in skin moisture and roughness in 
animal and human models (15, 57, 61); protection against UV 
irradiation both in vitro and in humans (62, 63) and itch relief in 
chronic pruritus in humans (64, 65).

Saccharomyces cerevisiae has also been used as a skin cell model 
in experimental biology. Lastly, this yeast has been linked to different 

skin diseases such as psoriasis or atopic dermatitis playing a pro- or 
anti-inflammatory effect, but the exact mechanism has yet to 
be determined (66).

3.6.2. Mood modulator
Probiotic ingestion has been linked to reduced anxiety-like 

behaviors via the hypothalamic–pituitary–adrenal axis and the 
gut-brain axis (67). Supplementing a mixture of Bifidobacterium 
lactis, Lactobacillus acidophilus, and Lactobacillus fermentum to 
rats exposed to noise stress decreased behaviors related to anxiety 
and also serum corticosterone (68). Saccharomyces sp. has also 
been proven to attenuate anxiety-like behaviors in rats exposed 
to LPS, possibly through modulation of the gut microbiota and 
hypothalamic–pituitary–adrenal axis (69). In this previous study, 
yeast supplementation led to significantly lower serum levels of 
cortisol and corticosterone. Supplementation prevented the 
reduction in the serum levels of serotonin and brain-derived 
neurotrophic factor (downregulated during stress) in rats 
challenged with LPS, compared with those not supplemented and 
challenged; however, the difference was not significant. Healthy 
medical students presented a decreased salivary serotonin 
concentration when facing a stressful event after 30-day 
supplementation with Saccharomyces sp., although an association 
with anxiety, depression or eating attitudes was not found (70). 
Hemiplegic spastic cerebral palsy rats that exhibited depression 
behavior improved their mental state when a Saccharomyces sp. 
treatment was applied. This yeast increased gut microbiota 
diversity and decreased the level of inflammation and the 
hypothalamic–pituitary–adrenal axis activity (71). In a study 
with healthy human volunteers, subjects consuming the 
S. cerevisiae yeast hydrolysate showed better marks in 
questionnaires that assessed stress and anxiety, suggesting  
that this derivative could be  effective in modulating  
behavior (72).

4. Saccharomyces in dogs and cats

There are limited publications examining the impact of yeast or 
yeast by-products in the dog and cat, although the number is 
increasing. This contrasts with livestock, where there are a wide 
number of publications on the use of yeast or yeast by-products. 
Nevertheless, there is an ever-increasing demand for functional 
ingredients that improve companion animal health and yeast may 
prove to provide such benefits.

Pets could benefit from the inclusion of yeast products in 
their diet, as some promising results have been described in the 
scientific literature including the modulation of the intestinal 
microbiota (with potential increases in Bifidobacterium or 
Lactobacillus), enhancing of the immune function, reduction of 
potentially pathogenic microorganisms such as E. coli, 
improvement of blood parameters related with obesity and 
possible improvement in the antioxidant status, among others. In 
the following sections we  review some of the most recent 
evidence on the potential benefits of using yeast or derivatives as 
functional ingredients in petfood. The main outputs of studies 
with live yeast S. cerevisiae and its by-products in dogs and cats 
are shown in Tables 2, 3, respectively.
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TABLE 2 Main outputs of different studies on the use of live yeast Saccharomyces cerevisiae and by-products in dogs.

Product Dose Effects of the yeast product Ref.

LY SC (strain CNCM I-5660; 

Actisaf®; Phileo by Lesaffre)

0 (CON) or 0.12 (SUP) g daily of LY SC (1 

× 1010 CFU/g) for 49 days with abrupt 

change of diet at day 22.

*Abrupt dietary change as challenge

Fecal microbiota:

 - ↓ Dysbiosis index, ↑ abundance of Bifidobacterium (days 35 and 49) and Turicibacter, and ↓ abundance of 

Lactobacillus and E. coli.

 - ↓ Firmicutes and ↑ Actinobacteria after the challenge.

Hindgut fermentation products (fecal):

 - ↓ Ammonia (day 23), ↓ total biogenic amines (days 21 and 49), and aromatic compounds. ↑ butyrate 

concentration.

 - Others:

 - CON showed upregulation in genes related to virulence factors, antibiotic resistance, and osmotic stress.

(5)

LY SC (strain MUCL 39885; 

Biosprint®, Prosol S.p.A.)

0 (CON) or 7 × 1010 CFU SC/kg feed daily 

for 35 days (SUP)

Digestion:

 - ↓ Fecal DM; the magnitude of the effect is questionable.

 - =BW and feed intake.

(73)

LY SC (strain CNCM I-4407; 

Actisaf Sc 47; Phileo by 

Lesaffre)

0 (CON) or 2.9 × 108 CFU SC/kg BW 

(SUP) daily for 42 days

Fecal microbiota:

 - ↓ E. coli and enterococci counts.

 - Digestion:

 - ↑ Weight gain-

 - ↑ ATTD of NDF, but not of the rest of nutrients.

(74)

Different fermentation media 

with SC

0 (CON), 10 g/kg food brewer’s yeast 

(SUP1), 10 g/kg food brewer’s yeast + corn 

yeast (SUP2) and 10 g/kg food brewer’s 

yeast + corn yeast + cell wall fractions 

(SUP3) for 20-day periods.

Fecal microbiota:

 - ↑ Bacteroides, Faecalibacterium, Phascolarctobacterium, Coprococcus.

Hindgut fermentation products (fecal):

 - ↑ Total SCFA, acetate and butyrate.

 - ↓ Indole.

Digestion:

 - ↑ Preference.

(75)

SCFP (TruMune, Diamond V 

Mills, Inc.)

0 (CON) or 250 mg SCFP daily 

(equivalent to approximately. 8.6 mg/kg 

BW) (SUP) for 10 weeks

Exercise challenge

Fecal microbiota:

 - After 21 days of supplementation, before the first exercise challenge, ↑ Clostridium in CON whereas not 

change in SUP.

Others:

 - For the rest of the parameters, exercise challenge was the primary cause of the shifts observed, but not the 

yeast.

(76)

SCFP (TruMune, Diamond V 

Mills, Inc.)

0 (CON) or 30 mg SCFP/kg BW (SUP) 

daily for 11-weeks periods.

*Dogs challenged with transport stress

Digestion:

 - Change in fecal DM: ↓ (tendency) in CON but stable in SUP after transport.

Antioxidant properties:

 - Change in serum malondyaldehide ↑ and in serum 8-isoprostane ↑ (tendency), after transport, whereas in 

CON ↓.

 - No changes in the expression. Of genes associated with blood cyclooxygenase-2 and myeloperoxidase 

mRNA, after transport, whereas in CON ↑.

(77)

SCFP (Diamond V Mills, Inc.) 0 (CON) or 30 mg SCFP/kg BW (SUP) 

daily for 10-weeks periods.

Inmmunomodulation:

 - ↓ Changes in unstimulated lymphocytes and stimulated IFN-γ secreting T cells.

 - ↓ Platelets; variable in CON.

 - Variable basophils; ↑ in CON.

 - Antioxidant properties:

 - Change in serum superoxide dismutase concentration was ↑ and in catalase mRNA expression was ↓.

Skin:

 - ↑ (tendency) sebum concentration.

 - ↑ Transepidermal water loss values in back region of CON and in ear region of SUP.

(78)

SCFP (XPC™, Diamond V 

Mills, Inc.)

0% (CON), 0.3% (SUP1), or 0.6% (SUP2) 

SCFP of diet for 25-day periods.

Fecal microbiota:

 - ↑ Actinobacteria and Firmicutes, and ↓ Fusobacteria.

 - ↓ Allobaculum and Fusobacterium, and ↑ Clostridium.

 - ↑ Collinsella and ↓ Prevotella in SUP2.

Hindgut fermentation products (fecal):

 - ↑ Propionate.

Immunomodulation:

 - ↑ phagocytosis index-

Digestion:

 - CF ATTD, ↓ CP and NFE ATTD, and ↓ ME in supplemented groups.

(79)

SCFP (Diamond V Mills, Inc.) 0 (CON), 250 mg (SUP1) or 500 mg 

(SUP2) daily for 14 weeks.

* Dogs underwent exercise and transport 

stress

Immunomodulation:

 - ↑ TNF-α, ↓ IgE and IgG.

 - ↑ Haptogoblin, serum amyloid A, and C-reactive protein

Antioxidant properties:

 - ↓ Thiobarbituric acid reactive substances, creatine kinase, and ↑ total antioxidant capacity.

Others:

 - ↑ Activity, running speed, and stool quality.

(80)

(Continued)
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TABLE 2 (Continued)

Product Dose Effects of the yeast product Ref.

SCFP (Diamond V Mills, Inc.) 0 (CON), 125 (SUP1), 250 (SUP2), or 500 

(SUP3) mg SCFP daily for 28-day periods 

(12.1, 24.3, and 48.5 mg/kg BW)

Sub-study: palatability test, 0.2% SCFP of 

diet.

Fecal microbiota:

 - ↑ Actinobacteria, ↑ (tendency) Firmicutes, ↓ Fusobacteria.

 - ↑ Bifidobacterium, ↑ (tendency) Prevotella, and ↓ Fusobacterium.

Hindgut fermentation products (fecal):

 - ↓ Phenol and phenol+indoles, linearly with dosage.

 - Immunomodulation:

 - ↓ WBC with increasing SCFP dose; SUP2 had ↓ WBC than CON.

 - ↑ MHC-II + B cell and monocyte expressing surface MHC-II populations.

 - ↓ TNF-α secretion from cells stimulated with TLR2, TLR3, TLR4 and TLR7/8 agonists.

 - ↑ IgE with dosage.

 - CON had the highest TNF-α concentrations.

Digestion:

 - Slightly softer when comparing all SCFP treatments with CON.

 - TTD was not influenced.

 - ↑ Preference.

(81)

Hydrolyzed SC (Progut®, 

Suomen Rehu, patented 

EP 1387620 hydrolysis process)

0% (CON) and 0.3% (SUP) hydrolyzed 

SC of diet for 14 days (day 0 to day 14). 

Whole study 42 days.

Fecal microbiota:

 - ↑ Bifidobacterium (day 14 and day 42), lactic acid bacteria (day 42) and Clostridium (day 42).

Hindgut fermentation products (fecal):

 - ↑ pH (day 28).

Obesity:

 - ↓ Serum lipid profile (triglyceride, cholesterol) (day 42).

Kidney and liver:

 - ↑ ALT (day 14), AST (day 28 and 42), and urea serum levels.

(82)

Hydrolyzed SC (Brewer’s Yeast, 

BY)

Control diet (CON) vs. control diet 

substituted by 15% BY (SUP-BY), 7.5 and 

15% autolyzed sugar cane (ASCY) or 

integral sugar cane (ISCY). 10 days.

Digestion:

 - ↓ Gross energy ATTD in ASCY and ISCY compared to CON.

 - ↓ Fecal DM with the addition of yeast.

 - ↑ Preference.

(83)

Yeast extract (Nupro®, Alltech 

Brasil Ltda.)

0 (CON), 40, 80, or 120 g yeast extract/kg 

diet daily for 10-day periods

Sub-study: palatability test, 0 vs. 40 g yeast 

extract/kg diet.

Hindgut fermentation products (fecal):

 - ↑ Total SCFA, propionate and butyrate with dosage.

 - ↓ Isovalerate and pH with dosage.

Digestion:

 - ↓ ATTD of CP and AHEE with dosage.

 - ↑ Preference.

(84)

YCW (Biolex MB 40, Leiber 

GmbH, Bramsche, Germany)

In vitro study, simulating the canine 

gastrointestinal tract. Doses: 0 (CON), 0.5 

(SUP1), 1.0 (SUP2) and 2.0 (SUP3) g/d 

corresponding to 0.05, 0.1 and 0.2% in pet 

food, for 3 weeks.

Fecal microbiota:

 - ↑ Bacteroidetes and ↓ Fusobacteria.

 - ↓ Enterobacteriaceae and Fusobacteriaceae.

Hindgut fermentation products (fecal):

 - ↑ Gas production.

 - ↑ Acetate and butyrate.

 - ↑ Propionate for all SUP groups compared to CON in PC, but only for SUP3 in DC.

 - BCFA were low overall but significantly higher for SUP1 and SUP2 in both PC and DC, and only for 

SUP2 in DC.

 - ↑ Ammonia for SUP2 in PC and DC.

(85)

YCW (Safmannan®, Phileo by 

Lesaffre)

0 (CON) or 365 mg yeast daily (0.2% of 

diet) (SUP) for 28-day periods with an 

abrupt diet transition at day 15

*Abrupt dietary change as a challenge.

Fecal microbiota:

 - ↑ (tendency) C. perfringens.

Immunomodulation:

 - ↑ (tendency) fecal IgA, after abrupt diet transition.

(86)

Conventional YCW and 

specific high solubility of MOS 

YCW (YCWs) (Biorigin, 

Brazil)

0 (CON), 0.3% YCW (SUP1) and 0.3% 

YCWs (SUP2) of the diet for 32-day 

periods

Hindgut fermentation products (fecal):

 - ↑ Butyrate and ↓ lactate in SUP2.

 - ↑ Putrescine and ↑ (tendency) spermidine in SUP2.

Immunomodulation:

 - ↓ Serum IL-6 in SUP2.

 - ↓ (tendency) serum IL-6 and TNF-α in SUP1.

 - ↑ Phagocytic index in peripheral monocytes.

Digestion:

 - ↓ AHEE ATTD in SUP2.

(87)

YCW (DMB; Bio-Mos, Alltech 

Nicholasville, KY)

0 (CON) and 1.4% YCW (SUP) of the diet 

for 21-day periods

*Raw diets: beef and chicken.

Fecal microbiota:

 - ↑ Bifidobacterium and ↓ Clostridium celerecrescens.

(88)

YCW (DMB; Bio-Mos, Alltech 

Nicholasville, KY)

0 (CON) and 1.4% YCW (SUP) of the diet 

for 21-day periods

*Raw diets: beef and chicken.

Hindgut fermentation products (fecal):

 - When used in the chicken diet: ↓ pH, ↓ indole and ↑ spermine.

 - When used in the beef diet: ↑ fecal acetate, total SCFA, and spermine.

Digestion:

 - When used in the beef diet: ↑ (tendency) fecal output and softer feces.↓ DM, OM, CP and energy ATTD.

(89)

(Continued)
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TABLE 2 (Continued)

Product Dose Effects of the yeast product Ref.

YCW (Safmannan®, Phileo by 

Lesaffre)

0 (CON), 0.07 (SUP1), 0.35 (SUP2) or 

0.91 (SUP3) g of YCW per animal twice 

daily for 14-day periods.

Doses correspond to 0, 0.05, 0.25, 0.45, or 

0.65% of food offered.

Fecal microbiota:

 - ↓ E. coli. Clostridium perfringens responded cubically to supplementation.

Immunomodulation:

 - ↓ (tendency) quadratically of WBC and eosinophils, and ↓ linearly of monocyte with dosage.

 - Serum IgA responded cubically to supplementation whereas ileal IgA tended to respond quadratically, with 

the greatest value in SUP2.

Digestion:

 - ↑ (tendency) apparent Ileal digestibility of DM, OM, CP, and GE.

 - ATTD of DM, OM, CP, AHEE, and GE responded cubically to supplementation, being lowest in SUP2.

(90)

Yeast-derived MOS, high in 

mannoproteins (Actigen, 

Alltech Inc.)

0 (CON), 400 mg (SUP1), or 800 mg 

MOS/kg (SUP2) of diet daily for 28 days,

*Use of adult and elderly dogs

Immunomodulation:

 - ↑ (tendency) neutrophil phagocytic activity in SUP1 compared with SUP2.

Antioxidant properties:

 - ↑ (tendency) production of H2O2 when neutrophils were stimulated with LPS.

Skin:

 - Diet influenced the delayed cutaneous hypersensitivity test upon saline inoculation.

(91)

Yeast-derived MOS (Provimi 

Animal Nutrition)

0 (CON) or 15 g MOS/kg of diet (SUP) for 

150 days.

Immunomodulation:

 - ↑ Cell-mediated immune response, CD4+ lymphocyte population and CD4+:CD8+ ratio.

Obesity:

 - ↓ Serum total- and LDL- cholesterol.

(92)

Yeast-derived MOS (Bio-MOS, 

Alltech Inc.)

0 (CON) or 2 g/kg BW (SUP) daily for 

20 days from 24 h after infection.

*Challenge with enteropathogenic 

Escherichia coli

Management of gastrointestinal disorders:

 - Faster recovery from infection.

(93)

Yeast-derived MOS 0 (CON), 1% dietary chicory (SUP1), 1% 

dietary MOS (SUP2) or 1% chicory +1% 

MOS (SUP3) for 28 days.

Fecal microbiota:

 - ↑ Bifidobacterium in SUP1 and SUP2.

 - ↓ E.coli in SUP2

Immunomodulation:

 - ↓ (tendency) lymphocytes in SUP2 and SUP3.

 - ↑ (tendency) neutrophils in SUP1 and SUP3.

Digestion:

 - ↑ (tendency) feed intake in SUP2 and SUP3.

 - ↑ Fecal score in SUP3, although still in desirable range.

(94)

Yeast-derived MOS (Bio-MOS, 

Alltech Inc.)

0 FOS/MOS (CON), 1 g FOS (SUP1), 1 g 

MOS (SUP2), 1 g FOS + 1 g MOS (SUP3) 

twice daily for 14-day periods

Fecal microbiota:

 - ↓ Total aerobes in SUP2.

 - ↓ (tendency) total anaerobes in SUP3.

Hindgut fermentation products (fecal):

 - ↓ Phenols + indoles, and ↓ (tendency) indoles in SUP1 and SUP3.

 - ↑ (tendency) pH in SUP2.

Immunomodulation:

 - ↑ Ileal IgA in SUP3.

 - ↑ lymphocytes in SUP2.

(95)

Yeast-derived MOS (Bio-MOS, 

Alltech Inc.)

0 (CON) vs. 1 g/kg BW (SUP) daily for 

10 days (5% of diet)

Hindgut fermentation products (fecal):

 - ↓ Unbound water, fecal pH, and ammonia.

Digestion:

 - ↓ ATTD ofCP, DM and nitrogen-free extracts. ↑ ATTD of CF.

(27)

Yeast-derived MOS (DP607, 

Alltech Inc.)

0 (CON) vs. 5 g/kg of diet DM (SUP) daily 

for 21-day periods.

Hindgut fermentation products (fecal):

 - ↑ (tendency) ileal butyrate in CON.

Digestion:

 - ↓ (tendency) amount of feces excreted on a DM in CON.

(96)

Concentrated BY (not 

specified, possibly β-glucans) 

(F.L. Emmert Company, USA).

0 (CON) vs. 7 mg/kg BW of β-glucan 

(SUP) daily for 10 weeks.

Hindgut fermentation products (fecal):

 - ↑ Arabinose.

Immunomodulation:

 - ↓ (tendency) gut permeability.

 - ↓ Serum haptoglobin levels.

(97)

Yeast-derived β-glucan 0 (CON) vs. 0.1% (SUP) of diet, for 

90 days, in obese dogs.

Obesity:

 - ↓ Plasma glucose triglyceride, and cholesterol concentrations.

 - ↑ GLP-1.

Immunomodulation:

 - ↓ TNF-α.

(98)

Yeast-derived β-glucan 

(Wellmune for Pet™, Kerry 

Incorporated, Beloit, WI)

0 (CON), 0.012 (SUP1) and 0.023% 

(SUP2) of diet for 28 days.

 - No effect of the β-glucan in the analyzed parameters. (24)

(Continued)
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4.1. Modulation of gut microbiota and 
hindgut fermentation

The addition of yeast by-products in dogs’ diet produces changes 
in gut’s bacterial population. Supplementation with SCFP has resulted 
in increases in the relative abundance of the phyla Firmicutes and/or 
Actinobacteria, and decreases of Fusobacteria (79, 81). Accordingly, 
use of dried yeast as primary protein source in a dog diet resulted in 
higher relative abundances of several genera belonging to Firmicutes 
phylum (105). An in vivo study simulating the canine intestinal 
microbial ecosystem also reported a decrease in Fusobacteria and an 
increase in Bacteroidetes with the addition of YCW (85).

At the genus level, Bifidobacterium increased with live yeast, SCFP, 
yeast hydrolysate, or MOS addition (5, 81, 82, 88, 94). Prevotella 
relative abundance increased while Fusobacterium decreased with 
higher doses of SCFP supplementation (81). Santos et al. (79) also 
observed reduced Fusobacterium and Allobaculum, as well as 
increased Clostridium with the inclusion of SCFP; in this same study, 
a level of 0.6% SCFP of the diet resulted in a decrease of Prevotella and 
an increase of genus Collinsella. Increases in genera considered 
beneficial and related with the production of SCFA, such as 
Bacteroides, Faecalibacterium, Coprococcus, and Phascolarctobacterium, 
were reported with the use of yeast products (75). Fecal Lactobacillus 
tended to be higher and total aerobes tended to be  lower in dogs 

TABLE 2 (Continued)

Product Dose Effects of the yeast product Ref.

Yeast-derived β-glucan 0 (CON), 150 ppm β-glucan top-dressed 

(SUP1), 150 ppm retorted β-glucan 

included in diet formulation (SUP2), 

during 42 d.

Vaccine challenge

Digestion:

 - ↑ ATTD of DM, CP and GEin SUP2. ATTD of GE was greater for SUP2 than for both CON and SUP1.

(99)

Yeast-derived β-glucan (BG01 

and BG02, Biorigin)

0 (CON), 15 mg/kg/day of BG01 (SUP1) 

or 25 mg/kg/day of BG02 (SUP2)

Immunomodulation:

 - ↑ Phagocytic activity of blood monocytes and neutrophils.

 - ↑ IL-2 and anti-ovalbumin antibodies production (antibody response).

 - ↓ Blood glucose in dogs with hyperglycemia.

(100)

Yeast-derived β-glucan (Biolex-

Beta HP. Inter Yeast Poland).

0 (CON) vs. 7 mg/kg BW (SUP) daily for 

6 weeks

*Dogs with IBD

Immunomodulation:

 - ↓ IL6 and ↑ IL-10.

Management of gastrointestinal disorders:

 - Most efficient treatment efficacy by producing the quickest therapeutic effect.

 - No recurrence of IBD at least for 6 months after the experiment.

(101)

Yeast-derived β-glucan 

(MacroGuard, Biorigin)

0 (CON) vs. 800 ppm of β-glucan (SUP) 

daily for 8 weeks.

*Dogs with atopic dermatitis signs

Immunomodulation:

 - Numerical improvement in the scores of itching, redness, scaling, thickening, and stripping of skin, but 

notstatistical significance compared with CON.

 - Global improvement (sum of all the parameters) of the atopy index was 63% comparing SUP with CON.

 - ↑ Coat quality.

(102)

Yeast-derived β-glucan 

(MacroGuard, Biorigin)

0 (CON) vs. 800 ppm of β-glucan (SUP) 

daily for 8 weeks.

*Dogs with osteoarthritis signs

Immunomodulation:

 - Numerical improvement in the scores of activity, stiffness, swelling of joing, lameness, and pain, but the 

differences between CON and SUP did not reach statistical significance.

(103)

Yeast-derived β-glucan 

(MacroGuard, Biorigin)

0 (CON) vs. 225 mg of β-glucan (SUP) 

daily for 4 weeks.

Experiment 1. No vaccine.

Experiment 2. Vaccine challenge

Immunomodulation:

Experiment 1:

 - ↓ IgA and ↑ IgM serum concentrations.

 - ↑

 - ↓ Saliva and tears IgA. Increase of saliva IgA after the end of the supplementation was also higher for SUP 

group.

Experiment 2:

 - After vaccination, antigen-specific IgM increased similarly to total IgM.

 - Antigen-specific IgA remained nearly unchanged, whereas it was increased in CON.

(104)

Dried yeast Different diets with different primary 

protein source: poultry by-product meal 

(CON), dried yeast product (SUP1, 30% 

of the diet), garbanzo beans (SUP2), green 

lentils (SUP3) and peanut flour (SUP4), 

for 14-day periods

Fecal microbiota:

 - ↑ β-diversity in SUP1.

 - ↑ Several genera belonging to Firmicutes.

Hindgut fermentation products (fecal):

 - ↑ Acetate, butyrate and total SCFA.

 - ↑ Valerate.

 - ↓ Phenols and total phenol/indoles.

Digestion:

 - ↓ DM, OM and AHEE ATTD, although still >80%. ↓ Metabolizable energy content.

 - ↑ Fecal output.

(105)

Dried yeast 0 (CON) or 0.19 g/kg BW (SUP) daily for 

28–63 days

Obesity:

 - Removal of the yeast in hyperthyroid dogs resulted in lower intake and anorexia.

*This study is about hyperthyroidism, B1 deficiency and yeast supplementation.

(106)

AHEE, acid-hydrolized ether extract; ALT, alanine transaminase; AST, aspartate transferase; ATTD, apparent total tract digestibility; BCFA, branched-chain fatty acids; BW, body weight; CF, 
crude fiber; CFU, colony forming units; CP, crude protein; CON, control group; DC, distal colon; DM, dry matter; GE, gross energy; IBD, intestinal bowel disease; IFN, interferon; Ig, 
immunoglobulin; IL, interleukin; LY, live yeast; MHC, major histocompatibility complex; MOS, mannan oligosaccharides; NFE, nitrogen-free extract; NDF, neutral detergent fiber; ME, 
metabolizable energy; OM, organic matter; PC, proximal colon; Ref., reference; SC, Saccharomyces cerevisiae; SCFA, short-chain fatty acids; SCFP, Saccharomyces cerevisiae fermentation 
product; SUP, supplemented group; TLR, toll like receptor; TNF, tumor necrosis factor; YCW, yeast cell wall; WBC, white blood cells.
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supplemented with MOS whereas supplementation with both FOS 
and MOS resulted in a tendency of lower total anaerobe concentration 
compared with control (95), although no impact on Bifidobacterium 
was noted in this case.

Increases in Lactobacillus and Bifidobacterium would likely yield 
increased lactic acid and short-chain fatty acids (SCFA), which could 
be the reason behind the lower fecal pH observed by some authors 
after the inclusion of yeast derivatives in dogs’ diets along with 
decreased fecal ammonia (27, 84). Bastos et al. (5) also observed lower 
fecal ammonia levels after an abrupt dietary change in dogs 
supplemented with live yeast compared to control ones. However, 
these finding have not been consistent as other authors have reported 
higher fecal pH (82, 90, 95) or no change (24, 74, 81, 86).

Short chain fatty acids are rapidly absorbed by colonocytes, thus 
determining their levels in vivo can be  challenging, perhaps 
contributing to the varying results reported. Unaltered fecal 

concentrations of SCFA have been reported when yeast or yeast 
by-products were used (24, 74, 81, 95, 97). However, decreases in 
isovalerate and/or increases in propionate, butyrate, acetate and total 
SCFA when using yeast products have been reported by different 
authors (5, 75, 81, 95). Van den Abbeele et al. (85) also observed 
increases in acetate, butyrate and propionate when adding YCW in 
their in vitro experiment simulating the canine gut. Moreover, 
concentration of fecal phenol and/or total phenol + indole were lower 
in dogs supplemented with yeast products (5, 75, 81, 95). Total fecal 
biogenic amines decreased significantly in dogs receiving live yeast (5) 
(5). These results may indicate the possible beneficial effects of yeast 
and yeast by-products on the canine intestinal functionality.

Yeast cell wall supplementation in cats also led to increased fecal 
Bifidobacterium and Lactobacillus, and reductions of Clostridium 
perfringens (C. perfringens), E. coli, Hafnia alvei, and Shigella spp. 
(112). The inclusion of SCFP in cats’ diet reduced C. perfringens 

TABLE 3 Main outputs of different studies on the use of live yeast Saccharomyces cerevisiae and by-products in cats.

Product Dose Results Ref.

LY SC (strain MUCL 39885; 

Biosprint®, Prosol S.p.A.)

0 (CON) or 7.5 × 1010 CFU SC/kg feed daily for 35 days 

(SUP)

Digestion:

 - ↑ Fecal DM (day 28).

(73)

SCFP (XPC™, Diamond V) 0% (CON), 0.3% (SUP1) or 0.6% (SUP2) SCFP of diet 

for 25-day periods

Fecal microbiota:

 - ↓ Clostridium perfringens.

Hindgut fermentation products (fecal):

 - ↑ Lactic acid.

 - ↓ Isovaleric in SUP1.

Digestion:

 - ↑ ATTD of CF and ash.

 - ↓ GE in SUP2.

(107)

Yeast extract (Nupro®, Alltech 

Brasil Ltda.)

Exp. 1: 0% (CON) vs. 30% replacement by yeast extract 

(SUP). 10-day periods.

Exp. 2: 0% (CON) vs. 2% (SUP1), 4% (SUP2), 6% 

(SUP3), 8% (SUP4) and 10% (SUP5) replacement. 

15-day periods.

Exp. 3: 0% vs. 2% replacement with yeast extract. 4 days.

Exp. 1: yeast extract as an ingredient:

 - According to ATTD, yeast extract is comparable to other protein 

sources.

Exp. 2: yeast extract as a functional additive:

 - No changes.

Exp. 3: yeast extract as a palatability agent:

 - Preference for control diet was observed.

(108)

Yeast extract (Nupro®, Alltech 

Brasil Ltda.)

0% (CON), 0.6% phosphoric acid (SUP1), 1.5% yeast 

extract (SUP2), combination of A + Y (SUP3) for 15-day 

period.

Digestion:

 - ↑ ATTD of DM and ashes in SUP3.

 - ↓ DM intake in SUP1 and SUP2.

(109)

Yeast extract 0 (CON), 0.2 (SUP1), 0.4 (SUP2) or 0.6% (SUP3) yeast 

extract in wet food

 - Changes on the intestinal mucosa in SUP3 were noticed, related 

with an inflammatory response.

(110)

YCW Exp. 1: 0 (CON), 0.2 (SUP1), 0.4 (SUP2) or 0.6% (SUP3) 

YCW in wet food, for 30 days.

Exp. 2 (25 days): 0 (CON), 0.2 (SUP1), 0.4 (SUP2) or 

0.6% (SUP3) YCW in dry food, for 25 days.

Exp. 3: 0 and 0.4% YCW in wet food for 10 days.

Exp. 1: no changes.

Exp. 2: ↑ ATTD of DM, linearly with dosage.

Exp. 3: ↓ preference.

(111)

Yeast-derived MOS (Bio-MOS, 

Alltech Inc.)

0% (CON), 0.2% (SUP1) 0.4% (SUP2) and 0.6% (SUP) 

inclusion of YCW for 34-day periods

Fecal microbiota:

 - ↓ Clostridium perfringens (linear) and Escherichia coli (quadratic).

 - ↑ Bifidobacterium and Lactobacillus with dosage.

Hindgut fermentation products (fecal):

 - ↑ Butyrate, valerate, total biogenic amines, putrescine, cadaverine 

and histamine increased with dosage.

Digestion:

 - ↑ Ash ATTD of ash. Increased with YCW content.

(112)

AHEE, acid-hydrolyzed ether extract; ATTD, apparent total tract digestibility; BW, body weight; CF, crude fiber; CFU, colony forming units; CON, control group; CP, crude protein; DM, dry 
matter; GE, gross energy; LY, live yeast; OM, organic matter; Ref., reference; SC, Saccharomyces cerevisiae; SCFA, short-chain fatty acids; SUP, supplemented group; YCW, yeast cell wall.
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abundance, however no change for Bifidobacterium, Lactobacillus, or 
E. coli was observed (107). Supplementation with a microencapsulation 
of probiotic strains which include S. cerevisiae for 20 days resulted in 
fecal Lactobacillus count increase, but the effect of yeast cannot 
be  isolated in this study (113). Aquino et  al. (110) did not find 
differences in lactic acid bacteria counts nor clostridium-reductor 
when substituting up to 0.6% of the wet diet with yeast extract in cats.

There were no differences in cats’ fecal pH when SCFP or yeast 
extract was supplemented (107, 109). Matheus et al. (107) compared 
a control diet without SCFP with two different inclusion levels (0.3 
and 0.6% of the diet), and failed to find differences in fecal pH, 
ammonia, or SCFA between treatments (except for isovaleric acid, 
which was lower in 0.3% SCFP inclusion group), However they did 
report higher fecal lactic acid concentration in cats supplemented with 
SCFP compared with control ones. On the other hand, lactic acid was 
not changed and neither propionate, isovalerate, acetate, isobutyrate, 
total SCFA, and total BCFA when YCW was included in the feed at 
0.2, 0.4, or 0.6% of the diet (112). These last authors also found that 
the fecal concentrations of cadaverine, histamine, putrescine, and total 
biogenic amines increased linearly with the inclusion of 
YCW. Collectively, these studies present a lack of consistent responses 
to yeast or yeast derivatives, which may suggest strain specific impact, 
but that too will require additional assessments.

4.2. Immunomodulatory properties

Immunity is certainly an area of interest for functional 
ingredients and may be positively influenced by yeast intake, at least 
in dogs. Supplementation of dogs with YCW, alone or in combination 
with FOS, resulted in increased ileal and fecal IgA (86, 90, 95), 
indicating enhanced mucosal immunity. Some of these authors also 
found serum IgA increases of around 20% compared with control 
when including YCW at 0.45–0.5% of the diet. Lin et al. (81), on the 
other hand, did not find differences in serum IgA, IgE, IgG, and IgM 
when supplementing SCFP compared to control, but higher SCFP 
dosages led to higher IgE concentrations. However, these latter 
authors found that dogs supplemented with SCFP had increased 
population of antigen-presenting cells, including B-cells and 
monocytes expressing surface major histocompatibility complex 
class II. One hypothesis would be  that fewer immune cells are 
needed when immune capacity is enhanced. Moreover, in the same 
study cells obtained from dogs supplemented with SCFP had a lower 
TNF-α secretion when stimulated with toll-like receptor (TLR) 
agonists compared to control dogs, suggesting an anti-inflammatory 
effect of SCFP. Accordingly, lower pro-inflammatory interleukin 6 
(IL-6) and TNF-α, as well as higher blood monocyte phagocytic 
index, were shown by dogs receiving YCW in the study by Theodoro 
et al. (87). This increased phagocytic index was also observed with 
the inclusion of SCFP (79), althought others authors did not report 
any changes with yeast hydrolysate supplementation (82). The 
ingestion of yeast-derived β-glucan also produced lower levels of 
TNF-α in obese dogs (98), as well as lower serum concentrations of 
IL-6, increased anti-inflammatory IL-10, reduced haptoglobin 
(marker of inflammatory status), and tended to reduce gut 
permeability (97, 101).

Pawar et  al. (92) found an enhanced cell-mediated immune 
response, CD4+ lymphocyte population and CD4+:CD8+ ratio in 

dogs supplemented with MOS. In contrast, Kroll et al. (91), did not 
observe changes in those cell communities when supplementing adult 
or senior dogs a second-generation MOS, rich in mannoproteins.

Studies with dogs involving stress challenges suggest some benefits 
related to the modulation of the immune system as well. Dogs 
supplemented with SCFP and challenged with exercise and transport 
stress had increased serum TNF-α and decreased IgE and IgG, although 
the vitality of these animals was higher (80). In another study involving 
transport stress challenge, SCFP addition caused stable or decreased 
cyclooxygenase-2 and myeloperoxidase mRNA expression, two key 
inflammatory mediators. These findings suggest a positive impact 
through suppression of innate immune cell activation against stress.

The supplementation of β-glucans derived from S. cerevisiae also 
influenced the humoral immune response to vaccination, affecting 
IgA and IgM responses (104), whereas Traughber et al. (99) did not 
observe any effect.

The modulatory effect of yeasts in the immune system is especially 
relevant in the treatment of some inflammatory diseases; in fact, 
β-glucan was superior to levamisole in the treatment of dogs affected 
by Inflammatory Bowel Disease (IBD) (101) and had promising 
results treating dogs with signs of canine atopy and osteoarthritis 
(102, 103).

Hematological changes due to yeast supplementation, similar to 
other parameters, vary greatly among the studies. Some studies have 
found an increase within the reference ranges in mean corpuscular 
volume and mean corpuscular hemoglobin concentration and no 
effect on white blood cells (WBC) counts in dogs fed live yeast (74). 
Others noted a decrease in WBC, monocyte and eosinophils counts 
in dogs given SCFP or YCW components (81, 90). Although these last 
authors did not find differences in lymphocyte counts, others found 
an increase (95) and a decrease (78, 94) when supplementing yeast 
derivatives to dogs.

Although the number of studies evaluating immune modulation 
in dogs is limited, even less is known regarding to cat. Matheus et al. 
(107) did not report any difference in cats supplemented with SCFP 
when comparing CD4+ or CD8+ lymphocytes, CD4+/CD8+ ratio, or 
phagocytosis index, among other parameters involved in immune 
response which also did not change. Hematological changes were 
neither observed when yeast extract was supplemented up to 10% in 
the diet for cats (108).

4.3. Inhibition of pathogens and 
management of gastrointestinal disorders

As previously discussed, supplementation of yeast and its 
derivatives can modulate gut microbiota, providing possible benefits. 
This subsection will go through the changes in potentially pathogenic 
microorganisms that also inhabit the gastrointestinal tract, and the 
role that yeast can have in the management of some 
gastrointestinal disorders.

Although E. coli can sometimes have a positive effect in the gut, 
such as stimulation of the immune system or vitamin K production, 
its proliferation is more often associated with a negative impact. In this 
regard, the supplementation of live yeast, autolyzed YCW and MOS 
from S. cerevisiae has resulted in lower counts of E. coli (5, 74, 90, 94), 
although some other authors have not found differences with addition 
of MOS, FOS, or the combination of both (95). Even in an in vitro 
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experiment simulating the canine gut, adding YCW decreased the 
presence of the Enterobacteriaceae family, which includes E. coli (85). 
Another potentially harmful bacteria that could be modulated by yeast 
is C. perfringens. Whereas some authors did not find differences with 
MOS supplementation (95), other studies have reported higher 
C. perfringens counts with yeast extract supplementation but neither 
was accompanied by diarrhea (86, 90). However, Oba et  al. (76) 
observed that C. perfringens abundance increased in control dogs and 
was stable for dogs fed SCFP for 21 days. Similarly, decreases in other 
species of Clostridium such as Clostridium celerecrescens and 
Clostridium saccharolyticum were observed in dogs fed YCW (88, 89). 
Bastos et  al. (5) reported that control dogs, compared with dogs 
receiving a live yeast supplementation, showed upregulation in genes 
related to virulence factors, antibiotic resistance, and osmotic stress.

The use of S. boulardii in dogs with gastrointestinal disorders 
has also been studied, with promising results. One publication 
focused on the use of this yeast as a probiotic in dogs with 
diarrhea induced by lincomycin (114). Twenty-four dogs were 
given lincomycin intramuscularly (150 mg/kg BW/d) and three 
groups were formed (n = 8): (I) no S. boulardii, (II) S. boulardii 
(1,000 mg/d orally for 10 days) after lincomycin induced diarrhea 
onset, and (III) S. boulardii (1,000 mg/d orally for 10 days) 
together with lincomycin. The results showed that groups I and 
II had diarrhea and lower fecal SCFA concentrations, but not 
group III, and the duration of this gastrointestinal alteration was 
shorter in group II compared to control. Another publication 
used S. boulardii in dogs with chronic enteropathy (CE) (115). 
Four healthy dogs and 20 dogs with CE were used and S. boulardii 
was administered at a dose of 1 × 109 CFU/kg BW orally in 
capsules every 12 h. In healthy dogs, the administration of 
S. boulardii for 10 days reached a steady state in 5 days and was 
eliminated completely 4 days after administration, without side 
effects. Dogs with CE received placebo or S. boulardii for 60 days: 
the yeast significantly improved clinical activity index, stool 
frequency, and consistency and body condition score over 
control dogs.

Lastly, yeast cell wall could also have a positive impact in 
recovering gut health. Dogs fed MOS and experimentally infected 
with different strains of enteropathogenic E. coli recovered faster than 
control ones, indicating an improvement in the defense system of the 
animals (93). On the other hand, yeast-derived β-glucan were superior 
against levamisole in the treatment of dogs affected by IBD, achieving 
a fast recovery with no recurrence, at least in 6 months (101).

4.4. Management of obesity

Components of yeasts such as β-glucan could play a role in obesity 
prevention and treatment, as obese dogs fed yeast-derived β-glucan 
had lower plasma basal glycemic values, serum cholesterol and 
triglyceride levels (98). Reduced serum total- and LDL-cholesterol 
concentration was also reported in dogs supplemented with MOS (92) 
and β-glucans (97, 98) from SC.

However, the potential effect of yeast on weight is not clear. 
Several studies reported no effect on feed intake or body weight 
(BW) in dogs (24, 73, 81, 86, 90, 97, 105). However, Stercova et al. 
(74) observed that dogs fed capsulated live yeast SC showed a 
higher increase of BW compared with the control ones, but the 

difference was very limited. Increases in intake ratio for diets 
containing yeast products when compared to diets without yeast 
have also been reported, although they were not accompanied by 
differences in dry matter intake or body weight increase (83, 84).

Lastly, a study involving dogs with hyperthyroidism showed that 
the cessation of yeast as a vitamin B1 source in hypothyroid dogs 
resulted in loss of appetite and anorexia (106).

4.5. Effects on digestion

Regarding the potential effect of yeast on digestive function and 
digestibility of nutrients, results in the literature are variable and 
sometimes contradictory, although the most common findings are 
decreases in CP ATTD and occasionally increases in fiber ATTD.

Live yeast supplementation had no significant effect on DM, ash, 
crude fiber (CF), CP and fat ATTD (5); only non-digestible fiber 
ATTD was higher in supplemented dogs (74). Santos et al. (79) also 
found increased ATTD of crude fiber when SCFP was added, but 
decreased ATTD of CP, nitrogen-free extract and metabolizable energy.

On the other hand, Middelbos et al. (90) tried different doses of 
YCW inclusion on the diet (from 0 to 0.65% of the diet, mostly MOS) 
and reported increases in DM, organic matter (OM), CP, and gross 
energy (GE) ileal digestibility compared to control animals but decreases 
in DM and CP ATTD. Similarly, YCW included as 1.4% of the diet 
resulted in reduced ATTD of DM, OM, CP, fat, and GE (89) and MOS 
as 5% of the diet reduced ATTD of DM, CP and nitrogen-free extracts 
(27). Addition of yeast extract or dried yeast also lowered ATTD of 
different macronutrients (84, 105). Protein excretion may result from 
increased bacterial growth and excretion due to increased fermentation, 
underestimating CP digestibility and, in turn, lowering OM and DM 
digestibility. However, other studies with various kinds of yeast products 
(MOS, β-glucans, SCFP and SC from Brewer’s yeast) did not find 
significant differences neither in ileal nor in apparent total tract nutrient 
digestibilities when compared to control diet (24, 75, 81, 83, 92, 94–96).

Fecal score was higher (wetter feces) in some studies 
supplementing SCFP, YCW or MOS to dogs when compared to 
control groups, although the values remained within the ideal score 
range (81, 89). Martins et al. (83) observed that dietary yeast inclusion 
of 30% of the diet resulted in diarrhea and soft feces but an inclusion 
of up to 15% was suitable, without changes in fecal consistency. 
However, the inclusion of a live SC yeast as in 7 × 1010 CFU/kg feed 
resulted in significant higher fecal dry matter, although the magnitude 
of the changes was of questionable biological relevance (73). 
Nevertheless, many of the other studies mentioned in this section did 
not find any differences in fecal score with the dietary inclusion of 
yeast products generally up to 5% of the diet, with the exception of the 
12% inclusion of yeast extract in Kaelle et al. (84).

As for cats, regarding digestibility, there were no differences in 
nutrient and energy utilization when yeast extract was included in 
the feed up to 10% in the diet (108) or when yeast extract was added 
without an acidifying agent (109). Matheus et al. (107) also found 
relatively similar results, except for CF and ash digestibility, which 
were higher with SCFP inclusion, although the authors recommend 
taking these results with cautions as they warn that there may 
be calculation errors due to low fiber concentration of the diets. Yeast 
cell wall inclusion also resulted in improved DM and ash digestibility 
in cats (112).
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4.6. Kidney and liver health

Dogs kidney and liver function assessed through serum urea, 
creatinine, alkaline phosphatase (ALP), and alanine transaminase 
(ALT) seems to be  unaltered in some studies where dogs were 
supplemented with live yeast or yeast by-products (74, 81). However, 
the activity of ALT and aspartate aminotransferase (ASP) was 
increased in dogs supplemented with yeast hydrolysate during and 
after 28 days of supplementation (82). This same study showed 
increased serum urea levels in dogs receiving the hydrolysate in the 
post-treatment period whereas total protein, albumin, glucose, and 
ALP did not change significantly.

4.7. Potential antioxidant properties

Very few studies have assessed the effect of S. cerevisiae on 
the oxidative status of dogs, although some positive results have 
been obtained. Supplementation with SCFP at a dose of 500 mg/
day decreased thioboarbituric acid reactive substance and 
increased total antioxidant capacity in serum of dogs exposed to 
exercise and transport stress, which could indicate an enhanced 
protection against oxidative damage (80). Wilson et al. (78) also 
measured markers and expression of genes related to oxidative 
stress in dogs fed SCFP compared to control ones and observed 
that superoxide dismutase enzyme increased from baseline and 
mRNA expression of catalase was lower. However, more 
investigation is necessary as another study of the same authors 
showed that SCFP-fed dogs increased malondialdehyde and 
8-isoprostane levels due to transport stress (77). Lastly, the 
supplementation of MOS or SCFP (125, 250, and 500 mg/day) did 
not exert any effect on erythrocytic antioxidant indices when 
compared to the non-supplemented group (81, 92).

4.8. Skin and hair

To the knowledge of the authors, only two studies have 
investigated the effects of S. cerevisiae supplementation on skin 
and hair health of dogs. A tendency for higher change from 
baseline in sebum concentrations was observed in dogs fed SCFP 
that did not result in greasy hair coat (78). In this study, higher 
Transepidermal Water Loss (TEWL) in the ear region was also 
measured in supplemented dogs, possibly indicating enhanced 
skin integrity. However, TEWL in the back region was higher in 
control dogs but the authors of the study warn that this may 
be due to alterations during sampling. In fact, Beloshapka et al. 
(88) found no difference in the skin condition score in the tail 
region or any other skin and coat scores when dogs were 
supplemented with YCW.

4.9. Impact on palatability

Palatability tests comparing standard diets with diets 
including yeast products have resulted in a preference for the 
latter, probably due to the presence of glutamic acid and 

nucleotides, which can intensify flavors of the food (75, 81, 84). 
These results indicate that yeast or yeast by-products are well 
accepted by dogs, so their inclusion in commercial diets would 
not cause refusal and thereby negatively affect the food intake 
and body condition.

Regarding S. boulardii, there is one publication about the 
production of meat pet snacks containing this yeast that studied the 
production process, viability and acceptability of the snacks, showing 
that the addition of yeast had a good acceptance (116).

Contrary to dogs, in which the use of live yeast or derivatives 
seemed to increase palatability, results in cats are not uniform 
and tend to show worse palatability with yeast supplementation. 
No difference in feed intake compared to control group was 
found when evaluating the use of live yeast, SCFP or YCW (73, 
107, 112).

On the other hand, Lima et al. (108) evaluated the use of yeast 
extract as a palatability agent observing that cats preferred the 
control diet over 2% inclusion yeast diet. Similar to Lima, Ogoshi 
et al. (109) found that the inclusion of yeast extract at 1.5% of the 
diet reduced feed consumption. Aquino et  al. (111) reported 
lower palatability with wet diets that contained a 0.4% of 
YCW. Lower preference for yeast extract seems to be countered 
with the addition of sodium pyrophosphate; this blend was more 
preferred than control (117). Excess of umami taste and 
monosodium glutamate could reduce palatability and cats could 
have a lower threshold of acceptance. Moreover, processing may 
affect the flavor profile so thermal processes can decrease the 
flavor-enhancing effect and increase the acceptance of the 
ingredient. It is also hypothesized that the rejection of yeast 
extract is due to its high content in leucine as cats reject amino 
acids “bitter” for humans such as this one.

5. Concluding remarks and future 
perspectives

Pet humanization has led to an increase in the demand for 
functional ingredients in the pet food industry. Owners are more 
concerned about pet health and wellness and are willing to invest 
in diets with superior properties even if it means that they are 
more expensive, as long as their dogs and cats are healthier. The 
wide range of yeast-based products with potential to be used as 
prebiotic, probiotic, or postbiotic is of great interest at present, as 
they are becoming more related to the successful treatment of 
diseases. Based on the fact that the main scientific knowledge is 
gathered from human and livestock studies, further investigations 
are still required in pet species to better understand the mode of 
action, doses, safety, and guidelines for use of these products.

While the gut will probably remain the heartland of research, new 
clinical applications will continue to expand in other research areas 
including immune system, skin, nervous system, oral cavity, kidney, 
respiratory system, and weight management field. Thanks to 
significant and accelerating advances in biotechnologies and 
bioinformatics methodologies, new research will better characterize 
mechanistic insights into the mode of action of yeast and their 
derivatives, leading to a more targeted-oriented development of 
S. cerevisiae-based products.
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Abnormal hepatic energy metabolism limits the growth and development of 
piglets. We hypothesized that β-hydroxybutyrate (BHB) might improve the growth 
performance of piglets by maintaining hepatic caloric homeostasis. A total of 
30 litters of newborn piglets were tracked, and 30 postnatal growth retardation 
(PGR) piglets and 40 healthy piglets were selected to treat with normal saline 
with or without BHB (25  mg/kg/days) at 7-d-old. At the age of 42  days, 8 piglets 
in each group were sacrificed, and serum and liver were collected. Compared 
with the healthy-control group piglets, PGR piglets showed lower body weight 
(BW) and liver weight (p  <  0.05), and exhibited liver injury and higher inflammatory 
response. The contents of serum and hepatic BHB were lower (p  <  0.05), and gene 
expression related to hepatic ketone body production were down-regulated in 
PGR piglets (p  <  0.05). While BHB treatment increased BW and serum BHB levels, 
but decreased hepatic BHB levels in PGR piglets (p  <  0.05). BHB alleviated the 
liver injury by inhibiting the apoptosis and inflammation in liver of PGR piglets 
(p  <  0.05). Compared with the healthy-control group piglets, liver glycogen 
content and serum triglyceride level of PGR piglets were increased (p  <  0.05), liver 
gluconeogenesis gene and lipogenesis gene expression were increased (p  <  0.05), 
and liver NAD+ level was decreased (p  <  0.05). BHB supplementation increased the 
ATP levels in serum and liver (p  <  0.05), whereas decreased the serum glucose, 
cholesterol, triglyceride and high-density lipoprotein cholesterol levels and 
glucose and lipid metabolism in liver of PGR piglets (p  <  0.05). Therefore, BHB 
treatment might alleviate the liver injury and inflammation, and improve hepatic 
energy metabolism by regulating glucose and lipid metabolism, thereby improving 
the growth performance of PGR piglets.

KEYWORDS

β-hydroxybutyrate, liver injury, lipid, postnatal growth retardation, piglets

1. Introduction

Growth retardation (GR) is when an individual grows significantly slower than a healthy 
individual, accompanied by metabolic disorders, systemic inflammation, or intestinal dysbiosis, 
usually occurring in the early stages of life (1). Growth retardation can be divided into two 
categories: intrauterine growth retardation (IUGR) and postnatal growth retardation (PGR). In 
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mammals, the incidence of IUGR is high in multiple animals such as 
pigs, and 15–20% of newborn piglets weigh less than 1.1 kg (2). PGR 
piglets are defined as piglets with normal birth weight, while the body 
weight during postnatal growth and development is lower than 70% 
of the average weight of health piglets in the same period, and there is 
no obvious trauma (3). The incidence of PGR piglets during lactation 
and after weaning is about 10–30 and 5% respectively, which seriously 
restricts the breeding efficiency (4). Normally, IUGR is mainly caused 
by decreased blood flow and insufficient supply of nutrients that are 
induced by uterine-placental disorders during maternal pregnancy, 
resulting in impaired growth and development of the fetus or its 
organs (5). PGR is due to the impairment of intestinal barrier function 
and the imbalance of intestinal microorganisms after birth that 
triggered a decrease in the absorption capacity of intestinal nutrients, 
which induced the slow growth and development of neonatal piglets 
(6). Interestingly, our tracing test of piglets (from birth to 60 d of age) 
found that some IUGR piglets were able to develop catch-up growth 
at weaning, whose body weight exceeded the PGR piglets (unpublished 
data). Our previous studies showed PGR piglets have dysregulated 
nutrition absorption and aberrant energy metabolism (6–9), which 
suggested that increasing nutrient utilization and maintaining the 
balance of energy metabolism might improve the growth inhibition 
of PGR piglets.

The liver serves as a key modulator in nutrition metabolic 
homeostasis involving energy storage, xenobiotic metabolism, and 
detoxification activity (10). Studies have shown that the metabolism 
of nutrients in the liver of IUGR piglets is abnormal, which inevitably 
impairs liver function (5, 11). We previously observed a decreased 
peroxisome proliferator-activated receptor gamma (PPARγ) signaling 
pathway and an impairment in glucose utilization in the small 
intestine of PGR piglets compared to these in the healthy piglets (7). 
These considerations raised the possibility that there is a deficient 
hepatic energy metabolism in PGR piglets and mediating the energy 
metabolism might promote their growth performance. The ketone 
bodies, especially β-hydroxybutyrate (BHB), are synthesized in the 
liver from acetyl-CoA derived primarily from fatty acid oxidation. In 
the case of nutritional deficiency, BHB can be used as an alternative 
energy source to maintain caloric homeostasis (12). Meanwhile, BHB 
also acts as a signaling molecule for modulating lipolysis, oxidative 
stress, and neuroprotection. Studies have found that mice with 
ketogenic insufficiency and fed a high-fat diet exhibit abnormal 
hepatic glucose and lipid metabolism to induce mitochondrial 
dysfunction and liver injury (13). BHB could prevent liver ischemia–
reperfusion injury and oxidative stress by up-regulating FOXO1 and 
HO-1, and reduce inflammatory response and apoptotic cell death by 
down-regulating NF-κB and NLRP3 inflammasome (14, 15). In 
addition, BHB ameliorates endoplasmic reticulum stress by activating 
AMPK and inhibits NLRP3 (16–18).

Therefore, we hypothesized that supplementing with exogenous 
BHB could improve the growth performance of PGR piglets by 
regulating liver energy metabolism. The effect of supplementation of 
BHB on the liver morphology, hepatic inflammatory response and 
energy metabolism was determined in healthy or PGR piglets.

2. Materials and methods

All animals used in this study are humanely managed in 
accordance with Chinese animal welfare guidelines. The experimental 

scheme was approved by the Animal Protection and Utilization 
Committee of Hunan Agricultural University (Changsha, China; 
2,021,042).

2.1. Animal and experimental design

30 litters of newborn piglets with similar parity (3rd ~ 5th parity) 
and genetic background (about 12 piglets per litter) were recorded. All 
piglets are breast-fed normally. Diet of sow and piglet, drinking water 
and feeding environment are carried out in accordance with the 
operating standards of the company’s farm. All newborn piglets are 
marked with ear defects. The birth weight of newborn piglets was 
recorded and defined as IUGR piglets according to the birth weight 
lower than 1.1 kg (2). At 7 days old, PGR piglets were defined 
according to the standard that whose body weight was less than 70% 
of the average weight of healthy piglets and there was no obvious 
trauma (8). Forty normal healthy piglets and thirty PGR piglets were 
randomly divided into 4 groups: control group, BHB group, PGR 
group and PGR + BHB group. The piglets of control and PGR group 
were fed daily with 5 mL saline (0.9%) from 7 days old, the piglets in 
BHB group and PGR + BHB group while fed with BHB solution 
dissolved in 5 mL saline (25 mg/kg/days, body weight was calculated 
according to the average weight per week). At the age of 42 days, 8 
piglets in each group were randomly selected for slaughter sampling. 
The body weight of piglets is shown in Table 1.

2.2. Sample collection

After 12 h fasting, all piglets were collected the anterior vena cava 
blood in the blood vessels containing heparin sodium. 3,000 g was 
centrifuged at room temperature for 10 min and stored in the refrigerator 
at −80°C. After the blood was collected, the liver was taken for weighing, 
and then the liver sections (about 1 cm2) and liver samples (about 5 g) 
were rinsed thoroughly with cold PBS (PH 7.4) to remove blood 
contamination. Liver slices were quickly fixed in 4% paraformaldehyde 
and prepared for embedding and slicing for hematoxylin–eosin (HE) 
and periodate-Schaefer (PAS) staining. Liver samples were rapidly frozen 
in liquid nitrogen and stored at −80°C for further analysis. All samples 
were collected within 15 min after execution.

2.3. Analysis of serum biochemical indexes

Serum biochemical indexes including triglyceride (TG), 
cholesterol (TC), high-density lipoprotein cholesterol (HDL-C), 

TABLE 1 The body weight of healthy and post-natal growth retardation 
(PGR) pigs.

Item Healthy-
control

Healthy-
BHB

PGR-
control

PGR-
BHB

p-
value

Day 7 

weight

2.83 ± 0.16a 2.65 ± 0.07a 1.83 ± 0.14b 2.02 ± 0.05b 0.000

Day 42 

weight

10.44 ± 0.42b 13.03 ± 0.76a 6.35 ± 0.79c 9.73 ± 0.66b 0.000

BHB, β-hydroxybutyrate; PGR, postnatal growth retardation. a, b, cValues within a row with 
different superscripts differ significantly (p < 0.05). n = 8 per treatment group.
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low-density lipoprotein cholesterol (LDL-C) and glucose (GLU) were 
detected by automatic biochemical analyzer BS-200 (BeckmanCX4, 
Beckman Coulter Inc.). The specific kit was purchased from Shanghai 
Kehua Bio-Engineering Co., Ltd.

2.4. Determination of transaminase activity 
and BHB content in plasma and liver

The activities of aspartate aminotransferase (AST) and alanine 
aminotransferase (ALT) in plasma and liver were determined by 
commercial kit (Beijing Solarbio Science & Technology Co., Ltd.). The 
content of BHB in serum was detected by pig enzyme-linked 
immunosorbent assay (Shanghai Fanke industrial Co., Ltd.), and the 
content of BHB in liver was detected by β-hydroxybutyrate 
colorimetric assay kits (Cayman Inc., United States) according to the 
manufacturer’s instructions.

2.5. Determination of inflammatory 
cytokines in liver

Liver samples were homogenized in cold PBS. The liver 
homogenate was taken and centrifuged at 4°C for 12,000 g 10 min. The 
supernatant was collected for further detection. The concentrations of 
interleukin-1β (IL-1β), interleukin-10 (IL-10), tumor necrosis factor-α 
(TNF-α) and interferon-γ (IFN-γ) were detected by enzyme-linked 
immunosorbent assay kit (CSB-E06782p, CSB-E06779p, 
CSB-E16980p, CSB-E06794p, CUSABIO, https://www.cusabio.com/). 
The final results were normalized with the total protein concentration 
in each sample, and the protein concentration was detected by BCA 
protein concentration determination kit (Beyotime Biotech. Inc.).

2.6. Determination of energy metabolism 
index of liver

The content of adenosine triphosphate (ATP) (Jiangsu Meimian 
Industrial Co., Ltd., Yancheng, China) was detected by an enzyme-
linked immunosorbent assay kit in pigs. The contents of oxidized 
coenzyme I  (NAD+) and reduced coenzyme I  (NADH) were 
determined according to the operating instructions of the 
corresponding kits (Beyotime Biotech. Inc.). The final results were 
normalized with the total protein concentration in each sample.

2.7. Quantitative reverse analyzes

According to the primer design principles, primer premier 6.0 
software was used to design primers, which were synthesized by 
Beijing Tsingke Biotech Co., Ltd. The primer sequence is shown in 
Table 2. TRIZOL reagent (Invitrogen, Carlsbad, CA, United States) 
extracted total RNA from liver. The RNA integrity, quality and purity 
of the samples were determined by 1% agarose gel electrophoresis and 
automatic nucleic acid/protein analyzer. Using the Evo M-MLV 
reverse transcription Premix kit (AG11728, Accurate Biotechnology 
(Hunan) Co., Ltd., Chang Sha, China) reverse-transcribed RNA into 
cDNA. Refer to the SYBR Green Pro Taq HS Premixed qPCR Kit 

TABLE 2 Primers used for quantitative reverse transcription-PCR.

Gene Gene Bank 
No.

Sequence (5′-3′)

β-actin XM_0031242803
F:CTGCGGCATCCACGAAACT

R:AGGGCCGTGATCTCCTTCTG

NLRP3 NM_001256770.2
F:CCTTCAGGCTGATTCAGGAG

R:GACTCTTGCCGCTATCCATC

IL-1β NM_214055.1
F:CAGCCATGGCCATAGTACCT

R:CCACGATGACAGACACCATC

IL-4 NM_214340.1
F:CCCGAGTGTCAAGTGGCTTA

R:TGATGATGCCGAAATAGCAG

IL-8 NM_213867.1
F:GCTCTCTGTGAGGCTGCAGTTC

R:AAGGTGTGGAATGCGTATTTATGC

IL-10 NM_214041.1
F:GGGCTATTTGTCCTGACTGC

R:GGGCTCCCTAGTTTCTCTTCC

Bcl-2 NM_214285.1
F:AGGGCATTCAGTGACCTGAC

R:CGATCCGACTCACCAATACC

Bax XM_003127290.5
F:GAAGTTGAGCGAGTGTCT

R:AGTTGAAGTTGCCGTCAG

Caspase-3 NM_214131
F:CGTGCTTCTAAGCCATGGTG

R:GTCCCACTGTCCGTCTCAAT

Caspase-8 XM_021074712.1
F:CGAAGACCAGAGTTTGCCCT

R:GGATCCTCACCGTGGCAG

Caspase-9 XM_013998997.2
F:GTACCCACCACCAAGGTCTG

R:AAGCTCACGGTTCAGCAGAG

HMGCL XM_005656051.3
F:GTCACCACGTCGTCCCAGAG

R:TTACTGTCGCCATCTTGCCC

HMGCS2 XM_021089968.1
F:CACGACGGGGCAACTCTC

R:AAAACCTTTGGTGGGCTGCT

BDH1 XM_021070089.1
F:TCGGGGCAGAGTCTCCTTT

R:GCCATAAGAGGCAGAGTGGT

PCK1 NM_001123158.1
F:TAAAGCTGGGAGGTTCTGCC

R:CCAAGGTCGCCTACGTTTTC

PGC-1α NM_213963.2
F:GGACTGACATCGAGTGTGCT

R:TGAGTCCACCCAGAAAGCTG

G6PC NM_001113445.1
F:CAGGACTCCCAGGATTGGTTC

R:ATCACAGCTACCCAGAGGAGT

C/EBP-α XM_003127015.4
F:GGTGGACAAGAACAGCAACGA

R:TGGTCAGCTCCAGCACCTTC

SREBP1 NM_214157.1
F:GCAAGGCCATCGACTACATC

R:AGGTTCTCCTGCTTGAGCTT

ACC XM_021066238.1
F:ATGAAGGCTGTGGTGATGGA

R:CTTGGTGACTTGAGCGTGAG

SCD1 NM_213781.1
F:TAAACAGTGCTGCCCACCTA

R:AGGGAAAGGTGTGGTGGTAG

PPARγ NM_214379.1
F:ATTTACACCATGCTGGCCTC

R:GGGCTCCATAAAGTCACCAA
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instructions (AG11701, Accurate Biotechnology (Hunan) Co., Ltd., 
Chang Sha, China), using a fluorescent quantitative PCR instrument 
(LightCycler®480 Real-Time PCR System, Roche, Switzerland) for 
real-time fluorescence quantitative PCR detection. The experiment 
was carried out with a reaction system of 10 μL, and each reaction was 
repeated three times. Refer to Qi Ming et al. for the reaction procedure 
(8). β-actin was the internal reference gene, and 2-ΔΔCt was used to 
calculate the mRNA relative expression of the target gene.

2.8. Statistical analysis

All the data in this study are obtained by using Excel 2019 after 
preliminary finishing. All statistical analyzes were performed by 
one-way ANOVA using SPSS software 20.0 (SPSS Inc., Chicago, IL, 
United States). The differences among treatments were evaluated using 
Turkey’s test. All data are expressed as the mean ± standard error 
(SEM) of the average. p < 0.05 indicates that there is a significant 
difference between the two groups.

3. Results

3.1. Effect of BHB on liver morphology and 
hepatic inflammation of PGR piglets

The body weight (BW) and absolute liver weight of PGR piglets 
was significantly lower than those of age-matched healthy piglets 
(p < 0.05) (Table 1 and Figure 1A). Administration of BHB significantly 
increased the BW and absolute liver weight of healthy piglets and PGR 
piglets (p < 0.05) (Table 1 and Figure 1A), but had no significant effect 
on relative liver weight (p > 0.05) (Figure 1B).

The hepatic morphology was showed in Figure 1D, the portal vein 
cell necrosis, nuclear fragmentation, macrophage vacuolation, 
hepatocyte cord disorder, inflammatory cell infiltration, and 
hepatocyte watery degeneration were observed in the PGR piglets. 
While BHB administration in PGR piglets could alleviate their hepatic 
injury (p < 0.05) (Figures 1C,D). The activities of ALT and AST in 
plasma and the content of ALT in liver tissue of PGR-control piglets 
were significantly higher than those of healthy-control piglets 
(p < 0.05) (Figures 1E–H). As compared to the PGR-control group, 
BHB decreased the AST and ALT levels in the plasma and liver of PGR 
piglets, while BHB declined the plasma AST levels of healthy piglets 
in comparison with the healthy-control group (p < 0.05) 
(Figures 1E–H). Meanwhile, PGR-control group showed higher IFN-γ 
and TNF-α concentrations, as well as NLRP3 and IL-8 mRNA 
expression levels in the liver, but lower hepatic IL-10 concentration, 
and IL-4, IL-10 mRNA expression levels as compared to the healthy-
control group (p < 0.05) (Figures 1I–M). BHB treatment in healthy 
piglets declined the hepatic IFN-γ concentration as compared to the 
healthy-control group (p < 0.05) (Figure 1K), while BHB treatment in 
PGR piglets significantly decreased IL-1β, IFN-γ and TNF-α 
concentrations, as well as the mRNA expression levels of NLRP3, 
IL-1β and IL-8 in the liver (p < 0.05) (Figures 1I–M). Compared to the 
PGR-control group, BHB treatment in PGR piglets also showed higher 
IL-10 concentrations, and IL-4, IL-10 mRNA levels in the liver 
(p < 0.05) (Figures 1I–M). In addition, the relative expressions of Bax, 
Caspase-3, Caspase-8, and Caspase-9 mRNA in the liver of 

PGR-control piglets were significantly up-regulated (p < 0.05) 
(Figure  1N). Compared to the healthy-control piglets, BHB 
supplementation increased the relative expressions of Bcl-2 mRNA 
(p < 0.05), while compared to the PGR-control piglets, BHB 
supplementation decreased the Bax, Caspase-3, Caspase-8, and 
Caspase-9 mRNA expression levels, but increased Bcl-2 mRNA levels 
in the liver (p < 0.05) (Figure 1N).

3.2. Changes of BHB metabolism in the 
liver and serum of piglets

The BHB levels in the serum and liver of PGR-control piglets were 
significantly lower than those of healthy-control piglets (p < 0.05) 
(Figures  2A,B). Compared with the PGR-control group, BHB 
supplementation increased the serum BHB level and reduced the liver 
BHB content of PGR piglets (p < 0.05), while BHB supplementation 
reduced the liver BHB content of healthy piglets in comparison with 
the healthy-control group (p < 0.05) (Figures 2A,B). At the same time, 
the expression level of HMGCS2 mRNA in the liver of the PGR-control 
group was significantly lower than that of the healthy-control group 
(p < 0.05) (Figure 2C). As compared to the PGR-control group, BHB 
supplementation increased the expression levels of HMGCS2 and 
HMGCL mRNA in the liver of PGR piglets, and decreased the 
expression level of BDH1 mRNA (p < 0.05) (Figures 2C–E). While 
BHB supplementation decreased the expression level of BDH1 mRNA 
in the liver of healthy piglets in comparison with the healthy-control 
group (p < 0.05) (Figures 2C–E).

3.3. Effect of BHB on the energy tatus of 
PGR piglets

Compared with the healthy-control group piglets, BHB 
supplementation increased the serum ATP levels of healthy piglets 
(p < 0.05) (Figure  3A), while BHB supplementation increased the 
serum ATP levels and liver ATP contents of PGR piglets in comparison 
with the PGR-control group piglets (p < 0.05) (Figures  3A,B). In 
addition, the liver NAD+ content of piglets in PGR-control group was 
significantly lower than that in the healthy-control group (p < 0.05) 
(Figure 3C). Compared with the healthy-control group piglets, BHB 
supplementation decreased the liver NAD+ and NADH contents of 
healthy piglets (p < 0.05), while compared with the PGR-control group 
piglets, BHB supplementation decreased the liver NADH contents of 
PGR piglets (p < 0.05), but had no significant effect on NAD+/NADH 
(p > 0.05) (Figures 3C–E).

3.4. Effect of BHB on liver glucose 
metabolism in PGR piglets

Compared with healthy-control group piglets, liver glycogen 
content of piglets in PGR-control group were increased (p < 0.05) 
(Figures 4A–D). BHB supplementation significantly reduced blood 
glucose levels and liver glycogen content in healthy piglets and PGR 
piglets (p < 0.05) (Figures 4A–D) (p < 0.05) (Figures 4A–D). Compared 
with the healthy-control group piglets, the mRNA expression levels of 
gluconeogenesis-related genes PGC-1α and G6PC in liver of PGR 
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FIGURE 1

Effect of BHB on liver morphology and function of PGR piglets. (A) Liver weight, (B) liver relative weight, (C,D) representative images of H&E staining 
and lesioned score in liver, (E,F) plasma activity of AST and ALT, (G,H) liver concentration of AST and ALT, (I–L) liver concentration of IL-1β, IL-10, IFN-γ, 
and TNF-α, (M,N) hepatic mRNA expression of NLRP3, IL-1β, IL-4, IL-8, IL-10, Bcl-2, Bax, Caspase-3, Caspase-8, and Caspase-9. BHB, 
β-hydroxybutyrate; PGR, postnatal growth retardation; AST, aspartate aminotransferase; ALT, alanine aminotransferase; IL-1β, interleukin-1β; IL-10, 

(Continued)
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piglets were increased (p < 0.05) (Figures  4E–G). While BHB 
supplementation significantly up-regulated the mRNA expression 
levels of PCK1 and down-regulated the mRNA expression levels of 
PGC-1α and G6PC in liver of PGR piglets (p < 0.05) (Figures 4E–G).

3.5. Effect of BHB on liver lipid metabolism 
in PGR piglets

The serum TG levels of piglets in the PGR-control group were 
significantly higher than those in the healthy-control group (p < 0.05) 
(Figures  5A–D). Compared with the PGR-control group, BHB 
supplementation decreased the serum TC, TG, and HDL-C 
concentrations of PGR piglets (p < 0.05) (Figures 5A–D). While BHB 
supplementation decreased the serum TG and HDL-C concentrations 
of healthy piglets in comparison with the healthy-control group 
(p < 0.05) (Figures  5A–D). Compared with healthy-control group, 
mRNA expression levels of C/EPP-α, SCD1, and PPARγ in liver of 
piglets in PGR-control group were increased (p < 0.05) (Figure 5E). 

Meanwhile, BHB supplementation decreased the expression levels of 
C/EBP-α, SREBP1, SCD1, and PPARγ mRNA in the liver of healthy 
and PGR piglets (p < 0.05) (Figure 5E).

4. Discussion

GR is the root cause of high morbidity and mortality in infants 
and young children. Children with GR are more likely to suffer from 
metabolic diseases and pathogen infections (1). PGR occurs in 10 to 
30% of piglets in the pig industry, which leads to a decrease in feed 
utilization and an increase in mortality, which seriously affects the 
efficiency of the pig industry.

Some studies have found that, compared with healthy 
counterparts, PGR shows poor growth performance and lower organ 
weight (8, 19). Consistent with the results of this study, it was found 
that the body weight and liver weight of PGR piglets were lower than 
those of healthy piglets of the same age. BHB is a water-soluble organic 
compound derived from lipids, which is most significantly magnified 

interleukin-10; TNF-α, tumor necrosis factor-α; IFN-γ, interferon-γ; NLRP3, NOD-like receptor pyrin domain 3; Bcl-2, B-cell lymphoma 2; Bax, Bcl-2-
associated X protein; Caspase-3, cysteine-aspartic acid protease 3; Caspase-8, cysteine-aspartic acid protease 8, Caspase-9, cysteine-aspartic acid 
protease 9. Data were presented as mean  ±  SEM (n  =  8). Different lowercase letters indicated significant differences between the compared groups 
(p  <  0.05).

FIGURE 1 (Continued)

FIGURE 2

BHB metabolism of liver and serum in piglets. (A) Serum concentration of BHB. (B) Liver concentration of BHB. (C–E) Hepatic mRNA expression of 
HMGCS2, HMGCL and BDH1. BHB, β-hydroxybutyrate; PGR, postnatal growth retardation; HNGCS2, 3-hydroxy-3-methylglutaryl-CoA synthase 2; 
HMGCL, 3-hydroxy-3-methylglutaryl-CoA lyase; BDH1, 3-hydroxybutyrate dehydrogenase 1. Data were presented as mean  ±  SEM (n  =  8). Different 
lowercase letters indicated significant differences between the compared groups (p  <  0.05).
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under the physiological conditions of low utilization of carbohydrates 
(i.e., hunger), prolonged fasting or ketogenic diet (20). Dietary 
supplementation of low-dose BHB can effectively improve the growth 
performance and organ development of early-weaned goats (21). 
Indeed, BHB increased the body weight of PGR piglets and improved 
hepatic injury and inflammatory responses in the current study. ALT 
and AST are considered as sensitive indicators of liver injury and are 
usually expressed only in hepatocytes. When the liver is damaged, 
they are released into the bloodstream. In this study, the activities of 
AST and ALT in plasma and the content of ALT in the liver of PGR 
piglets increased, indicating liver damage in PGR piglets, which was 
consistent with the results of other scholars (5, 8, 11). NLRP3 
inflammatory bodies are a wide range of sensors for risk-related 
molecular patterns, which can be activated by many types of pathogens 
or danger signals (22). Pro-inflammatory cytokines (including IL-1β, 
IL-6, and IL-8) are necessary to initiate an inflammatory response 
during infection (8). The PGR piglets showed higher IFN- γ and TNF- 
α levels, as well as IL-8 mRNA levels in this study, suggesting that 
those piglets might have higher hepatic inflammation than the healthy 
piglets. BHB treatment could alleviate the inflammatory responses, 
evidenced by lower pro-inflammatory cytokines concentration and 
mRNA expressions, and increased anti-inflammatory cytokines levels 
in the liver. Consistently, Yun-Hee Youm et al. demonstrate that BHB 
can promote anti-inflammatory effects, regulate inflammation by 
inhibiting the activation of NLRP3 inflammatory bodies, reduce the 
downstream production of proinflammatory cytokines IL-1β and 
IL-8, and prevent NLRP3-mediated inflammatory diseases (14, 17, 

18). Meanwhile, excessive inflammatory activation might be related 
to dysregulated apoptosis (23). It is well known that Caspase-3 and 
Bcl-2 are the executors and inhibitors of apoptosis, respectively. Bcl-2 
is an anti-apoptotic protein that can protect cells from apoptosis, while 
pro-apoptotic proteins such as Bax promote programmed cell death 
(24, 25). Studies have shown BHB could reduce apoptosis induced by 
hepatic ischemia–reperfusion and paraquat challenge (14, 26). 
We  also found that the expression of anti-apoptosis gene Bcl-2 
increased and the expression of pro-apoptosis genes Bax, Caspase-3, 
Caspase-8, and Caspase-9 decreased in the liver of PGR piglets fed 
with exogenous BHB.

The ketogenic diet (KD) and exogenous ketone supplements 
(EKS) can increase blood BHB concentration (27–30). Increased BHB 
levels of serum were observed in the PGR piglets fed with BHB, while 
their hepatic BHB levels were decreased. This result might be explained 
by the feedback regulation system of ketone bodies. Ketone body 
synthesis in the liver mitochondrial matrix begins with fatty acid 
β-oxidized acetyl-CoA. Mitochondrial hydroxymethyl glutaryl-CoA 
synthetase (HMGCS2) condenses acetyl-CoA with acetoacetyl-CoA 
to form HMG-CoA, which is then released by HMG-CoA lyase 
(HMGCL). Most acetoacetate is further metabolized by 
β-hydroxybutyrate dehydrogenase (BDH1) to BHB and the activity of 
BDH1 is proportional to the ratio of ACAC/BHB in circulation (12, 
31). The condensation of acetyl-CoA and acetoacetyl-CoA to 
HMG-CoA mainly depends on the mitochondrial HMGCS2, which 
is a rate-limiting step in ketone body synthesis (31). In the current 
study, the HMGCS2 and HMGCL mRNA levels were enhanced by 

FIGURE 3

Effect of BHB on energy status of PGR piglets. (A) Serum concentration of ATP. (B) Liver concentration of ATP. (C–E) Liver concentration of NAD+ and 
NADH. BHB, β-hydroxybutyrate; PGR, postnatal growth retardation; ATP, adenosine triphosphate, NAD+, oxidized coenzyme I; NADH, reduced 
coenzyme I. Data were presented as mean  ±  SEM (n  =  8). Different lowercase letters indicated significant differences between the compared groups 
(p  <  0.05).
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BHB treatment in PGR piglets, while the BDH1 mRNA expression 
was inhibited. It is implied that BHB supplementation may alter the 
ACAC/BHB ratio in circulation, thereby inhibiting BDH1 activity and 
leading to a decrease in liver BHB content.

Liver ketone body level is strongly linked to glucose and lipid 
metabolism, which plays an important role in maintaining energy 
balance (32). ATP is the main energy source for maintaining cellular 
physiological responses (33). There is increasing evidence that ATP 
deficiency is associated with the development of liver glucose lipid 
metabolism disorders (34, 35). Clearly, restoring ATP synthesis in the 
liver may be a potential therapeutic strategy for the treatment of 
metabolic disorders. Some studies have found that ATP concentration 
in the liver of IUGR piglets and jejunum of LBW piglets is 
significantly decreased (36, 37), but we did not find a decrease in the 

liver of PGR piglets. This may be related to the acquired formation of 
PGR piglets. In addition, we  found that administration of BHB 
increased the amount of ATP in the liver and blood of PGR piglets, 
which is consistent with the Motohisa Suzuki et al. (38) report that 
BHB can maintain high ATP levels. Glucose is the major energy 
substrate for fetal oxidative metabolism. In this study, liver glycogen 
production was increased and gluconeogenic gene expression was 
upregulated in PGR piglets, which was consistent with previous 
reports in IUGR (39–41). These abnormalities in glucose metabolism 
may be  caused by insulin resistance (41). At the same time, 
insufficient production of ketogenic in the liver can lead to mild 
hyperglycemia and increased liver gluconeogenesis in adult mice 
(13), so increased liver glycogen production and upregulation of 
gluconeogenic gene in PGR piglets may also be caused by insufficient 

FIGURE 4

Effect of BHB on liver glucose metabolism in PGR piglets. (A) Blood sugar level. (B) Liver concentration of glucose. (C,D) Representative images of PAS 
staining and lesioned score in liver. (E–G) Hepatic mRNA expression of PCK1, PGC-1α and G6PC. BHB, β-hydroxybutyrate; PGR, postnatal growth 
retardation; PCK1, Phosphoenolpyruvate carboxykinase 1; PGC-1α: Peroxisome proliferator-activated receptor gamma coactivator 1-alpha; G6PC, 
Glucose-6-phosphatase. Data were presented as mean  ±  SEM (n  =  8). Different lowercase letters indicated significant differences between the 
compared groups (p  <  0.05).
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production of ketogenic. Supplementation of ketogenic precursors 
pantothenic acid and cysteine normalized liver gluconeogenesis in 
mice lacking ketogenic production (13). Our study also found that 
BHB supplementation can not only increase the ketone body level of 
PGR piglets, but also inhibit liver gluconeogenesis and reduce liver 
glycogen content and blood glucose concentration. Consistent with 
our study, Csilla Ari et al. also found that BHB could inhibit the 
signal of gluconeogenesis in the liver and reduce the utilization of 
hepatic glycogen so as to lower blood glucose levels (28, 30, 42–45). 
TC and TG are two key markers to reflect circulating blood lipids, 
which are the key steps in regulating fetal synthesis and lipid 
catabolism. Studies have shown that abnormal nutritional metabolism 
occurs in the liver of IUGR fetuses, such as abnormal fatty acid 
synthesis and lipid oxidation (46, 47). In this study, the serum TG 
level of PGR piglets was increased, and the expressions of key genes 
of liver lipogenesis C/EBP-α, SCD1 and PPARγ were up-regulated, 
which was consistent with the findings of Chen et al. (41) in IUGR 
mice. This abnormal elevated lipids and hepatic lipid accumulation 
may be due to hepatic insulin resistance (41). However, the intake of 
exogenous BHB significantly reduced the circulating lipids of PGR 
piglets, including TC, TG and HDL-C, which was consistent with the 
results of previous studies (28, 48, 49). At the same time, BHB can 
inhibit the expression of liver fatty acid synthetases SREBP1, ACC 
and SCD1, thereby regulating liver lipid accumulation (50, 51), which 
is consistent with the results of this study.

In summary, our results showed that PGR piglets had a liver 
injury and inflammation. Exogenous supplementation of BHB could 
increase the blood BHB level and regulate the inflammatory response, 
as well as the energy metabolism in the liver of PGR piglets. These 
findings provide a potential new intervention to improve liver damage 

and dysfunction in PGR piglets, while the underline mechanism 
should be further investigated.
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Effects of different wheat bran 
fermentation sources on growth 
performance, nutrient digestibility, 
serum antioxidant capacity and 
fecal microbiota in growing pigs
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The present study aimed to evaluate the application of different wheat bran fermentation 
sources in growing pigs. A total of 320 pigs (43 ± 0.21 kg), were randomly allocated to 
5 groups in a 21-d trial. The control group was fed a basal diet (CON) containing raw 
wheat bran, and the other four treatments were fed the diets in which the raw wheat 
bran in the basal diet was substituted with Aspergillus niger (WBA), Bacillus licheniformis 
(WBB), Candida utilis (WBC), and Lactobacillus plantarum (WBL) fermented wheat bran, 
respectively. The results showed that compared to the CON group, the crude fiber 
and pH values were decreased (p < 0.05), while the gross energy (GE), crude protein 
(CP), and lactic acid values were increased (p < 0.05) in all the wheat bran fermented by 
different strains. Compared with other treatments, feeding B. licheniformis fermented 
wheat bran had higher final weight, average daily gain, as well as lower feed-to-gain 
ratio. Compared with CON group, pigs fed with fermented wheat bran diets had 
higher dry matter, CP, and GE availability, serum total protein, albumin and superoxide 
dismutase levels, and fecal Lactobacillus counts, as well as lower malondialdehyde 
level and fecal Escherichia coli count. Collectively, our findings suggested that feeding 
fermented wheat bran, especially B. licheniformis fermented wheat bran, showed 
beneficial effects on the growth performance, nutrient digestibility, serum antioxidant 
capacity, and the gut microbiota structure of growing pigs.

KEYWORDS

fermented wheat bran, growing pig, growth performance, antioxidant capacity, fecal 
microflora

Introduction

With the steady growth of animal production, feed price is increased (1, 2). Correspondingly, 
fermentation is recognized as a very effective approach to improve the nutrition and digestion 
of unconventional feed sources (3–5). Numerous studies have illustrated that the fermented feed 
improved growth performance, antioxidant capacity, and intestine health of pigs (6–8).
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Wheat bran, a byproduct derived from flour processing, is a 
readily accessible material with an annual global yield of 100–150 
million tons (9). Due to its high contents of energy value, crude 
protein (CP), and trace elements, wheat bran is extensively utilized as 
animal feed raw materials (10). In feedstuff production, wheat bran 
processing primarily involves mechanical and chemical methods 
(11–13). Kraler et al. (14) reported that wheat bran fermented by 
Lactobacillus paracasei and Lactobacillus plantarum significantly 
increased the apparent digestibilities of dry matter (DM), organic 
matter (OM), ether extract (EE), and gross energy (GE) in growing 
pigs. Additionally, fermentation could effectively reduce the content 
of insoluble dietary fiber in rice bran and corn bran (15, 16), and the 
enzymes produced during fermentation can enhance the absorption 
of minerals (17). The Aspergillus niger, Bacillus licheniformis, Candida 
utilis and L. plantarum are the four strains used most widely in feed 
fermentation. Previous studies have demonstrated that the anti-
nutritional factors presenting in soybean and sorghum, specifically 
glycinin, β-conglycinin and tannins, can be effectively degraded by 
fermentation with A. niger or L. plantarum (18, 19). Ahmed et al. (20) 
found that fermented feed by B. licheniformis significantly increased 
growth performance of broilers. The C. utilis fermented rapeseed meal 
improved the intestinal morphology of broilers (21). However, there 
is little literature available on the comparative study of wheat bran 
fermented by A. niger, B. licheniformis, C. utilis, and L. plantarum on 
fermentation parameters and their application on growing pigs.

Therefore, the experiment was conducted to investigate the effects 
of wheat bran fermented by different strains (A. niger, B. licheniformis, 
C. utilis, and L. plantarum) on growth performance, nutrient 
digestibility, serum antioxidant capacity, and fecal microbiota of 
growing pigs, and select the optimal strain for wheat bran 
fermentation, helping to select the most effective fermentative source 
to improve the feed utilization.

Materials and methods

Preparation of fermented wheat bran

The starter culture of A. niger (CICC 2041), B. licheniformis (CICC 
21886), C. utilis (CICC 31430), and L. plantarum (CICC 6076) used 
in the test were obtained from Shandong Taishan Shengliyuan Group 
Co., Ltd. (Tai’an, China), which obtained according to optimized 
cultivation methods (Supplementary Table S1). Before fermentation, 
the moisture content of wheat bran was adjusted to 45%. Then the 
WBA, WBB, WBC, and WBL were fermented according to the 
conditions shown in Supplementary Table S2. The WBA, WBB, WBC, 
and WBL products were all obtained by drying at 45°C for 
approximately 48 to 72 h. Samples of fermented wheat bran were 
collected to determine their GE, CP, EE, and crude fiber (CF) contents 
according to the methods described by the Association of Official 
Analytical Chemists (AOAC) (22). To determine pH, a sample of 5 g 
fermented wheat bran was dissolved in 50 mL distilled water. The pH 
value of the supernatant was measured with pH meter (Shanghai 
Russell Technology Co., Ltd., Shanghai, China) after centrifugation at 
4000 × g for 5 min. The lactic acid content was determined with a high-
performance liquid chromatography autoanalyzer (Waters PICO TAG 
amino acid autoanalyzer; Millipore, MA, USA) according to 
standard procedures.

Experimental design and management

Three hundred and twenty (Duroc × Landrace × Yorkshire) pigs 
(43 ± 0.21 kg) were randomly divided into 5 treatments with 8 
replicates per group and 8 pigs per replicate. Control group was fed a 
basal diet (CON), and other 4 treatments were fed the diets in which 
wheat bran of the basal diet were replaced with 10% A. niger (WBA), 
B. licheniformis (WBB), C. utilis (WBC), and L. plantarum (WBL) 
fermented wheat bran (air-dry basis), respectively. The basal diet 
(Table 1) was formulated with reference to National Research Council 
(NRC, 2012). Pigs were housed in a temperature-and humidity-
controlled room (26–28°C, 55–60% RH), and were fed three times 
daily at 0800, 1400, and 1800 h. During the period of the experiment, 
all pigs had free access to feed and water. Daily feed intake per replicate 
was recorded, and the pigs were weighted individually on the morning 
of day 21 of the experiment before breakfast.

Apparent nutrient digestibility

Apparent nutrient digestibility was conducted using acid insoluble 
ash (AIA) indicator method. Fresh feces excreted by each replicate 
were collected daily for four consecutive days starting on day 17 of the 
experiment. Daily collected feces were weighed and mixed, and 10 mL 
of 10% sulfuric acid per 100 g of the feces samples were added to avoid 
evaporation of nitrogen in the form of ammonia. Samples were stored 
temporarily at −20°C. All fecal samples per replicate collected 
consecutively during the 4 days were mixed evenly, and the nutrient 
contents of fecal and feed samples including AIA, GE, DM, OM, EE, 
and CP were analyzed according to AOAC (2012) (22), respectively. 
The apparent digestibilities of all parameters were calculated as 
indicated below:

TABLE 1 Ingredients and nutrient levels of the basal diet (air-dry basis) %.

Ingredients Content Nutrients Values2

Corn 56.57
Metabolizable 

energy, MJ/kg
13.78

Soybean meal, 44.1% CP 20.65 Crude protein 16.33

Wheat bran 17.00 Calcium 0.56

Soybean oil 2.79 STTD phosphorus 0.24

Limestone, pulverized 1.20 Lysine 0.97

Calcium hydrophosphate 0.17 Methionine 0.32

Sodium chloride 0.20 Threonine 0.72

L-Lysine, 76.8% 0.20 Tryptophan 0.21

DL-methionine, 98.5% 0.07

L-threonine, 98.0% 0.10

Choline 0.05

Premix1 1.00

Total 100.00

1The premix provided the following per kilogram of diets: vitamin A 1400 IU, vitamin B1 1 
mg, vitamin B2 2 mg, vitamin B5 7.5 mg, vitamin B6 8.8 mg, vitamin B12 0.008 mg, vitamin D3 
160 IU, vitamin E 11 IU, vitamin K3 0.5 mg, biotin 0.05 mg, folic acid 0.3 mg, Fe (FeSO4·H2O) 
60 mg, Cu (CuSO4·5H2O) 4 mg, Mn (MnSO4·H2O) 25 mg, Zn (ZnSO4·H2O) 60 mg, I (KIO3) 
0.14 mg, Se (Na2SeO3) 0.25 mg. 2Crude protein, calcium and STTD phosphorus were 
analyzed values, while the other nutrient levels were calculated values.
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Apparent nutrient digestibility

AIA F AIA

%

/

( ) =
− × − × − −100 100 1 2 2×× −( ) F 1

where AIA-1 was the AIA content of the diets, AIA-2 was the AIA 
content of the fecal, F-1 was the nutrient content of the diets, and F-2 
was the nutrient content of the fecal.

Sampling procedure

Blood samples were taken from the jugular vein of 40 pigs (one 
pig per replicate) after being fasted for 12 h in the morning of d 21. 
About 5 mL of blood samples for hematological tests were collected 
into the routine blood tubes containing the anticoagulant (EDTA), 
and the other 10 mL were collected into another vacuum blood 
collection tube without anticoagulant for biochemical analyses. Serum 
samples were obtained after centrifugation at 3000 × g for 15 min and 
stored in 1.5 mL Eppendorf tubes at −20°C until analysis. Meanwhile, 
fresh fecal samples were collected from the 40 pigs by rectal 
stimulation, and then stored at −20°C until Escherichia coli and 
Lactobacillus analysis.

Serum biochemical parameters analysis

Serum biochemical parameters including alkaline phosphatase 
(ALP), aspartate amino transferase (AST), alanine aminotransferase 
(ALT), total protein (TP), albumin (ALB), triglyceride (TG), and total 
cholesterol (TCHO) were determined with commercial kits (Nanjing 
Jiancheng Bioengineering Institute, Nanjing, China) using an 
automatic clinical chemistry analyzer (Roche, Cobus-MiraPlus, Roche 
Diagnostic System Inc., United States).

Haemato-immunological blood 
parameters analysis

The white blood cell count (WBC), lymphocyte ratio (LYN), red 
blood cell count (RBC), hemoglobin (HGB), mean corpuscular 
volume (MCV), mean corpuscular hemoglobin (MCH), and mean 
corpuscular hemoglobin concentration (MCHC) were detected using 
an Sysmex KX-21 Automated Hematological Analyzer (Abacus Junior 
Vet, Diatron, Vienna, Austria) with specific software.

Determination of antioxidant index

The superoxide dismutase (SOD) activity and malondialdehyde 
(MDA) level of serum were determined by assay kits (Nanjing 
Jiancheng Biotechnology Institute, China) according to the 
manufacturer’s instructions.

Microbiota determination

The frozen fecal samples were incubated at 4°C for 10 h before 
enumeration. The E. coli and Lactobacillus were isolated by plating 

serial tenfold dilution (in sterile physiological saline) onto Luria Broth 
(LB) agar plates and MacConkey agar plates, respectively. All agar 
plates were incubated at 37°C for 36 h. The LB agar plates were aerobic 
incubation, while the MacConkey agar plates was incubated under the 
anaerobic conditions. Then the E. coli and Lactobacillus were counted 
according to the methods of Ganzle et al. (23) and Liu et al. (24).

Statistical analysis

The data were statistically analyzed using one-way ANOVA of SAS 
9.2 (Inst. Inc., Cary, NC). Variations among the 5 treatments were 
compared with each other using Duncan’s multiple comparisons. The 
mean and total standard error of the means (SEM) were used to 
present the results, and the differences between treatments were 
considered significant when p < 0.05.

Results

Fermentation parameters and nutrient 
content of wheat bran

The fermentation parameters and nutrient content of wheat bran 
fermented by different strains are shown in Figure 1 and Table 2, 
respectively. Compared to CON treatment, all fermented WB 
treatments had lower pH values and CF content, and higher lactic acid 
and CP values (p < 0.05). Meanwhile, WBA, WBB, and WBC 
treatments had higher GE value compared to CON group (p < 0.05).

Growth performance

The effects of wheat bran fermented by different strains on the 
growth performance of growing pigs are shown in Table 3. Compared 
to the CON, WBA, WBB, and WBC treatments had higher final 
weight, ADG, and lower F/G (p < 0.05). Meanwhile, the WBB 
treatments had lower F/G value compared to the WBL group 
(p < 0.05).

Apparent nutrient digestibility

The effects of wheat bran fermented by different strains on the 
apparent nutrient digestibility of growing pigs are shown in Table 4. 
Compared to CON group, WBB, WBC, and WBL treatments had 
higher apparent digestibility of DM, while WBA and WBB treatments 
had higher apparent digestibility of CP (p  < 0.05). All pigs fed 
fermented wheat bran diets exhibited higher apparent digestibility of 
GE (p < 0.05). There were no significant differences in the apparent 
digestibilities of OM and EE among all the experimental groups 
(p > 0.05).

Serum biochemical parameters

The effects of wheat bran fermented by different strains on the 
serum biochemical parameters of growing pigs are shown in Table 5. 
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TABLE 3 Effects of wheat bran fermented by different strains on the growth performance of growing pigs.

Items Treatments SEM p-value

CON WBA WBB WBC WBL

Initial weight, kg 43.67 43.69 43.52 43.01 43.47 0.451 0.594

Final weight, kg 59.21b 60.91a 61.58a 60.23a 60.06ab 0.105 0.027

ADG, kg/d 0.74b 0.82a 0.86a 0.82a 0.79ab 0.014 0.035

ADFI, kg/d 1.89 1.97 1.98 1.98 1.93 0.023 0.213

F/G 2.54a 2.39bc 2.30c 2.41bc 2.43ab 0.010 0.023

ADG, average daily gain; ADFI, average daily feed intake; F/G, feed-to-gain ratio. Control was a basal diet (CON), WBA, WBB, WBC, and WBL were basal diet in which 10% wheat bran were 
replaced with A. niger, B. licheniformis, C. utilis, and L. plantarum fermented wheat bran (air-dry basis), respectively. Data are means for 8 replicates of 8 pigs per replicate. SEM, Total standard 
error of the means. a,b,cMeans within a row with different letters are significantly different (p < 0.05).

TABLE 4 Effects of wheat bran fermented by different strains on the apparent nutrient digestibility of growing pigs %.

Items Treatments SEM p-value

CON WBA WBB WBC WBL

DM 80.75b 82.57ab 85.36a 84.27a 86.14a 0.627 0.034

OM 83.86 84.95 85.15 85.42 85.62 0.049 0.358

CP 81.45b 85.19a 87.72a 84.92ab 84.45ab 0.162 0.028

EE 82.98ab 84.17a 84.25a 83.24ab 83.44a 0.082 0.035

GE 0.79b 0.81a 0.84a 0.83a 0.81a 0.125 0.02

DM, dry matter; OM, organic matter; CP, crude protein; EE, ether extract; GE, gross energy. Control was a basal diet (CON), WBA, WBB, WBC, and WBL were basal diet in which 10% wheat 
bran were replaced with A. niger, B. licheniformis, C. utilis, and L. plantarum fermented wheat bran (air-dry basis), respectively. Data are means for 8 replicates of 1 pig per replicate. SEM, Total 
standard error of the means. a,bMeans within a row with different letters are significantly different (p < 0.05).

FIGURE 1

The fermentation parameters of wheat bran fermented by different strains (n  =  8). CON is raw wheat bran, WBA, WBB, WBC, and WBL were A. niger, B. 
licheniformis, C. utilis, and L. plantarum fermented wheat bran, respectively. (A) The pH value; (B) The contents of lactic acid. Data are means for 8 
replicates. a,bMeans among the experimental groups with different letters are significantly different (p  <  0.05).

TABLE 2 Nutrient content of wheat bran fermented by different strains (DM basis, %).

Items Treatments SEM p-value

CON WBA WBB WBC WBL

DM 90.75a 86.57ab 87.48ab 87.36ab 88.21ab 0.562 0.064

CP 16.24b 17.85a 17.89a 17.90a 17.82a 0.407 0.026

EE 3.93 3.89 3.74 3.76 3.84 0.032 0.069

CF 8.64a 7.65b 7.31b 7.45b 7.70b 0.419 0.015

GE 16.73b 16.85a 16.83a 16.84a 16.78ab 0.012 0.025

DM, dry matter; CP, crude protein; EE, ether extract; CF, crude fiber; GE, gross energy. CON was wheat bran, WBA, WBB, WBC, and WBL were wheat bran fermented by A. niger, B. 
licheniformis, C. utilis, and L. plantarum, respectively. Data are means for 8 replicates. SEM, Total standard error of the means. a,bMeans within a row with different letters are significantly 
different (p < 0.05).
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Compared to CON group, WBB treatment had higher serum ALP 
activity (p < 0.05). Meanwhile, all pigs fed fermented wheat bran diets 
had higher values of serum ALB and TP than CON group (p < 0.05). 
There were no significant differences in serum ALT, AST, TG, and 
TCHO concentrations among all the experimental groups (p > 0.05).

Haemato-immunological blood 
parameters

The effects of wheat bran fermented by different strains on the 
haemato-immunological blood parameters of growing pigs are shown 
in Table 6. Compared to the CON and WBA groups, WBB and WBC 
treatments had higher HGB value (p < 0.05). The higher MCH value 
were observed in WBB, WBC, WBL, and WBA treatments in 
respective order compared to the CON group (p < 0.05). There were 
no significant differences in WBC, LYN, RBC, MCV, and MCHC 
among all the experimental groups (p > 0.05).

Antioxidant index

The effects of wheat bran fermented by different strains on 
antioxidant capacity of growing pigs are shown in Table 7. Compared 
to CON, all pigs fed fermented wheat bran diets had higher serum 
SOD activity and lower MDA concentration (p < 0.05).

Fecal microbiota

The effects of wheat bran fermented by different strains on fecal 
microbiota of growing pigs are shown in Table 8. Compared to the 
CON group, pigs fed B. licheniformis, C. utilis, and L. plantarum 
fermented wheat bran diets had lower fecal Escherichia coli count 
(p < 0.05); pigs fed fermented wheat bran diets exhibited higher fecal 
Lactobacillus counts (p < 0.05).

Discussion

Microbial fermentation is considered a highly efficient and cost-
effective processing technique for improving the nutritional quality of 
feed (25). The pH is a crucial reference used to estimate the quality of 

fermented feed, and a lower pH is advantageous for the nutrient 
digestion and suppression of harmful bacteria growth (26). Our 
results showed significant lower pH values of fermented wheat brans, 
which might be attributed to the increase in lactic acid (27). During 
the fermentation, the synthesis of microbial protein and the synergistic 
effect of enzymes secreted by strains may lead to an increase in CP 
content and a decrease in CF content (28). Consistent with previous 
research, our data also indicated that the CP values of wheat brans 
after fermentation were increased, while the CF values were decreased. 
Additionally, the GE values of wheat bran fermented by A. niger, 
B. licheniformis, and C. utilis were significantly higher than that of 
unfermented wheat bran, which was similar to Liu et al. (7).

Under the action of microorganisms, complex macromolecular 
compounds in feed are degraded into small molecular substances, 
which are effectively absorbed and utilized by animals (29). Vast 
majority of studies have reported the positive effects of fermented feed 
on growth performance. For instance, Dei et al. (20) found that feed 
fermented by A. niger increased feed intake and decreased F/G of 
broilers. Zhao et al. (30) also proved that fermented Ginkgo-leaves by 
C. utilis and A. niger improved the feed conversation ratio of laying 
hens. Similarly, our data showed that pigs fed with WBA, WBB, and 
WBC diets exhibited significant increases in the final weight and ADG 
values, and decreases in the F/G ratio. The mechanism by which 
fermented feed enhanced animal growth performance of above studies 
might be  related to its promotion of intestinal development (31). 
However, pigs fed with wheat bran fermented by L. plantarum did not 
exhibit significant improvement in growth performance of pigs. 
Consistently, Le et al. (32) also did not observe significant difference 
of weaned pigs fed with wheat fermented by Lactobacillus.

The nutrient digestibility is an important indicator associated with 
growth performance. In the present study, the fermented wheat bran 
using different strains improved the digestibility of nutrient (CP, DM, 
and GE) to varying degrees, which was consistent with results in 
previous studies related to fermented soybean meal (33, 34). It was 
reported that the complex macromolecular compounds of wheat bran 
could be degraded into small molecular nutrients after fermentation 
(35), and fermented wheat bran supplementation could increase the 
digestive enzymatic activity in the intestine. Feng et al. (36) indicated 
that wheat bran fermented by Bacillus cereus increased the activity of 
amylase in the duodenum of broilers. Similar results were obtained 
from Deng et al. (37), who demonstrated that the Bacillus subtilis 
increased the activities of amylase and lipase in the ileum of piglets. It 
is worth emphasizing that Cruz et al. (38) demonstrated that dietary 

TABLE 5 Effects of wheat bran fermented by different strains on the serum biochemical parameters of growing pigs.

Items Treatments SEM p-value

CON WBA WBB WBC WBL

ALT, U/L 29.89 31.01 30.85 31.97 30.98 0.324 0.432

AST, U/L 33.89 32.28 31.98 33.45 34.65 0.605 0.328

ALP, U/L 156.82b 163.88ab 169.38a 162.10ab 159.20ab 1.520 0.035

TP, g/L 63.82c 64.24ab 65.21ab 66.20a 65.43ab 0.517 <0.001

ALB, g/L 32.28b 35.43a 36.07a 34.92a 36.60a 0.132 <0.001

TG, mmol/L 0.41 0.34 0.38 0.40 0.42 0.002 0.561

TCHO, mmol/L 2.16 2.28 2.31 2.14 2.18 0.040 0.601

ALT, alanine aminotransferase; AST, aspartate amino transferase; ALP, alkaline phosphatase; TP, total protein; ALB, albumin; TG, triglyceride; TCHO, total cholesterol. Control was a basal diet 
(CON), WBA, WBB, WBC, and WBL were basal diet in which 10% wheat bran were replaced with A. niger, B. licheniformis, C. utilis, and L. plantarum fermented wheat bran (air-dry basis), 
respectively. Data are means for 8 replicates of 1 pig per replicate. SEM, Total standard error of the means. a,b,cMeans within a row with different letters are significantly different (p < 0.05).
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supplementation with C. utilis promoted the gene expression related 
to nutrient transporters in jejunum of broilers. Nevertheless, intestinal 
morphology analysis is necessary in the further study to determine the 
crucial mechanism of fermented wheat bran on nutrient digestibility.

The haemato-parameters are of great significance in evaluating 
physical health status and predicting disease occurrence (39). Our 
data showed the significant increase in HGB of the WBB and WBC 
diets, as well as MCH of the WBB, WBC, and WBL diets. These results 
suggested an improvement in the body’s iron absorption, which might 
be associated with a reduction in anti-nutritional factors (40). Dietary 
fiber, due to its high phytate content, has been reported to reduce the 
non-heme iron absorption through chelation (41). Therefore, the 
improvement of HGB and MCH in pigs fed fermented wheat bran 
might be  attributed to the degradation of CF in wheat bran 
after fermentation.

Serum biochemical parameters reflect the nutritional metabolism 
and comprehensive functions of body organs, indirectly predicting the 
occurrence of diseases in pigs (42, 43). The ALP not only benefits the 
formation of hard tissue, especially bones, but also has anti-
inflammatory functions (44). We found that the wheat bran fermented 
by B. licheniformis significantly increased serum ALP activity of pigs, 

which was consistent with previous studies in piglets (45) and tilapia 
fish (46). This might be due to the presences of abundant enzyme 
activities (phytase and enzymes that hydrolyze non starch 
polysaccharide components) in fermented feed, leading to an increase 
in mineral intake during the ossification process (47). Serum TP and 
ALB levels are related to body protein metabolism (48). Higher TP 
levels benefit to promote tissue development, while ALB is responsible 
for scavenging free radicals and transporting nutrients (49). In the 
present study, pigs fed the fermented wheat bran sources had higher 
serum TP and ALB concentration, indicating an improvement in body 
nutritional metabolism. The changes in serum TP and ALB 
concentration might be linked to the alteration of quantity and quality 
of proteins intake after wheat bran fermentation (50). Zhao et al. (35) 
reported that the high molecular weight proteins were degraded into 
low molecular weight peptides in wheat bran fermented by yeast.

MDA is an advanced oxidation product and a recognized 
biomarker of oxidative stress, whose presence have a negative impact 
on growth performance of pigs (51, 52). Serum SOD is a well-known 
antioxidant enzyme responsible for scavenging superoxide anion 
radicals and converting them into hydrogen peroxide and molecular 
oxygen (53, 54). In the present study, pigs fed with fermented wheat 

TABLE 7 Effects of wheat bran fermented by different strains on antioxidant capacity in serum of growing pigs.

Items Treatments SEM p-value

CON WBA WBB WBC WBL

SOD, U/mL 59.46c 63.41ab 65.62a 64.85a 62.78ab 1.864 <0.001

MDA, nmol/mL 2.47a 2.25b 2.17b 2.08b 2.34b 0.031 <0.001

SOD, superoxide dismutase; MDA, malondialdehyde. Control was a basal diet (CON), WBA, WBB, WBC, and WBL were basal diet in which 10% wheat bran were replaced with A. niger,  
B. licheniformis, C. utilis, and L. plantarum fermented wheat bran (air-dry basis), respectively. Data are means for 8 replicates of 1 pig per replicate. SEM, Total standard error of the means.  
a,b,c Means within a row with different letters are significantly different (p < 0.05).

TABLE 8 Effects of wheat bran fermented by different strains on fecal microbiota of growing pigs (log10CFU/g).

Items Treatments SEM p-value

CON WBA WBB WBC WBL

Escherichia coli 5.85a 5.76ab 5.68b 5.60b 5.54bc 0.072 0.024

Lactobacillus 8.30b 8.64a 8.87a 8.71a 8.86a 0.069 0.034

Control was a basal diet (CON), WBA, WBB, WBC, and WBL were basal diet in which 10% wheat bran were replaced with A. niger, B. licheniformis, C. utilis, and L. plantarum fermented 
wheat bran (air-dry basis), respectively. Data are means for 8 replicates of 1 pig per replicate. SEM, Total standard error of the means. a,b,cMeans within a row with different letters are 
significantly different (p < 0.05).

TABLE 6 Effects of wheat bran fermented by different strains on the haemato-immunological parameters of growing pigs.

Items Treatments SEM p-value

CON WBA WBB WBC WBL

WBC, 109/L 20.56 21.49 21.53 22.80 20.93 1.024 0.961

LYN, % 43.86 44.38 44.35 44.20 44.61 1.273 0.528

RBC, 1012/L 6.65 6.41 6.73 6.69 6.45 0.009 0.856

HGB, g/L 119.87b 120.20b 138.59a 140.20a 125.64ab 7.694 0.024

MCV, fL 65.01 66.06 65.38 67.68 65.87 1.438 0.597

MCH, pg 18.67c 19.60bc 21.87a 20.98a 20.58ab 1.357 0.015

MCHC, g/L 300.07 298.35 297.28 295.92 301.58 1.286 0.489

WBC, white blood cell count; LYN, lymphocyte ratio; RBC, red blood cell count; HGB, hemoglobin; MCV, mean corpuscular volume; MCH, mean corpuscular hemoglobin; MCHC, mean 
corpuscular hemoglobin concentration. Control was a basal diet (CON), WBA, WBB, WBC, and WBL were basal diet in which 10% wheat bran were replaced with A. niger, B. licheniformis, C. 
utilis, and L. plantarum fermented wheat bran (air-dry basis), respectively. Data are means for 8 replicates of 1 pig per replicate. SEM, Total standard error of the means. a,b,cMeans within a row 
with different letters are significantly different (p < 0.05).
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bran diets showed decreased MDA level and increased SOD activity 
in the serum, indicating an improvement in antioxidant capacity of 
the body. Zhao et  al. (35) reported that yeast and Lactobacillus 
bulgaricus fermentation increased the total phenols contents in 
wheat bran, which contributed to the improvement of antioxidant 
capacity of the body. Additionally, Kumari et al. (55) found that 
B. licheniformis fermentation increased antioxidant activity of 
soybean meal hydrolysates. In summary, our findings suggested the 
fermented wheat bran had potential to alter the blood profiles of 
growing pigs, and the mechanism behind these associations needs 
further research.

The fecal microbiota plays a pivotal role in safeguarding the 
hosts against disease resulting from bacterial colonization, 
promoting nutrient absorption, and maintaining intestinal 
morphology (56, 57). The E. coli is a harmful pathogen known to 
cause poor growth performance, diarrhea and mortality in pigs (58). 
On the other hand, it has been reported that Lactobacillus casei has 
the ability to regulate intestinal immune function, maintain 
microbial balance and reduce inflammatory reactions (59). Multiple 
studies have demonstrated that fermented feed has the potential to 
decrease the abundance of Enterobacteriaceae and increase the 
abundance of Lactobacilli in the gastrointestinal tract of animals (60, 
61). Consistent with previous studies, our data showed a significant 
decrease in fecal E. coli counts in pigs fed the WBB, WBC, and WBL 
diets, while a significant increase in fecal Lactobacillus counts in pigs 
fed the fermented wheat bran diets, which might associate with the 
increased lactic acid content in fermented wheat bran in our study. 
The presences of numerous organic acids in fermented feed not only 
establish an optimal environment for beneficial bacteria to adhere 
(4), but also compete against pathogenic bacteria by freely traversing 
membrane, resulting in enzyme breakdown and proton movement 
(62, 63). In summary, our findings indicated the beneficial effects of 
fermented wheat bran on fecal microbial composition of 
growing pigs.

Conclusion

In conclusion, our findings suggested that replacing 10% wheat 
bran with B. licheniformis fermented wheat bran could improve the 
growth performance, nutrient digestibility, serum antioxidant 
capacity, and gut microbiota composition in growing pigs. This study 
provides new ideas for the application of wheat bran in pig production.
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Defense against oxidative stress 
in Caenorhabditis elegans by 
dark tea
Jianxiu Wang , Kaiheng Zhang , Yaya Zhang , Shumin Ge * and 
Shuhua Zhang *

School of Life Science and Technology, Changchun University of Science and Technology, 
Changchun, China

Dark tea, rich in nutricines including tea polyphenols and free amino acids, is 
a kind of post-fermented tea. The potential application of nutricines against 
oxidative damage and senescence, which drives animal health maintenance 
and disease prevention, has attracted considerable interest. In this study, the 
effect of dark tea and its effects on longevity and defense against oxidative 
stress was investigated in the Caenorhabditis elegans (C. elegans) model. 
Under normal conditions, dark tea extended the lifespan without significant 
impairment of propagation. It also improved the motility, alleviated the 
fat accumulation and apoptosis. Additionally, orally administered dark tea 
could significantly decrease the level of reactive oxygen species (ROS) and 
resulted in a superior lifespan in H2O2-induced oxidative stressed C. elegans. 
In antioxidant assays in vitro, dark tea was found to be rich in strong hydroxyl, 
DPPH and ABTS+ free radical scavenging capacity. Interestingly, mRNA 
sequence analyses further revealed that dark tea may catalyze intracellular 
relevant oxidative substrates and synthesize antioxidants through synthetic 
and metabolic pathways. These results suggest that dark tea is worth further 
exploration as a potential dietary supplement for the maintenance of animal 
health and the prevention of related diseases.

KEYWORDS

dark tea, oxidative stress, longevity, mRNA sequencing analysis, Caenorhabditis 
elegans

1 Introduction

The health of farm animals is critical to production and profitability. Alterations in 
energy metabolism can adversely affect their health. Elevated metabolic demands can lead 
to a significantly increased oxygen demand which can result in an upsurge in reactive 
oxygen species (ROS) (1). This, in turn, disrupts the equilibrium between the production 
and elimination of free radicals, contributing to a heightened inflammatory response (2). 
Disruptions in the redox balance have been associated with common diseases such as 
enteritis and mastitis in pigs and cattle, and recurrent airway obstruction in horses (3). 
However, the currently used chemically synthesized antioxidants have been under 
suspicion for their association with organic damage (4, 5). The efficient production of 
foods at a low cost is of great importance for good health. Therefore, researchers have 
developed a keen interest on the potential application of natural nutrients against 
oxidative damage and for longevity.
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Tea is a commonly consumed functional beverage. It has high 
levels of safety and significant therapeutic effects, together with low 
toxicity and minimal side effects. According to the different 
production methods, tea can be classified into white tea, green tea, 
yellow tea, oolong tea, black tea, and dark tea. The quality 
characteristics of tea are associated with a combination of various 
active substances, including polyphenolic compounds for 
astringency, free amino acids for the sense of newness, and volatile 
substances for aromas (6, 7). Tea has a variety of health properties, 
such as antioxidant, anti-inflammatory, immunomodulatory, anti-
cancer, cardio-protective, anti-diabetic, weight loss and 
hepatoprotective effects (8). The available data suggest that green 
tea polyphenol supplementation at postpartum improved the milk 
yield and health status in cows with hyperketonemia during early 
lactation (9). Green tea extracts could improve intestinal microflora 
balance, contributing to the prevention of digestive and respiratory 
organ diseases in calves (10). The catechins components in green 
tea have been found to relieve oxidative stress and fatty liver disease 
in dairy cows during the periparturient phase and transition period 
(11, 12). Hence, tea can be  used as a functional substance in 
livestock feed.

Dark tea is a tree belonging to the Camellia sinensis family, 
distinguished by the oily black or black-brown color of its leaves (13). 
The process of production of dark tea involves microorganisms; hence, 
dark tea is the only post-fermented tea among the six major tea types 
(14). Compared to the widely studied green, black, and oolong teas, 
dark tea is often overlooked as a unique post-fermented tea. Dark tea 
contains phytochemicals and macronutrients, also believed to 
be beneficial to animals (15). As a natural and harmless nutraceutical, 
it can be used as a nutritional supplement, food additive and medicinal 
ingredient (16, 17).

Caenorhabditis elegans (C. elegans) is the first multicellular 
organism to have its genome sequenced fully. The conservation of 
illnesses-related pathways between C. elegans and higher organisms, 
along with the advantages of its short life cycle, simple culture and 
high reproduction capacity (18, 19), has made C. elegans a favorable 
in vivo non-rodent model organism for mechanistic explanations and 
high-throughput screening of drug candidates, being screened for a 
range of oxidative stress, toxicity and related conditions or 
diseases (20).

Therefore, in this study, three types of Chinese dark tea, all of 
which are commonly available in the market and have high sales 
volumes, were selected as raw materials, namely Brick tea, Pu'er tea, 
and Liubao tea, to investigate the effects of dark tea on the lifespan, 
propagation, motility, fat deposition, apoptosis, and resistance to 
oxidative stress in C. elegans. Additionally, the differences in the 
expression of genes were explored by the mRNA sequence analyses.

2 Materials and methods

2.1 Preparation of dark tea extract

Brick tea (Anhua, China), Pu'er tea (Xishuangbanna, China), or 
Liubao tea (Wuzhou, China), were mixed with water in a 1:15 ratio of 
tea to water, and heated in a water bath at 85°C for 1 h, cooled and 
filtered, and then subjected to rotary evaporation at 58°C for 1 h, 
respectively (21).

2.2 Active ingredients in dark tea extract

The total polyphenol contents of dark tea were determined 
through the iron tartrate colorimetric method (22). Free amino acids 
were detected through ninhydrin colorimetry (23). The active 
ingredients in dark tea extract are listed in Supplementary Table 1.

2.3 Free radical scavenging ability of dark 
tea

Determination of the free radical scavenging ability of Brick, 
Pu'er, and Liubao teas at concentrations of 200, 400, 600 and 800 μg/
mL, respectively.

2.3.1 Hydroxyl radical scavenging ability of dark 
tea

A sample solution (0.5 mL) of the dark tea extracts was added 
to 0.5 mL of salicylic acid ethanol solution (9 mmol/L; LABGO, 
China), 0.5 mL of H2O2 (9 mmol/L; Guangfu, China) solution, and 
0.5 mL of FeSO4 (9 mmol/L; BEIJINGSHIJI, China) solution. The 
mixtures were allowed to react for 30 min in a 37°C water bath, 
and the absorbance of the resulting solution was measured at 
510 nm, and the values were assessed against a blank (24). The 
hydroxyl radical scavenging ability was calculated by the 
following formula:

 
Hydroxyl radical scavenging activity   

A A

A
%( ) = −

−





×1

1 2

0
1000%

where A1 is the absorbance of the reaction solution with the 
sample, A2 is the absorbance of the solution without salicylic acid and 
A0 is the control group where the sample was replaced with 
distilled water.

2.3.2 DPPH free radical scavenging ability of dark 
tea

Dark tea extracts (2 mL) were added to 2 mL of DPPH (Aladdn, 
China) ethanol solution (5 mg/mL). The mixtures were allowed to 
react for 30 min in a dark place, and the absorbance of the resulting 
solution was measured at 517 nm, and the values were calculated 
against a blank (25). The DPPH radical scavenging ability was 
calculated by the following formula:

 
DPPH radical scavenging activity   

A A

A
% %( ) = −

−





×1

1 2

0
100

where A1 is the absorbance of the reaction solution with the 
sample, A2 is the absorbance of anhydrous ethanol in place of DPPH 
and A0 is the absorbance of anhydrous ethanol in place of sample.

2.3.3 ABTS+ free radical scavenging ability of dark 
tea

Dark tea extracts (3 mL) were added to 1 mL of 2,2′-azino-
bis(3-ethylbenzthiazoline-6-sulphonate) (ABTS; Rhawn, Chian) 
solution. The mixtures were allowed to react for 6 min in a 30°C 
water bath, and the absorbance of the resulting solution was 
measured at 734 nm, and the values were assessed against a blank 
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(26). The ABTS+ radical scavenging ability was calculated by the 
following formula:

 
ABTS radical scavenging activity+ ( ) = −






×  

A

A
% %1

1

2
100

where A1 is the absorbance of the reaction solution with the 
sample and A2 is the control group where the sample was replaced 
with distilled water.

2.4 Caenorhabditis elegans strains and 
maintenance

In this research, the wild-type N2 strain of C. elegans was 
used. All C. elegans strains were grown in the nematode growth 
medium (NGM) at 20°C, and all C. elegans feed on Escherichia coli 
OP50. All C. elegans strains and the Escherichia coli OP50 were 
purchased from the Caenorhabditis Genetics Centre, University 
of Minnesota (Minneapolis, MN, USA). C. elegans was transferred 
by cutting a small portion of the nematode-containing NGM 
using a sterile scalpel, placing it upside down in OP50-coated 
NGM, and incubating it at 20°C to allow C. elegans to crawl onto 
the new NGM. At the time of synchronization during the 
spawning period, C. elegans were washed down with M9 buffer, 
the lysate was added, and the precipitate was taken by 
centrifugation at low speed.

2.5 Lifespan assay

The synchronized N2 C. elegans were placed on NGM containing 
Brick tea extract (600, 700, 800 μg/mL), Pu’er tea extract (600, 700, 
800  μg/mL), and Liubao tea extract (600, 700, 800  μg/mL) for 
incubation, which was set up as the experimental group, and the one 
with no dark tea extract as the control group. To block C. elegans 
reproduction, 5-Fluorouracil (FUDR; Rhawn, China) was added. For 
each strain, at least 100 egg-synchronized C. elegans were grown at 
20°C and transferred daily to a fresh plate (27). The number of 
C. elegans surviving, dying and lost was recorded every day until all 
C. elegans were dead.

2.6 Lifespan assay in the oxidative damage 
state

The synchronized N2 C. elegans were placed on NGM 
containing 600 μg/mL Brick tea extract, 700 μg/mL Pu’er tea 
extract, and 700 μg/mL Liubao tea extract for cultivation. They 
were allowed to grow until reaching the L4 stage after which 
cultivation was continued for an additional 4 days and compared 
with the control group. Oxidative damage to C. elegans was 
induced by adding 200 μL of H2O2 (0.5 mmol/L, Rhawn, China) 
solution to a 96-well plate (28). Then 15 C. elegans were placed 
into each well, and the number of C. elegans that died was 
observed at hourly intervals until all of the C. elegans were dead, 
and the survival rate was estimated.

2.7 Progeny assay

The method was the same as mentioned in Section 2.6. During the 
reproductive period (approximately days 1–6), C. elegans were 
transferred every day to new NGM plates and allowed to deposit 
progeny. Record the number of eggs laid per day (29).

2.8 Motility assay

The same method as mentioned in Section 2.6 was followed. 
FUDR (Rhawn, China) was added to block C. elegans reproduction 
and then incubated at 20°C until days 2, 4, 8, 12, and 14. C. elegans 
were then picked and placed onto agar spacers coated with OP50. The 
frequency of head bobbing in 1 min and the number of body bending 
within 20 s were observed using a body microscope (30).

2.9 Fat deposition assay

For this, the protocol mentioned in Section 2.6 was followed. 
Synchronized C. elegans were grown for 4 days after which they were 
washed with M9 buffer, and the precipitate was collected after low-speed 
centrifugation. Subsequently, 100 μL of 1% paraformaldehyde (Skyho, 
China) was added, and the sample was kept at 4°C for 15 min before 
being snap-frozen and stored at −80°C. After 1 h, the samples were 
removed, thawed, centrifuged, and rinsed with M9 buffer. Next, a 
mixture of equal volumes of 2% Triton X-100 (Applygen, China) and 
1% Oil Red O (Solarbio, China) was prepared, and 100 μL of this 
mixture was added for precipitation. The mixture was then incubated 
in a 37°C temperature-controlled shaker for 30 min (31). Finally, 
C. elegans were picked and placed on an agar spacer using a picker, and 
images were captured under a fluorescence microscope.

2.10 Reactive oxygen species (ROS) 
accumulation assay

The DCFH-DA method (32) was used to detect the level of ROS 
in vivo. ROS levels in C. elegans were measured under both normal 
conditions and following induction of oxidative damage by H2O2. 
Same method as Section 2.6. Subsequently, the C. elegans were 
exposed to H2O2 (0.5 mmol/L) for 2 h at 20°C. The OP50 around 
C. elegans was washed using M9 buffer; from this, 100 μL of precipitate 
was taken and 1 μL of 10 mM H2DCF-DA (Chemstan, China) was 
added, and placed in a constant temperature shaker at 37°C in dark 
for 30 min. C. elegans was then transferred to a 2% agar spacer, and 
observed and photographed using a fluorescence microscope at the 
excitation wavelength of 485 nm and the emission wavelength 
of 528 nm.

2.11 Apoptosis assay

Apoptosis was experimentally detected in vivo using acridine 
orange staining (33), following the same method mentioned in Section 
2.6. After three rinses C. elegans with M9 buffer, the supernatant was 
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aspirated, and 100 μL of acridine orange (25 μg/mL, Klamar, China) 
staining solution was added and placed on a constant temperature 
shaker at 37°C, in the dark for 2 h. Subsequently, C. elegans were 
placed in blank NGM for 10 min to allow recovery from the staining. 
Finally, they were transferred to 2% agar pads and observed under a 
fluorescence microscope at an excitation wavelength of 488 nm and an 
emission wavelength of 515 nm.

2.12 Transcriptomics analysis

After 4 days of feeding on dark tea, C. elegans was rinsed, placed 
in microfuge tubes, and left to settle, after which the precipitate was 
taken. RNA-seq was performed on a sequencing platform at Beijing 
BMK Biotechnology Co., Ltd. (Beijing, China), to obtain insights into 
aggregate gene transcription in subject C. elegans cells.

2.13 Statistical analysis

Statistical analysis was performed using GraphPad Prism 8, and 
expressed as mean ± standard deviation (SD). One-way ANOVA was 
used for multiple group comparisons. Values with p < 0.05 were 
considered statistically significant. The intensity of quantified 

fluorograms was analyzed using ImageJ software. Each experiment 
was repeated three times.

3 Results

3.1 Dark tea extends the lifespan of 
Caenorhabditis elegans

The C. elegans were successively treated with Brick, Pu'er, and 
Liubao teas under normal culture conditions. As shown in Figure 1 
and Table 1, all these treatments affected the normal C. elegans 
lifespan. The mean lifespan of control C. elegans was 14 days. 
Treatment with the different teas was found to prolong the lifespan 
of C. elegans, resulting in increased average lifespan of 21.4, 14.3, 
and 14.3% after treatment with Brick tea at concentrations of 600, 
700, and 800 μg/mL, respectively, 7.1, 21.4, and 14.3% after 
exposure to the same concentrations of Pu’er tea, and 21.4, 28.4, 
and 21.4% for Liubao tea, respectively, all relative to the control 
group. In addition, 600 μg/mL Brick tea, 700 μg/mL Pu'er tea, and 
700  μg/mL Liubao tea had the most significant effect on the 
increase in average and maximum lifespan (Table 1). Therefore,  
the above-mentioned concentrations were selected for 
subsequent experiments.

FIGURE 1

Effects of various concentrations of dark tea (A, Brick Tea; B, Pu’er Tea; C, Liubao Tea) on the lifespan in C. elegans.

TABLE 1 Mean and maximum lifespan in C. elegans (Mean  ±  SD).

Group Mean lifespan (d) Maximum lifespan (d) Lifespan improvement rate%a

Control 13.76 ± 1.67 20 ± 2.05

600 μg/ml Brick Tea 17.2 ± 1.70 22 ± 2.48 20

700 μg/ml Brick Tea 16.24 ± 1.77 22 ± 1.7 15.3

800 μg/ml Brick Tea 16.14 ± 1.60 22 ± 2.05 14.7

600 μg/ml Pu’er Tea 15.7 ± 1.85 20 ± 1.63 12.4

700 μg/ml Pu’er Tea 17.44 ± 1.05 26 ± 2.05 21.1

800 μg/ml Pu’er Tea 16.5 ± 1.62 24 ± 1.63 16.6

600 μg/ml Liubao Tea 17.08 ± 1.37 24 ± 2.24 19.4

700 μg/ml Liubao Tea 18.7 ± 1.51 30 ± 1.63 26.4

800 μg/ml Liubao Tea 17.42 ± 1.57 26 ± 1.64 21

aLifespan improvement rate%: Maximum life increase/Maximum lifespan of the control.
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3.2 Dark tea enhances the oxidative stress 
resistance in Caenorhabditis elegans

3.2.1 Dark tea extends the lifespan of 
Caenorhabditis elegans under oxidative damage 
conditions

Lifespan involves the process of gradual aging, and the oxidative 
damage pathway accelerates aging (34). Under oxidative stress, the 
lifespan of dark tea-treated C. elegans increased significantly, especially 
in those treated with Brick tea or Liubao tea (Figure 2).

3.2.2 Dark tea decreases the ROS level of 
Caenorhabditis elegans

Under both normal conditions and oxidative stress, the control 
group had the highest ROS level and this effect was minimized by dark 
tea treatments (Figure 3). The fluorescence intensity decreased by 41, 
68, and 37% after treatment with Brick, Pu’er, and Liubao teas, 
respectively (Figure 3C), without H2O2 treatment, and decreased by 
28.4, 35.4, and 22.2%, respectively (Figure 3D), in the presence of 
H2O2 compared with the control group. These results demonstrated 
that dark tea markedly reduced the levels of ROS in C. elegans, 
indicating that dark tea has strong antioxidant activity in vivo.

3.2.3 Dark tea scavenges hydroxyl, DPPH, and 
ABTS+ free radical in vitro

To further assess the effects of dark tea on rendering stress resistance 
in C. elegans, the free radicals scavenging capacity of dark tea was 
investigated. As shown in Figure 4, the scavenging capacity of 600 μg/mL 
of Brick tea for hydroxyl, DPPH, and ABTS+ radicals was maximized. 
The scavenging ability of Pu’er tea and Liubao tea for DPPH, and ABTS+ 
radicals increased with increasing concentration; however, the scavenging 

FIGURE 2

Effects of dark tea on the lifespan in C. elegans under oxidative 
damage conditions.

FIGURE 3

Effects of dark tea on the ROS levels in C. elegans. (A) ROS fluorescence plot in the normal state. (B) ROS fluorescence plot in the oxidative damage 
state. (C) Quantitative analysis plot of ROS fluorescence intensity in the normal state. (D) Quantitative analysis plot of ROS fluorescence intensity in the 
oxidative damage state. **** indicates p  <  0.0001.
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FIGURE 5

Effects of dark tea on the reproductive capacity in C. elegans. (A) The number of offspring daily in each groups in the pawning period. (B) The total of 
number of offspring in each group in the pawning period.

ability for hydroxyl radicals reached a maximum at 600 μg/mL. These 
results suggest the strong free radicals scavenging capacity of dark tea.

3.3 Dark tea exerts no toxicity on the 
fertility of Caenorhabditis elegans

The spawning period of C. elegans was about 6–7 days, and mainly 
concentrated in the first 3 days (Figure 5A). There was no significant 
difference between the experimental groups in terms of the total 
number of offspring (Figure  5B). The results indicated that the 
reproductive capacity of C. elegans is not impaired by dark tea and 
provided evidence for the safety of dark tea.

3.4 Dark tea promotes the motility of 
Caenorhabditis elegans

With aging, muscle function gradually declines, which in turn 
slows down mobility. The effect of dark tea on motility was recorded 
on days 2, 4, 8, 12 and 14 post-dosing, and the results are presented in 
Figure 6. On day 12, the motility of C. elegans decreased substantially. 
The dark tea significantly affected the frequency of head bobbing in 
C. elegans in the pre-preliminary stage, among these, Liubao tea had 
the most significant effect (Figure  6A). Dark tea substantially 

enhanced the body bending frequency of C. elegans, whereas the effect 
of Pu’er tea on C. elegans in the later stages of the process was not 
significant (Figure 6B). Thus, dark tea can alleviate the aging-related 
decrease in the energy transportation capacity of C. elegans.

3.5 Dark tea alleviates the accumulation of 
fat of Caenorhabditis elegans

Fat is the root cause of inflammation due to aging (35). Staining 
with Oil Red O (Solarbio, China) showed a significantly lower number 
of fat cells in the experimental group than those in the control group 
(Figure 7A), and C. elegans fed Brick tea had the lowest body fat content. 
Further analysis revealed that the body fat content of C. elegans fed with 
Brick tea, Pu’er tea, or Liubao tea was reduced by 9, 4, and 8%, 
respectively (Figure 7B). These results suggest that dark tea significantly 
ameliorated age-associated physiological characteristics by reducing fat 
deposition in C. elegans by reducing fat accumulation.

3.6 Dark tea reduced the apoptosis of 
Caenorhabditis elegans

Caenorhabditis elegans treated with Brick tea, Pu'er tea, and 
Liubao tea had significantly lower apoptosis than the control group 

FIGURE 4

Effects of dark tea on the free radicals scavenging capacity. (A) -OH. (B) DPPH. (C) ABTS+.
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(Figure  8A). Quantitative analysis of the fluorescence intensity in 
C. elegans fed Brick tea, Pu’er tea, and Liubao tea decreased by 15, 24, 
and 14%, respectively (Figure 8B). The above results show that dark 
tea could achieve anti-aging effects by inhibiting the degree 
of apoptosis.

3.7 Transcriptomics analysis

3.7.1 Gene expression differences
Genetic data of dark tea-treated three groups are shown in 

Figure 9. The volcano plot (red, up-regulated; blue, down-regulated) 

FIGURE 6

Effects of dark tea on the motility in C. elegans. (A) Frequency of head bobbing in 1  min. (B) Degree of body bending in 20  s. * indicates p < 0.05, ** 
indicates p < 0.01, *** indicates p < 0.001.

FIGURE 7

Effects of dark tea on the fat content in C. elegans. (A) Plot of fat 
staining. (B) Plot of quantitative analysis of staining intensity. ** 
indicates p  <  0.01, **** indicates p  <  0.0001.

FIGURE 8

Effects of dark tea on the apoptosis in C. elegans. (A) Apoptosis 
fluorescence graph. (B) Quantitative analysis graph of apoptosis 
fluorescence intensity. **** indicates p  <  0.0001.
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FIGURE 9

Distribution of genes identified in dark tea. (A) Volcano plot of differentially expressed genes. The horizontal coordinate indicates the logarithmic value 
of the fold difference in expression of a gene in the two samples and the vertical coordinate indicates the negative logarithmic value of the statistical 
significance of the change in gene expression. Red dots indicate up-regulation and blue dots indicate down-regulation. (B) Up-regulated and down-
regulated genes. (C) Venn diagram of the set of differential genes (fold change≥2).

revealed that the number of down-regulated or up-regulated genes in 
the Brick tea, Pu’er tea, and Liubao tea groups overlapped, while each 
group also exhibited unique genes (Figure  9A). Interestingly, the 
number of down-regulated genes was the highest in the Liubao tea 
group, while the number of up-regulated genes was the most in the 
Brick tea group was the most (Figure 9B). Compared to the control 
group, the same 344 genes were identified in the Brick tea, Pu’er tea, 
and Liubao tea groups (Figure 9C).

3.7.2 GO enrichment of differentially quantified 
genes

The gene products were analyzed for GO enrichment in terms 
of biological process (BP), cellular component (CC), and molecular 
function (MF), as shown in Figure 10. A few of the same up-regulated 
and down-regulated genes with functional annotations were 
identified in the Brick tea, Pu’er tea, and Liubao tea groups, which 
included cellular process and metabolic process in BP, cellular 
anatomical entity in CC, and catalytic activity and binding in 
MF. The alterations in the above-mentioned biological functions 
have all been shown to affect lifespan (36). Thus, dark tea mainly 
affects endocrine system-related pathways, especially catalysis-
related bio-metabolism within cells.

3.7.3 Specific regulation pathways of dark tea
To further explore the regulation pathways of dark tea, a KEGG 

pathway enrichment analysis was conducted (Figure  11). In the 
Brick tea, Pu’er tea, and Liubao tea groups, the ubiquitin mediated 
proteolysis, spliceosome and mannose type O-glycan biosynthesis 
pathways were significantly up-regulated, while fatty acid 
metabolism and fatty acid degradation pathways were significantly 
down-regulated. Among the annotated pathways, a majority were 
closely linked to glucose and lipid metabolism. These pathways 
suggested the metabolism and biosynthesis are significantly involved 
in the redox reaction, which were important to improve antioxidant 
defense system.

A total of 2, 1, and 2 genes, respectively, were significantly 
up-regulated (p < 0.05) in the ubiquitin mediated proteolysis, mannose 
type O-glycan biosynthesis, and fatty acid metabolism and degradation 
pathways, respectively (Table 2). Specifically, the expression of PRKN 
and SKP1  in the ubiquitin mediated proteolysis was significantly 
up-regulated (p < 0.05). After dark tea treatment, the expression of 
K12H6.3 in the mannose type O-glycan biosynthesis was significantly 
up-regulated (p < 0.05); in addition, the expression of ACADM, 
CPT1 in the fatty acid metabolism and degradation pathways was 
significantly up-regulated (p < 0.05).
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4 Discussion

As the only post-fermented tea, many biochemical reactions 
of the fermentation process in the production of dark tea result in 
differences that set dark tea and other five types of tea. Twenty-two 
macronutrient chemical composition indicators in 65 Chinese 
dark teas have been reported, with the richer ones being 
polyphenols and free amino acids (9). In the present study, we first 
determined the content of the main two nutrients in the three 
represented dark teas. The contents of tea polyphenols and 

L-theanine in dark tea were maintained at around 10 and 1.5% 
(Supplementary Table 1).

Free radical production is essential in normal metabolism, 
and excessive free radical formation may lead to oxidative stress 
and other related diseases (37). Xu et  al. (38) found that tea 
polyphenols increased SOD, CAT, T-AOC and GSH-Px contents 
along with a reduction in MAD and ROS in crows. In this study, 
we found that orally supplied dark tea could significantly decrease 
the ROS levels and exhibited a superior lifespan in H2O2-induced 
oxidative stress C. elegans. Similarly, we observed an improvement 
in-OH, DPPH, and ABTS+ free radicals scavenging capacity in 
antioxidant assays in vitro, indicating the scavenging ability of 
dark tea.

The relationship between the activity of antioxidants and 
longevity promotion has long been noticed. Although many 
chemically synthesized antioxidants are available, long-term use 
may have potential side effects (2, 3). We  found that dark tea 
extended the lifespan and motility without significantly impairing 
propagation in C. elegans. Obesity due to excessive fat 
accumulation is associated with accelerated onset of diseases 
occurring in old age, while fat ablation increases life span (39). 
Apoptosis is also considered an effective immune defense 
mechanism when the body is subjected to various harmful stimuli 
(40, 41). Our results indicated that the lipid oxidation products 
and apoptosis in C. elegans could be  reduced after dark tea 
treatment. Therefore, several conclusions and speculations can 
be drawn, which suggest that the longevity extension of dark tea 
might be attributed to the inhibition of lipid oxidation and the 
extent of generation of apoptosis-related products to protect the 
health of the body. Noticeably, no significant toxic effects of dark 
tea were observed in our study.

GO analysis allows for a standardized description of the gene 
products in terms of the biological pathways involved and cellular 
localization (42). To elucidate the roles of the identified 
differentially expressed genes, GO analysis revealed significant 
enrichment of BP, CC, and MF, namely, cellular process, metabolic 
process, catalytic activity, and binding, which play independent 
roles in antioxidant and anti-aging traits. According to KEGG 
enrichment analysis the number of genes annotated to a metabolic 
pathway in a differentially expressed gene is significantly greater 
than the proportion of background genes among all such genes 
(43). Among the annotated pathways, most are related to glucose 
and lipid metabolism. Four common enriched signaling pathways 
identified in three dark tea groups included mannose type 
O-glycan biosynthesis, fatty acid metabolism, fatty acid 
degradation, ubiquitin mediated proteolysis, and spliceosome. 
Further comparison of the differentially expressed genes with the 
functional annotations of the genes in the database, revealed that 
most of the genes with more significant changes in gene 
up-regulation and down-regulation because of dark tea treatment 
were regulated by SKP1, K12H6.3, ACADM, and CPT1. SKP1 was 
up-regulated in the ubiquitin mediated proteolysis pathway, which 
connects cell cycle regulators to the ubiquitin proteolysis 
machinery to thus improve cellular growth (44). K12H6.3 was 
found to be involved in the mannose type O-glycan biosynthesis 
pathway; the gene encodes the relevant core α1,3-
fucosyltransferase, whose expression is promoted during 

FIGURE 10

GO annotation categorization statistical chart. (A) Brick Tea. (B) Pu’er 
Tea (C) Liubao Tea. The horizontal coordinate is the GO 
classification, the vertical coordinate is the number of genes, and 
different colors represent the different primary classifications to 
which they belong.
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FIGURE 11

Bubble chart of genes enriched in KEGG pathways. (A) Brick Tea. (B) Pu’er Tea (C) Liubao Tea. The bubble size represents the number of genes in the 
enriched pathway terms, and the bubble color represents the p value.
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development (45). ACADM and CPT1 are key genes catalyzing 
mitochondrial fatty acid metabolism and degradation. They 
catalyze the rate-limiting step of the conversion of acyl-coenzyme. 
As into acyl-carnitines, which can cross membranes to enter the 
mitochondria, and elevate triglyceride, phospholipid, and droplet 
levels of cellular lipids to regulate genetic, epigenetic, 
physiological, and nutritional modulators (46).

Overall, it may be  safely concluded that dark tea can 
independently reduce oxidative stress, thus preventing oxidative 
injury. As a natural and non-toxic antioxidant, dark tea can 
be  used as a nutritional supplement for livestock and as a 
functional component of livestock feed, thus acting as a defense 
against various diseases caused by oxidative damage. It thus has 
great promise for animal health and disease prevention. Further 
exploration of dark tea as a potential dietary supplement for 
animal health maintenance and disease prevention is 
worth exploring.

5 Conclusion

In conclusion, the safety of dark tea was demonstrated in 
C. elegans and dark tea was found to mitigate oxidative stress-induced 
damage by promoting the clearance of free radicals. Additionally, it 
was observed that dark tea modulated metabolic processes, including 
carbohydrates, lipids, and proteins, catalyzing the synthesis of 
antioxidants from specific oxidative substrates within the cell.
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TABLE 2 Genes after dark tea intervention in the ubiquitin mediated proteolysis, mannose type O-glycan biosynthesis, fatty acid metabolism and fatty 
acid degradation pathways in C. elegans.

Pathways No Gene name Regulated Log2FCa

Ubiquitin mediated proteolysis 1 PRKN Up 1.43

2 SKP1 Up 2.63

Mannose type O-glycan biosynthesis 1 K12H6.3 Up 3.32

Fatty acid metabolism and 

degradation

1 ACADM Down −1.17

2 CPT1 Down −1.48

aLog2FC indicates differences in gene expression in the comparison of two samples.
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Supplementation of complex 
natural feed additive containing 
(C. militaris, probiotics and red 
ginseng by-product) on 
rumen-fermentation, growth 
performance and carcass 
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This study evaluated the effects of a complex natural feed additive on rumen 
fermentation, carcass characteristics and growth performance in Korean-native 
steers. In this study, in vitro and in vivo experiment were conducted. Seven different 
levels of complex natural feed additive (CA) were added to the buffered rumen 
fluid using AnkomRF gas production system for 12, 24 and 48  h. All experimental 
data were analyzed by mixed procedure of SAS. Total gas production increased 
in the CA groups, with the highest response observed in the 0.06% group at 48  h 
of incubation (linear, p  =  0.02; quadratic, p  <  0.01). Regarding rumen fermentation 
parameters, the total volatile fatty acid (TVFA) tended to increase in all the CA 
groups (p  =  0.07). The concentrations of butyrate, iso-butyrate, and iso-valerate 
significantly increased in all treatment groups (p  <  0.05). In the in vivo experiment, 
23 Korean-native steers were allocated to two groups: (1) Control and (2) 
Treatment; control +0.07% CA (DM basis), in a randomized complete-block 
design and blocked by body weight (ave. body weight  =  641.96  kg  ±  62.51  kg, 
p  =  0.80) and feed intake (ave. feed intake  =  13.96  kg  ±  0.74  kg, p  =  0.08) lasted for 
252  days. Average daily gain decreased in the treatment group (p  <  0.01). Backfat 
thickness significantly decreased in the CA group (p  =  0.03), whereas meat 
color tended to increase (p  =  0.07). In conclusion, in the in vitro experiment, the 
inclusion of complex natural feed additive decreased methane proportion and 
tended to increase TVFA production, but supplementation to Korean native steers 
decreased average daily gain and backfat thickness.
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1 Introduction

With the increase in the global population, growth of the 
global economy, and urbanization, there has been an increased 
demand for livestock products, including meat, milk, and eggs. 
These phenomena put pressure on the livestock industry to meet 
global expectations (1). Recently, animal producers have shown 
interest in natural compounds to improve animal physiological 
state and health (2). There are numerous natural compounds that 
can serve as alternatives to growth-promoting antibiotics to 
enhance animal health and well-being (3). One of these 
alternatives is probiotics, referred to as ‘direct-fed microbial’ 
(DFM). DFM refers to living microorganisms utilized to enhance 
livestock performance by modifying the microbial composition 
within the animal intestinal tract (4). Probiotics are employed in 
the ruminant industry to modulate the microflora and 
fermentation activities for the benefit of the host (5). Lactic acid-
producing bacteria, lactic acid-utilizing bacteria, yeast, and fungi 
are commonly utilized as probiotics in ruminants (5). DFMs act 
in both the intestinal tract and post-gastrointestinal region. 
Several studies have reported that these microorganisms not only 
enhance performance but also modulate the immune response of 
animals (6–8).

Cordyceps militaris (C. militaris) is entomopathogenic fungus 
that has been used for the last 300 years in East Asia due to its 
adaptogenic and tonic effects (9). Cordyceps spp. contain several 
bioactive compounds such as cordycepic acid (D-mannitol), 
cordycepin, ergosterol and adenosine (10, 11). C. militaris has 
been shown to improve in-vitro rumen fermentation, leading to 
an increase in volatile fatty acids (VFA), cellulose digestion, and 
cellulolytic enzyme activities (12, 13). Panax ginseng belongs to 
the Araliaceae family, which is an herbaceous plant and one of the 
most precious plant products in Northeast Asia (14). Red ginseng 
is produced by steaming fresh ginseng, known to contain 
pharmaceutical efficacy due to its major bioactive constituent 
(triterpene saponin), also called ginsenosides (15). This 
manufacturing process is known to enhance the saponin content 
in ginseng (16). Due to the medicinal efficacy of red ginseng, there 
has been an increase in the production of red ginseng, leading to 
the production of about 8,000 tons of by-products (17). Regardless 
of extracting its bioactive compounds using solvents like water or, 
alcohol, are known to contain bioactive compounds such as 
ginsenosides (15). By-products of red ginseng continue to 
be produced as the market is increasing, and several studies have 
indicated that these could be used as additives in the animal feed 
industry (17, 18).

Recently, phytogenic feed additives have been recognized for 
their ability to influence feed quality, animal health, as well as 
animal products. Several studies have shown that the individual 
components of natural feed additives can have various positive 
effects on animals (19–21). It is expected that a combination of 
these components will work synergistically to enhance outcomes 
when included in animal diets. To our knowledge, no previous 
work has been conducted to evaluate the performances of cattle 
using a mixture of these compounds. Therefore, this study aimed 
to evaluate the effects of combination of probiotics and natural 
feed additives on the physiological aspects and growth 
performance of Korean-native cattle.

2 Materials and methods

2.1 Preparing complex natural feed additive 
(CA)

The complex natural feed additive, containing (probiotics, red 
ginseng by-product and C. militaris) was obtained from DM bio-Co., 
LTd (Jeollanam-do, Korea). Probiotics were inoculated into a sterilized 
medium composed of red ginseng by-product, soy-bean meal, 
distillers’ grain, wheat bran and condensed molasses soluble (CMS). 
The probiotics used in this additive included Bacillus subtilis (1.0 × 
1011 CFU/g), Aspergillus oryzae (1.0 × 1010 CFU/g), Saccharomyces 
cerevisiae (1.0 × 1011  CFU/g), Lactobacillus acidophillus (1.0 × 
1010 CFU/g), and Streptococcus thermophilus (1.0 × 1011 CFU/g). After 
inoculating the probiotics, the mixture was dried at low temperature 
and C. militaris (20%) was added to the total volume of the complex 
natural feed additive (Korea. Patent No. 10–1137893).

2.2 Chemical analysis

Experimental diets were finely milled through a 250 ~ 500 μm 
screen and analyzed for chemical composition (Table 1). All samples 
were dried in an air-drying oven at 60°C for 48 h to determine the 
chemical composition. The chemical analysis for ether extract (EE; 
Method 920.39), crude protein (CP; Method 954.01), and crude ash 
(Ash; Method 942.05) of diets were followed methods of Association 
of Official Analytical Chemists (AOAC, 1990). The aNDF and ADF 
were analyzed using the Van Soest method (22).

2.3 In vitro experiment

The basal diets used in the in-vivo study were milled through a 
1 mm screen and used as a substrate in this experiment. Before 
collecting rumen fluid, the experimental diet was given to cannulated 
cows for adaptation for 7 days. After adaptation period, rumen fluid 
was obtained from 2 cannulated Holstein cows, and an equal amount 
of rumen fluid was obtained from each animal. It was then filtered 
through a 250 μm pore-sized nylon filter (Shanghai Bolting Cloth 
Manufacturing Co., Ltd., Shanghai, China). The filtered fluid was 
mixed with Menke’s buffer in a 1:3 ratio (23). For the in-vitro 
experiment, we used a wireless gas pressure monitoring system, the 
AnkomRF gas production system (ANKOM Technology, Macedon, 
NY, USA) (24). Each bottle was filled with 125 mL of buffered solution 
and added ANKOM bags (R510; Ankom Technology, USA). A 
substrate (1.25 g) was placed in each nylon bag and mixed with CA at 
levels of 0, 0.015, 0.03, 0.06, 0.12, 0.24, and 0.48% of dry matter basis. 
Maintaining an anaerobic state in buffered rumen fluid, ultra-purity 
argon gas (99.999%) was used in this experiment (25). Incubation was 
carried out in a shaking incubator (JSSI-300C, JSR, Gongju, Korea) at 
39°C for 48 h at 85 rpm. A total of 3 experiments were conducted, and 
each experiment consisted of duplicated treatment bottles and two 
blank bottles, totaling 54. The blank bottles were used to correct data 
for Total gas production (TGP), In-vitro, dry matter digestibility 
(IVDMD), and total volatile fatty acids (TVFA).

The cumulative pressure was set to be recorded every 20 min using 
the official manufacturer’s software (Gas Pressure Monitor, Ankom 
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Technology, Macedon, NY, USA) until the end of the incubation. The 
kinetics of gas production were analyzed using a single-pool and 
single-lag exponential model (26).

 V T Lt � � �� �0 0 .

 V V K T L T Lt � � � � � �� �� � �� �max ( exp ) .1

Where Vt is the gas produced at a specific time T (mL), Vmax is the 
asymptotic gas production (h−1), Exp is the exponential function, K is 
the fractional rate of gas production (h−1), L is the discrete lag time 

(h), and t is the time after the initiation of incubation (h). For CH4 
analysis, 3 mL of gas was sampled at 12, 24, and 48 h into a vacuum 
container (Labco Ltd., High Wycombe, UK). CH4 analysis was 
conducted using a gas chromatography system (HP 6890 series GC 
system; Agilent Technologies Inc., Santa Clara, CA, USA). A thermal 
conductivity detector and capillary column (HP-PLOT/Q; Agilent 
Technologies Inc., Santa Clara, CA, USA) were used in the gas 
chromatography system, and a standard gas mixture (H2 1.0%, CO2 
20.1%, CH4 10.1%, and N2 19.9% in He) was used to quantify CH4 
concentration. After the experiment completed, the nylon bags were 
removed to measure IVDMD by calculating the weight loss of the 
substrate. Ruminal pH was measured using a pH meter (S20 
SevenEasy pH, Mettler Toledo, Greifensee, Switzerland). For the 
measurement of volatile fatty acid (VFA) and NH3-N, rumen fluids 
were collected into 50 mL tube and then centrifuged at 2,000 g at 4°C 
for 10 min to deposit feed particles. The 5 mL of the supernatant 
rumen fluid were collected in 15 mL tubes and mixed with 1 mL of a 
2% HgCl2 (wt/vol) and 25% meta-phosphoric acid (wt/vol) solution 
for NH3-N and VFA analysis. For VFA analysis, 1.4 mL of supernatant 
was collected to 2 mL tube and centrifuged at 20,000 g at 4°C for 
20 min. After that a volume of 25 μL of 1% (wt/vol) pivalic acid was 
added to sample for using an internal standard and stored at brown 
vial until analysis. Profiles of VFA were analyzed using the gas 
chromatography (HP 6890 series GC system; Agilent Technologies 
Inc., Santa Clara, CA, USA) equipped with a flame ionization detector 
and a capillary column (DB-FFAP; Agilent Technologies Inc., Santa 
Clara, CA, USA).

For NH3-N analysis, previously centrifuged 600 μL samples was 
transferred to a 1.5 mL tubes and centrifuged again at 20,000 g at 4°C 
for 20 min. Then, 500 μL of supernatant were collected into new 
1.5 mL tubes. NH3-N concentration was measured using the catalyzed 
indophenol reaction (27) using spectrophotometry (Synergy2; Biotek 
Instruments, Inc., Winooski, VT, USA).

2.4 Animals and experimental condition 
(In-vivo, experiment)

All the animal experimental procedure were approved by the 
Institute of Animal Care and Use Committee of Konkuk 
University (approval no. KU22079). 23-Korean native steers 
(Initial body weight 641.96 ± 62.51 kg; age 24.22 ± 0.93 months) 
were used for the experiment. Before starting the experiment, a 
total of 5 days, feed intake was checked daily for each pen by 
weighing orts to measure dry matter intake (DMI). Initial Body 
Weight (IBW) was measured using a digital scale (CAS Co. Ltd., 
Seoul, Korea). The animals were allocated to 2 dietary treatments, 
control (without CA) and treatment (0.07% of CA 
supplementation on a dry matter basis), using a randomized 
complete block design considering factors such as feed intake, 
age, and IBW. After a 7 days adaptation period, the total 
experiment lasted for 252 days, during which animals were fed 
twice daily (07,00 and 16,00). Mineral blocks and water were 
provided ad libitum. The offered diets and refusals were measured 
for three consecutive days each month to calculate the pen’s 
DMI. CA was provided to the experimental animals by 
top-dressing onto basal diet at every 16:00 feeding time.

TABLE 1 Chemical composition of experimental diet.

Items1 Basal diet2 Complex natural 
feed additive

Ingredients (%)

Basal concentration 24.03 -

Soybean meal 3.03 15.00

Corn flake 30.41 21.00

DDGS - 9.00

Wheat bran - 15.00

Cordyceps militaris - 20.00

Red ginseng by-product - 20.00

Rice straw 12.00 -

Water 29.91 -

Vitamin and mineral mix 0.01 -

Probiotics, (cfu/g) 0.14 -

Saccharomyces cerevisiae - 1.0 × 1011

Bacillus subtilis - 1.0 × 1011

Lactobacillus acidophilus - 1.0 × 1010

Streptococcus thermophilus - 1.0 × 1011

Limestone 0.20 -

Salt 0.27 -

Total 100.00 100.00

Nutrient composition (% of DM)

DM (%) 77.26 44.06

CP 14.07 21.87

EE 4.56 2.77

NDF 51.75 36.74

ADF 23.02 12.28

NDICP 10.71 18.84

ADICP 6.67 19.62

Macro minerals (% of DM)

Ca 0.81

P 0.47

1 DDGS, Dried distiller’s grain with solubles; CP, Crude Protein; EE, Ether Extract; NDF, 
Neutral detergent fiber; ADF, Acid detergent fiber; NDICP, Neutral detergent insoluble 
protein; ADICP, Acid detergent insoluble protein; Ca, Calcium; P, Phosphorus. 2 Basal diet, 
Diet was provided as a total mixed fermented ration.
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2.5 Blood sampling and metabolic profiles 
analysis

Blood samples were taken from each cow through the jugular 
vein on day 144. For complete blood cell count test, blood was 
collected into EDTA-containing tubes (Becton Dickinson, 
Franklin Lakes, NJ, USA) and analyzed using the HM2 analyzer 
(Abaxis, Union City, CA, USA). For serum analysis, blood was 
collected into heparin-containing tubes (Becton Dickinson, 
Franklin Lakes, NJ, USA) and centrifuged at 3,000 rpm for 15 min 
to extract serum. Serum samples were stored at −80°C until 
analysis. Fuji dry-chem slides (DRI-CHEM 7000i, Fuji Film, 
Tokyo, Japan) was used to determine serum 
metabolite concentration.

2.6 Carcass traits

Slaughtering procedure of experimental animals were conducted 
at a commercial slaughterhouse in Chungcheongnam-do, Korea. In 
each group, the slaughter of four animals was carried out 
sequentially on days 223, 244, and 255, respectively. After slaughter 
and a 24-h chilling process, the evaluation was conducted, including 
yield grade (carcass weight, back fat thickness, and ribeye area) and 
carcass quality grade (marbling score, meat color, texture, and 
maturity). Carcass traits scores were assessed according to the 
Korean Carcass Grading System of the Korea Institute of Animal 
Products Quality Evaluation (KAPE, 2019). The quality grade was 
assessed on the surface of the longissimus thoracis muscles in the 
13th rib section.

2.7 Statistical analysis

All the data from the experiment were statistically analyzed using 
SAS University Studio (SAS Institute, Inc., Cary, NC, USA). The 
rumen fermentation data were analyzed using the PROC MIXED 
procedure of SAS, and the statistical model was as follows:

 Y T R eij i j ij� � � �� .

Where Yij is the observation from the experimental unit, μ is the 
overall mean, Ti is the fixed effect of the dose of the CA (i = 1, 2, …, 7), 
Rj is the random effect of the experiment (experiment), and eij is the 
residual effect. An orthogonal polynomial test was conducted using 
the SAS PROC IML procedure to determine the linear and quadratic 
effects of CA. Data from gas production kinetics and broken-line 

regression were analyzed using the SAS PROC NLIN procedure. For 
analyzing the broken line regressions, TVFA was used as the criterion 
of the model. Graphical depiction of the broken-line regression results 
was done using the GPLOT procedure in SAS (Figure 1).

The experiment statistical model for the in vivo experiment were 
analyzed using the MIXED procedure of SAS and the statistical 
models was as follow equation.

 Y T R eij i j ij� � � �� .

Where Yij is the observation from the experimental unit, μ is the 
overall mean, Ti is the fixed effect of the CA, Rj is the random effect of 
the animal (i = 1, 2…12), eij is the residual effect. All the data 
differences between the treatments were compared with Tukey’s test. 
The significance level was declared at p < 0.05, and tendency was 
declared at 0.05 ≤ p < 0.1.

3 Results

3.1 In vitro rumen gas and CH4 production

We investigated in vitro rumen gas production and CH4 
production at various levels of CA inclusion concerning incubation 
time and dosage (Table 2 and Figure 2). There were no significant 
differences in the fitted parameters of gas production profiles. 
However, the inclusion of CA tended to increase Vmax (p = 0.05).

TABLE 2 The fitted parameters of gas production profiles.

Parameters1
Complex natural feed additive (% of DM)

SEM p-value
Contrast3

0 0.0015 0.03 0.06 0.12 0.24 0.48 L Q

Vmax (mL/g DM) 188.90b 200.40ab 197.60ab 213.90a 206.43ab 211.20ab 205.60ab 2.83 0.05 0.11 0.03

K (h−1) 0.057 0.054 0.057 0.057 0.055 0.057 0.058 <0.01 0.64 0.21 0.94

L (h) 0.93 1.24 1.30 1.33 1.22 1.09 0.89 0.06 0.08 0.04 0.19

Means in a row with different superscript letters are significantly different (p < 0.05). 1Vmax, the asymptotic gas production; K, fractional gas production rate; L, lag time. 2SEM, standard error of 
the mean (n = 3). 3L, linear; Q, quadratic.

FIGURE 1

Broken-line regression models fitted to data of TVFA production 
expressed as (y), in response to CA inclusion level %DM as (x) 
Y  =  46.2021–684.7 (x - 0.073)2 (x  >  0.073), Y  =  46.2021–2.6937x 
(x  <  0.073) (r2  =  0.37; p  =  0.045).
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Time-dependent effects of in vitro rumen gas production and 
methane emission were shown in Table 3. The inclusion of CA 
increased TGP at all incubation times (p < 0.05), with the highest 
observed at the 0.06% level. There were no significant results in 
methane production, but it tended to decrease when 
supplemented with CA, especially with the most significant 
reduction observed at 0.03% of DM inclusion (p = 0.07). Methane 
proportion was found to be lower with CA inclusion at 12 h of 
incubation (p = 0.02).

3.2 In vitro rumen fermentation parameters

After 48 h of incubation, we  investigated the rumen 
fermentation characteristics with various levels of CA added 
(Table  4). Ruminal pH was not significantly affected by the 
inclusion of CA in the ruminal fluid. TVFA production tended 
to increase in the treatment groups (p = 0.07), especially the 
molar proportion of butyrate, which increased in all the treatment 
groups (p < 0.01). Iso-butyrate and iso-valerate also increased in 
the treatment groups (p = 0.01). Correlating with these results, 

branched-chain fatty acids (BCFA) were also increased in the 
treatment group (p = 0.01).

3.3 Broken-line regression analysis

A quadratic effect was observed in the CA inclusion group 
regarding TVFA production (p = 0.03). The TVFA was used as the 
criterion for broken-line regression analysis. Quadratic broken-line 
regression analysis estimated that the maximum TVFA was produced 
at 0.0703% DM inclusion (Y = 46.2021–684.7 (x - 0.073)2 (x > 0.073), 
Y = 46.2021–2.6937x (x < 0.073); r2 = 0.37; p = 0.045) (Figure 1).

3.4 Growth performance

The effects of CA supplementation on the growth performance of 
Korean-native steers are shown in Table 5. The average daily gain 
(ADG) was decreased in treatment group compared to control group 
(p = 0.01). Additionally, the feed gain ratio tended to decrease in 
treatment group (p = 0.07).

FIGURE 2

Effects of complex natural feed additives on gas production profiles during in vitro rumen fermentation based on incubation time and dosage.

TABLE 3 Time-dependent effects of complex natural feed additive on in vitro rumen gas and methane production.

Parameters1
Complex natural feed additive (% of DM)

SEM2 p-value
Contrast3

0 0.0015 0.03 0.06 0.12 0.24 0.48 L Q

TGP (mL/g DM) 12 h 85.77b 86.46ab 88.27ab 93.92ab 89.10ab 94.55a 93.76b 1.67 0.02 <0.01 0.06

24 h 139.4b 145.24ab 147.47ab 159.83a 152.2ab 158.42ab 155.62ab 2.10 0.03 0.02 0.03

48 h 168.76b 178.68ab 178.52ab 191.73a 184.28ab 190.86a 185.99ab 2.05 <0.01 0.02 <0.01

CH4 (mL/g DM) 12 h 20.01 19.55 17.62 19.20 18.91 19.45 19.46 0.40 0.07 0.53 0.53

24 h 30.41 30.25 33.75 33.86 33.94 33.79 32.47 0.69 0.17 0.40 0.04

48 h 43.47 45.07 47.40 46.88 46.90 48.77 48.86 0.63 0.22 0.03 0.21

CH4 proportion (%) 12 h 23.4a 22.71ab 19.94b 20.62ab 21.23ab 20.59ab 20.77ab 0.43 0.02 0.07 0.05

24 h 21.75 20.77 22.88 21.18 22.30 21.34 20.78 0.34 0.27 0.26 0.44

48 h 25.71 25.17 26.58 24.49 25.74 25.58 26.27 0.27 0.54 0.44 0.63

Means in a row with different superscript letters are significantly different (p < 0.05). 1TGP, Total gas production; CH4 proportion, methane to total gas production ratio. 2SEM, standard error of 
the mean (n = 3). 3L, linear; Q, quadratic.
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3.5 Serum metabolites

The effects of CA supplementation on serum metabolites of 
Korean native steers are shown in Table 6. No significant differences 
were observed in serum metabolites between control and treatment 
group (p > 0.05).

3.6 Complete blood cell count (CBC)

The effects of CA supplementation on complete blood cell count 
(CBC) of Korean native steers are shown in Table 7. No significant 
differences were observed in CBC between control and treatment 
group (p > 0.05).

TABLE 5 Growth performances of Korean-native steers supplemented complex natural feed additive.

Parameters1 Control Treatment (CA)2 SEM3 p-value

Initial body weight, kg 638.76 645.04 13.33 0.85

Final body weight, kg 787.27 754.92 16.44 0.35

ADG, kg/d 0.62a 0.46b 0.03 0.01

Dry matter intake (kg/d) 10.92 10.41 0.03 0.49

Feed:gain 18.25 24.40 1.78 0.07

Carcass month 32.19 32.25 0.20 0.92

ab Differing superscripts within a row indicate treatment differences (p < 0.05). 1 ADG, Average daily gain. 2 Treatment, complex natural feed additive containing (Probiotics, Red ginseng by-
product and C. militaris) supplementation at 0.07% DM. 3 SEM, Standard error of means (n = 23).

TABLE 6 Serum metabolites of Korean-native steers supplemented complex natural feed additive.

Parameters1 Control Treatment (CA)2 SEM3 p-value

Total protein (g/dl) 7.53 7.85 0.19 0.41

Albumin (g/dl) 3.92 3.87 0.05 0.58

TCHO (mg/dl) 213.00 214.27 0.09 0.34

Uric Acid (mg/dl) 0.80 0.82 0.02 0.58

Total glyceride (mg/dl) 19.73 20.82 1.94 0.79

NEFA (μEq/L) 191.17 208.83 13.25 0.48

BUN (mg/dl) 16.46 14.39 1.04 0.32

Glucose (mg/dl) 82.72 85.80 4.51 0.73

1 TCHO, Total cholesterol; NEFA, Non-esterified fatty acids; BUN, Blood urea nitrogen. 2 Treatment, complex natural feed additive containing (Probiotics, Red ginseng by-product and C. 
militaris) supplementation at 0.07% DM. 3SEM, Standard error of means (n = 23).

TABLE 4 Effects of complex natural feed additive on rumen fermentation characteristics (48  h).

Parameters1
Complex natural feed additive (% of DM)

SEM2 p-value
Contrast3

0 0.0015 0.03 0.06 0.12 0.24 0.48 L Q

pH 6.74 6.69 6.70 6.67 6.68 6.68 6.70 0.01 0.05 0.59 0.03

IVDMD (%) 79.57 80.18 80.30 82.98 82.01 80.97 80.23 0.38 0.12 0.88 0.06

NH3-N (mg/dL) 117.27 112.85 106.49 116.63 110.37 112.24 106.10 1.98 0.34 0.15 0.79

TVFA (mM) 41.61 44.31 44.82 46.40 45.69 46.06 45.01 0.48 0.07 0.20 0.03

Acetate (mM) 24.99 25.64 25.99 26.35 25.92 26.69 26.10 0.19 0.36 0.22 0.11

Propionate (mM) 9.13 9.84 10.35 10.15 10.16 10.14 9.83 0.17 0.34 0.60 0.10

Iso-butyrate (mM) 0.34b 0.38ab 0.37ab 0.39ab 0.41a 0.39ab 0.40a 0.01 0.02 0.01 0.03

Butyrate (mM) 5.05b 5.49ab 5.65ab 6.06a 5.91a 5.96a 5.91a 0.09 <0.01 0.01 0.01

Iso-valerate (mM) 1.43b 1.86a 1.67ab 1.83a 1.85a 1.76ab 1.73ab 0.04 0.01 0.50 0.06

Valerate (mM) 1.02 1.15 1.10 1.16 1.16 1.15 1.10 0.02 0.05 0.74 0.04

BCFA (mM) 1.76b 2.18a 2.04ab 2.22a 2.26a 2.17a 2.13ab 0.05 0.01 0.19 0.02

A:P ratio 2.73 2.61 2.61 2.65 2.59 2.65 2.63 0.03 0.77 0.83 0.70

ab Differing superscripts within a row indicate treatment differences (p < 0.05).
1IVDMD, in vitro dry matter degradability; NH3-N, ammonia nitrogen; BCFA, iso-butyrate + iso valerate; A:P ratio, acetate to propionate ratio. 2SEM, standard error of the mean (n = 3). 3 L, 
linear; Q, quadratic.
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3.7 Carcass characteristics

The effects of CA supplementation on the carcass characteristics 
of Korean native steers are shown in Table 8. Backfat thickness was 
significantly decreased in the treatment group compared to the control 
group (p = 0.03). Meat color tended to increase in treatment group 
(p = 0.08). There were no significant differences in other parameters 
related to carcass characteristics (p > 0.05) between the control and 
treatment groups.

4 Discussions

4.1 In vitro experiment

The aim of the in vitro study was to assess the effects of CA on the 
rumen environment. Rumen gas production is an indirect 
measurement of rumen microbial fermentation and activity. Recently, 
rumen gas production has been applied in the field of ruminant 
research to estimate microbial fermentation processes (23) and evaluate 
the effect of anti-nutritional factors on microbial activity (28, 29). Gas 
production primarily results from the fermentation of carbohydrates 
in the rumen, yielding acetate, propionate, and butyrate, and releasing 
final catabolites, mostly carbon dioxide and methane (23).

In this study, total gas production significantly increased in the 
treatment group at every time-period. This increase in total gas 
production was observed alongside a tendency for increased VFA 
production. According to a previous study by Getachew et al. (30), gas 
production has positive correlation with butyrate production. In this 
study, butyrate production was positively correlated with total gas 
production in treatment group in linear regression analysis (not 
shown in table), which may be  attributed to the increased 
TGP. Consistent with our findings, another study reported that 
C. militaris increased rumen cellulolytic bacteria, specifically 
Ruminococcus flavefaciens in rumen in vitro fermentation (13, 31). 
Rumen bacteria are the most abundant microbes in rumen and 
approximately 1010–1011 cells/ml and over 200 species inhabit in the 
rumen (32). The plant fiber matrix is complex and composed of 
polymer of carbohydrate, breakdown of fiber requires the coordination 
of a hydrolytic enzymes (33). Cellulose-degrading bacteria reside in 
the rumen, the most effective cellulose degraders in the rumen due to 
their ability to digest cellulose, facilitated by the presence of numerous 
genes encoding for fiber degradation (33). A series of fermentation 
processes by cellulolytic bacteria produce VFA in rumen. The reasons 
for the increased bacterial population in rumen are not known but, it 
could guess that polysaccharide from C. militaris plays energy sources 
to rumen microbes by manipulating the composition in rumen. 
Several studies reported that galactomannan provide nutrients for 
beneficial microbes in the gastrointestinal microbiota (34) and 
D-mannitol can also become energy sources for bacteria growth in the 
rumen (35). Also, Cappellozza et al. (36), reported that the inclusion 
of Bacillus-based probiotics can increase rumen in vitro gas production 
due to the production of various enzymes by Bacillus sp. The protease 
produced from Bacillus. Subtilis (B. subtilis), called subtilisin, may 
degrade proteins in the rumen, providing peptides and amino acids 
for microbial crude protein synthesis (37). Not only does B. subtilis 
play a role, but Saccharomyces. Cerevisiae (S. cerevisiae) also 
contributes to an increased fermentation status in the rumen. The 
mechanisms behind the higher VFA concentration in S. cerevisiae are 
not fully known, but it is associated with anaerobic microflora in the 
rumen (35). S. cerevisiae has been reported to act as an oxygen 
scavenger in the rumen, creating favorable conditions for the activity 
of various microorganisms (38). Additionally, exogenous enzymes 
such as xylanase from S. cerevisiae have been reported to have positive 
effects on ruminal fibrolytic bacteria by providing readily usable 
carbohydrates (39). Therefore, the inclusion of CA could enhance the 
status of rumen microorganisms through the synergistic effects of 

TABLE 7 Complete blood cell count of Korean-native steers 
supplemented complex natural feed additive.

Parameters1 Control
Treatment 

(CA)2 SEM3 p-value

WBCs 109 /L 8.57 8.00 0.56 0.82

RBCs, 1012 /L 10.82 10.56 0.33 0.70

MCH, pg 17.16 17.35 0.17 0.60

MCHC, g/dL 35.32 35.04 0.17 0.34

HGB, g/dL 18.64 18.22 0.50 0.75

HCT, % 52.79 52.56 1.85 0.95

PLT, 109 /L 220.07 257.55 15.79 0.07

LYM, % 22.10 28.37 3.59 0.33

MO, % 5.83 6.18 0.37 0.62

GR, % 72.04 65.44 3.89 0.35

1 WBC, white blood cell; RBC, red blood cell; HGB, hemoglobin; HCT, hematocrit; MCH, 
mean corpuscular hemoglobin; PLT, platelet; MCHC, mean corpusucular hemoglobin 
concentration; LYM, lymphocyte; GR, granulocyte.
2 Treatment, complex natural feed additive containing (Probiotics, Red ginseng by-product 
and C. militaris) supplementation at 0.07% DM. 3 SEM, Standard error of means (n = 23).

TABLE 8 Carcass characteristics of Korean-native steers supplemented 
complex natural feed additive.

Parameters1 Control
Treatment 

(CA)2 SEM3 p-value

Carcass weight, kg 473.00 451.75 10.54 0.34

Loin muscle area, cm2 99.91 95.50 2.54 0.41

Backfat thickness, cm 15.55 11.83 0.93 0.03

Marbling score 5.78 6.25 0.33 0.44

Yield index 60.91 61.17 0.55 0.81

Yield grade 19.35 20.83 1.26 0.50

Quality grade 40.00 40.00 1.66 1.00

Meat color 4.46 4.83 0.12 0.08

Fat color 3.00 3.00 0.00 1.00

Texture 2.08 2.00 0.17 0.81

Maturity 2.54 2.58 0.11 0.86

1 Yield index = 68.184-[0.625 × back fat thickness (mm)] + [0.130 × rib eye area (cm2)] 
-[0.024 × carcass weight (kg)]; Yield grade, Converted into numeric value as grade A (high 
yield; > 67.5) = 30, B (62.0 < yields, < 67.5) = 20, C (low yield; < 67.5) = 10; Quality grade, 1++ 
(highest) = 50, 1+ = 40, 1 = 30, 2 = 20, 3 (lowest) = 10, Marbling score = No. 1 ~ No. 9 
(1 = devoid, 9 = abundant), Meat color, No. 1 ~ No. 7 (1 = bright cherry red, 7 = dark red), Fat 
color = No. 1 ~ No. 7 (1 = white, 7 = dark yellow), Maturity = 1 ~ 3 (1 = youthful, 3 = mature). 2 
Treatment, complex natural feed additive containing (Probiotics, Red ginseng by-product 
and C. militaris) supplementation at 0.07% DM. 3 SEM, Standard error of means (n = 23).
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bioactive compounds in CA, promoting the production of diverse 
enzymes and making the substrate more efficient to break down.

Methane production results from the fermentation of digestible 
structural carbohydrates in the rumen (40). Ruminal methane is 
produced by methanogens in a reduction pathway of carbon dioxide 
(CO2) and hydrogen (H2) (41). In this study, methane proportion 
tended to decrease at 12 h of incubation. Kim et al. (31) reported that 
C. militaris had an adverse effect on ciliate protozoan populations in 
rumen in vitro experiments during early incubation. They reported 
that methanogen archaea were significantly decreased at 12 h 
incubation with low concentrations of C. militaris inclusion (0.10 g/L). 
Additionally, red ginseng contains triterpene saponin and 
pharmacological compounds (42). Saponins have a chemical structure 
that can act like soap, interacting with cell membrane components 
such as cholesterol and phospholipids (43). Especially in the rumen 
saponins can form complexes within protozoal cell membrane, 
leading to cell rupture and lysis (44). Rumen protozoa have a symbiotic 
relationship with methanogen archaea and are known to provide 
hydrogen as a substrate for methanogens (45). This interaction may 
affect microbial diversity and fermentation, thus inhibiting 
methanogenesis in ruminants. Consistent with the results of Hamid 
et  al. (18), who evaluated the red ginseng byproduct (RGP) as a 
protein source for the rumen and found that RGP significantly 
decreased methanogen archaea compared to another conventional 
ingredient. Thus, the decreased methane production in our study may 
be  attributed to the bioactive compounds of the CA acting 
synergistically to inhibit the growth of protozoa, ultimately leading to 
lower the methane formation.

BCFA results from the oxidative deamination and decarboxylation 
steps of branched-chain amino acids (BCAA) during fermentation 
(46). Cellulolytic bacteria utilize BCFA for the synthesis of BCAA 
(47). In this study, branched-chain fatty acids significantly increased 
with CA inclusion, which was associated with increased protein 
digestibility. Sun et al. (48) reported that B. subtilis natto, used in 
rumen in vitro fermentation at a concentration of 1.0 × 1011 CFU/g, 
significantly increased BCFA production. B. subtilis could produce 
proteolytic enzymes, including subtilisin, which promote protein 
digestion (37). It can be speculated that B. subtilis may accelerate the 
deamination and increase the utilization of isoacid for the synthesis 
of BCAA.

4.2 In vivo experiment

Based on the results from the in vitro experiment, 0.07% of CA 
(on a dry matter basis) was selected for in vivo dosage because it 
resulted in the highest production of VFA, and there were no 
harmful effects on ruminal fermentation. However, contrary to the 
results of the in vitro experiment, there were no significant results 
in final body weight and DMI between the control and treatment 
groups. Consistent with our results, previous studies on the same 
probiotic species did not show a significant improvement in the 
DMI of ruminants (49–51), while other studies reported an 
increased DMI of ruminants (52, 53). Discrepancies in results may 
be  due to the variations in the amounts of probiotics fed, the 
species of animals, or the age of the animals.

In this experiment, we  used red ginseng by-product as a 
component of the feed additive. RGP is known to contain compounds 

that can reduce feed intake due to its astringent and irritating taste 
(54). Also, triterpenoid saponins have been reported to inhibit 
pancreatic lipase activity (1). Yoshikawa et  al. (55) reported that 
triterpenoid saponins from Camellia sinensis inhibited pancreatic 
lipase activity in mice. Furthermore, the glucuronic acid unit at C3 
of the aglycone of triterpenoid saponins has been reported to inhibit 
α-amylase and α-glucosidase activity (56). Therefore, even though 
there were no significant differences in DMI between the control and 
treatment groups, we  can infer that, despite the increased VFA 
production observed in the in vitro experiment, saponin may have 
decreased pancreatic enzyme activity, which could have reduced the 
bioavailability of nutrients in the treatment group, ultimately leading 
to a decrease in growth and carcass performances.

Additionally, according to Riddell et al. (57), probiotics show their 
maximum effects during stressful conditions. Past studies have reported 
that probiotic supplementation during stressful periods in ruminant, 
such as weaning, dietary shifts, and the beginning of lactation, can 
significantly affect the performance of ruminant (58). Therefore, in the 
current experiment, the relatively well-housed environment may have 
helped prevent stressful conditions, limiting the potential effects on 
animal performance. Another speculated reason for the lack of effects 
on growth performance could be compensatory digestion that occurs 
in the post-ruminal digestive tract. The hindgut accounts for 
approximately 2% of the cow’s body weight and has been found to 
contribute to 8 to 17% of the TVFA absorption proportion from the 
digestive systems of ruminants (59). The hindgut also accounted for an 
average of total-tract starch disappearance, averaging 2.9% (range = 0.0 
to 6.8%) in steers. Additionally, low digestibility can compensate in the 
hindgut when ruminal digestibility is low (60). Given these reasons, CA 
supplementation may not increase the growth performances of Korean-
native steers.

Back-fat thickness refers to the external fat thickness of the carcass 
and is one of the less desirable parts of the carcass, as it is the most 
sensitive part when calculating the yield grade (KAPE, 2019). As 
shown, back-fat thickness was significantly decreased in the treatment 
group. Consistent with these results, Geng et al. (61) reported that 
feedlot bulls fed with yeast, increased triglycerides and free fatty acid 
levels in blood. Increased serum triglycerides level could elicit from the 
lipolysis of pre-deposited fat. Furthermore, Kim et al. (62) demonstrated 
that Bacillus probiotics increased lipid oxidative genes in liver and 
decreased lipid accumulation in mice subcutaneous tissues. Similarly, 
a previous study reported that C. militaris extract (CE), specifically 
cordyrrole a treatment against obesity induced by a high-fat diet in 
mice, decreased body weight gain and food efficiency ratio (63). They 
observed that the size of adipocytes was decreased by CE treatment, 
and active constituents of C. militaris inhibited adipocyte 
differentiation. Considering the significant reduction in backfat 
thickness and the increase in serum non-esterified fatty acid (NEFA) 
levels in the supplementation group that we could estimate that the 
results may have been influenced by the reasons mentioned above. 
Also, regarding carcass characteristics, previous studies have reported 
that higher carcass weight in cattle is associated with increased back-fat 
thickness (64). Carcass weight affects meat quality through its effect on 
fattiness. While there are other factors affecting the quality of meat, it’s 
crucial to consider genetic factors, which can vary depending on the 
animal species and the level of nutrients (65). Also, it’s important to 
note that the lipid metabolism of ruminants differs from that of 
monogastric animals, thus further research is needed.
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The color of meat is the most important factor for consumers 
when purchasing meat (66). Meat color is affected by several factors, 
such as genetics, animal age, nutritional status, and slaughter 
conditions (67). Fresh meat typically has a bright color and is used as 
an indicator of its freshness. In this experiment, meat color tended to 
decrease in the treatment group. The heavier carcass weight of cattle, 
due to the deposition of energy content from feed, promotes slower 
glycogen degradation until slaughtering. Heavier cattle also exhibit 
improved meat color (L*, a*, and b*) values, indicating slower 
glycogen degradation until slaughtering (68). This is associated with 
higher glycogen deposition, which accelerates the formation of lactic 
acid in the muscle. During the pre-slaughter season of cattle, increased 
physical activity and stress can lead to a higher demand for glycogen 
and altered pH in the meat, resulting in a change in color (darkening 
of the meat). Low acidity in the meat leads to a darker color in the 
muscle. Consequently, we can infer that heavier carcasses deposit 
more energy, leading to increased production of lactic acid in the 
muscle. This change in lactic acid levels affects the lower pH in the 
meat, resulting in a difference in meat color.

Blood hematology parameters are not affected by the 
supplementation of CA, which means that feeding 0.07% of CA (DM 
basis) had no negative effect on the immunological responses in 
Korean-native steers. This could be  due to the CA effects vary 
depending on the animal’s condition (fluctuation of blood), and the 
low sample size may have contributed to these results (69). Collectively, 
these results suggest that supplementation with 0.07% CA did not 
improve the performance of Korean-native steers. In general, the 
compounds of CA exert their maximum effectiveness in stressful 
environments, while this study was conducted in a normal 
environment. Therefore, further studies are suggested to investigate 
the effects of these factors under diverse conditions for ruminants, 
especially in stressful conditions.

5 Conclusion

Taken together, CA showed no harmful effects on rumen 
fermentation when supplements were up to 0.48%. However, 
supplementation of a complex of natural feed additives on Korean 
native steers significantly decreased average daily gain and back-fat 
thickness. In addition, there were no significant effects on final 
body weight, serum metabolites, or the health status of Korean 
native steers. Therefore, to overcome the limitations of this study, 
we  suggest conducting further research under stressful 
environments and experimenting with various conditions for 
animals to determine the efficacy of the feed additives and find 
ways to enhance their effectiveness.
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Glossary

ADF Acid detergent fiber

ADG Average daily gain

aNDF a-amylase treated neutral detergent fiber

BCFA Branched chain fatty acid

BCAA Branched chain amino acid

BUN Blood urea nitrogen

CA Complex natural feed additive

CBC Complete blood cell count

C. militaris Cordyceps militaris

CMS Condensed molasses soluble\

DFM Direct fed microbial

DMI Dry matter intake

Exp the exponential function

IBW Initial body weight

IVDMD In-vitro dry matter digestibility

K fractional rate of gas production (h−1)

L discrete lag time (h)

NEFA Non esterified fatty acids

RGP Red ginseng by-product

TCHO Total cholesterol

TGP Total gas production

TVFA Total volatile fatty acid

Vmax The asymptotic gas production (h−1)
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thymoquinone-loaded 
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immunity, antioxidant potential 
and resistance against Pasteurella 
multocida
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Phytochemical nanoemulsions, such as thymoquinone nanoemulsions (TQN), 
are regarded as innovative alternatives to antimicrobials that significantly 
improve the performance, digestion, antioxidant potential and immunity of 
rabbits. Thus, the potential effects of TQN on growth, digestibility, antioxidant 
potential, immunity and resistance against Pasteurella multocida (P. multocida) 
in rabbits were assessed. Herein, 240 rabbits were offered either a basal diet or 
diets fortified with three TQN-graded concentrations. At 60  days of age, rabbits 
were challenged with multidrug-resistant (MDR) virulent P. multocida strain. 
Our outcomes described that dietary inclusion of TQN, especially at higher 
concentrations, significantly enhanced the growth performance of rabbits, 
which was supported by increasing the levels of jejunal lipase, amylase and 
trypsin enzymes. Of note, the levels of muscle and jejunal antioxidant enzymes 
[superoxide dismutase (SOD), glutathione peroxidase (GPX), catalase (CAT) and 
total antioxidant capacity (T-AOC)], serum immunological markers (IgG, IgG, 
IgM and total Igs) and blood phagocytic percentage were significantly provoked 
after TQN fortification; meanwhile, the levels of muscle and jejunal MDA, 
serum biochemical parameters (total cholesterol, TG and LDL), abdominal fat 
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percentage, breast and thigh cholesterol were significantly decreased following 
TQN supplementations. Our findings showed that TQN protected rabbits against 
P. multocida experimental challenge as evidenced by reducing P. multocida 
counts in rabbits’ lungs, downregulating the transcription levels of P. multocida 
virulence-related genes (ptfA, toxA and nanB) at 48 and 96  h post-infection 
and ameliorating the expression levels of cytokines-related genes (IL-1β, IL-10, 
IL-8, IL-6, DEFB1, TNF-α, TLR-4 and TLR-2) at 96  h post-infection. Our findings 
suggest the utilization of TQN in rabbits’ diets due to their stimulating effects on 
digestibility as well as their growth-promoting, anti-inflammatory, antioxidant, 
antibacterial, anti-virulence and immunostimulant properties, which enhance 
the rabbits’ P. multocida resistance.

KEYWORDS

thymoquinone nanoemulsions, growth, immunostimulant, antioxidant, anti-virulence, 
Pasteurella multocida

1 Introduction

Rabbit’s production is becoming increasingly significant because 
of its growing role as a major source of animal protein, especially in 
low-income developing countries (1). Rabbits are highly susceptible 
to many bacterial diseases severely influencing the rabbit industry and 
causing substantial economic losses (2). Due to rabbits close contact 
with other animal species and the environment, they can become 
carriers of bacterial pathogens (3). Moreover, they are frequently 
infected with a bacterium called Pasteurella multocida (P. multocida), 
which is the common cause of respiratory illness. P. multocida is a 
significant Gram-negative bacterium linked to a variety of animal 
illnesses. P. multocida strains are classified into 16 lipopolysaccharides 
(LPS) somatic serogroups (1–16) and 5 capsular serotypes (A, B, D, E 
or F) (4). Some P. multocida serogroups can induce snuffles in rabbits 
(pasteurellosis), which causes severe epidemics and significant 
financial losses for rabbit breeding worldwide (5, 6). Rabbit 
pasteurellosis frequently manifests as chronic mucopurulent 
respiratory distress leading to high mortality rates in rabbits; however, 
the illness can also be characterized by other clinical manifestations 
such as septicemia, otitis and abscesses or can develop without 
exhibiting any clinical indications (7). The consequence of P. multocida 
infections is affected by the complicated interactions of various 
bacteria-specific and host characteristics (8). The LPS and 
polysaccharide capsule are significant virulence determinants 
implicated in the pathogenicity of P. multocida (9). Nevertheless, a 
large number of additional putative virulence factors are connected to 
the pathogenesis of P. multocida such as a wide range of outer 
membrane proteins, exotoxins, extracellular enzymes, iron acquisition 
and regulation proteins, fimbriae and colonization and adhesion 
factors (10). Of note, antimicrobial agents have been utilized for a long 
time for the treatment and prevention of bacterial infections such as 
P. multocida resulting in the emergence of multidrug-resistant (MDR) 
pathogens that are known to have a serious threat to the treatment and 
control of infectious diseases in both animals and humans (11–15). 
Additionally, the excessive utilization of antimicrobials has serious 
negative effects including the development of antimicrobial residues 
in rabbit meat, disturbing the gut microflora and reducing the host 
defense system (16). As a result, it is critical to find novel alternative 

antibiotics such as phytochemicals to control bacterial infections 
brought on by these MDR strains (17, 18).

One of the natural substitutes for antimicrobials is phytochemicals, 
which are secondary metabolites produced by plants as a result of their 
interactions with the surrounding environment (19, 20). 
Phytochemicals such as essential oils (EOs) can be  employed as 
nutritional supplements in animal diets because of their probable 
positive impacts on health, bacterial loads, immune defense, meat 
quality, digestion, utilization of nutrients, antioxidant potential and 
growth performance (19, 21, 22). These beneficial characteristics are 
related to their function in enhancing mucosal barriers and gut 
integrity, which augments host immunity and digestion (18, 21, 23). 
Thymoquinone (TQ) is regarded as the primary phenolic constituent 
of black cumin (Nigella sativa; NS) EO and it has been used for its 
therapeutic properties in food and animal industries since ancient 
times (11, 19). Moreover, TQ can be used as a feed additive in animals’ 
diets owing to its possible beneficial effects on growth performance, 
utilization of nutrients, immune defense, antioxidant status and 
microbial load via enhancing digestive and antioxidant enzymes 
production, gastrointestinal integrity, cytokines-related genes 
expression and minimizing the harmful bacterial counts (19, 24–26). 
Nevertheless, the antimicrobial activities of EOs such as TQ might 
be minimized via volatility, instability issues, low water solubility and 
oral bioavailability as well as their unpleasant taste (27, 28). To avoid 
these drawbacks, EOs nanoemulsions such as thymoquinone 
nanoemulsion (TQN) could be utilized because of their great chemical 
and physical stability in the aqueous media (28, 29). Due to the EOs’ 
nanoemulsions nanometric size, they can enhance the EOs’ bioactivity 
because the nanocarriers can provide precise control over the active 
substances released at the target location via improving the deep tissue 
penetration, enhancing the cellular uptake, shielding them from 
environmental exposure and lowering their volatility (30, 31).

The use of nanotechnology in rabbit breeding remains in its 
nascent stage. Despite this interest, to the best of our knowledge, there 
have been no studies on the application of TQN in rabbit breeding. 
Thus, the present work was undertaken to investigate, for the first 
time, the in vivo effect of TQN on rabbits’ growth performance, 
digestive and antioxidant enzymes, biochemical and immunological 
markers in addition to P. multocida loads in rabbits’ lung and the 
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expression levels of virulence-and cytokines-related genes post-
challenge with virulent P. multocida strain.

2 Materials and methods

2.1 Ethical statement

All procedures for experiments were performed following the 
rules and authorized specifications of the Institutional Animal Care 
and Use Committee (IACUC), Faculty of Veterinary Medicine, 
Zagazig University, Egypt under the reference number 
ZU-IACUC/2/F/195/2022.

2.2 Thymoquinone nanoemulsion 
preparation and characterization

Thymoquinone (03416-100MG, Mol. Wt. 164.20), 
polyoxyethylene (20) sorbitan monooleate (Tween 80, food grade) and 
sodium alginate (medium viscosity, A-2033) were obtained from 
Sigma-Aldrich (St. Louis, MO, United  States). In aqueous phase, 
sodium alginate was completely dispersed in hot water at a 
temperature of 70°C with continuous stirring until it was completely 
dissolved. To prepare the oil phase, a lab digital Ultra-Turrax disperser 
(IKA, Germany) at 3400 rpm for 2 min was utilized and a primary or 
coarse emulsion was prepared by combining the thymoquinone EO 
(1% v/v), sodium alginate solution and Tween 80 (1% v/v) as a 

surfactant. The primary emulsion was then homogenized for 15 min 
at 10,000 rpm resulting in the creation of the nanoemulsion solution 
with controlling the temperature via an ice-water cooling jacket to 
avoid heat build-up during homogenization. A Sonopuls HD 2200 
ultrasonicator (Bandelin, Berlin, Germany) was used to sonicate this 
combination for 10 min at 700 W (31). The average particle size and 
morphology of synthesized TQN was evaluated via transmission 
electron microscopy (Figure 1A) at the National Centre for Radiation 
Research and Technology, Egyptian Atomic Energy Authority, Cairo, 
Egypt and Fourier transform infrared spectroscopy (Figure 1B) at 
Radioactive Isotopes and Generators, Atomic Energy Authority, 
Egypt. Moreover, Zeta potential measurements (Figure 1C) and initial 
particle size (Figure 1D) were carried out using the dynamic light 
scattering (Zetasizer Nano ZS, Malvern, UK). The encapsulation 
efficiency (EE%) of TQN was calculated spectrophotometrically via 
UV-1800 UV–VIS spectrophotometer (Shimadzu, Kyoto, Japan) at 
256 nm according to the method described formerly (32) using the 
following formula: total [(TQN amountis−free TQN amount)/total 
TQN amount] × 100.

2.3 Feeding protocol and experimental 
design of rabbits

For conducting the present experimental trial, 240 New Zealand 
weaned male rabbits (30-day-old) were purchased from a local 
commercial rabbit producer. Once the rabbits arrived, they were 
weighed separately and then randomly placed into four groups with 

FIGURE 1

Transmission electron microscopy (A), Fourier transform infrared spectroscopy (B), zeta potential (C) and particle size distribution (D) of thymoquinone 
nanoemulsions.
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TABLE 1 The control experimental diet’s ingredients and nutrition levels.

%

Ingredient

Barley grains 16.3

Molasses 3.00

Wheat bran 19

Berseem hay 33.2

Soybean meal, 44% 15.70

Yellow corn 10

Common salt 0.5

Calcium dibasic phosphate 1.5

Anticoccidial 0.2

Antitoxin 0.3

Premixa 0.3

Nutrient composition

Digestible energy (KcaL/Kg) 2555.60

Phosphorus (%) 0.59

Calcium (%) 1.09

Crude fiber (%) 12.56

Ether extract (%) 2.33

Crude protein (%) 16.33

aPremix: each 5 kg diet consists of vitamins: B12, 2 mg; B6, 200 mg; B2, 600 mg; B1, 200 mg; 
E, 3,200 mg; D3, 3,000,000 IU and A, 1800,000 IU; magnesium, 100 g; Zn, 12,000 mg; Se, 
20 mg; Co, 20 mg; I, 200 mg; Cu, 3,000 mg; Mn, 10,000 mg; Fe, 10,000 mg; choline, 10,000 mg; 
nicotinic acid, 4,400 mg and Ca antothenate, 2000 mg.

60 rabbits and six replicates in each group (10 rabbits/replicate). The 
four experimental groups consisted of a control group fed the basal 
diet and three other groups offered meals supplemented with graded 
levels of TQN including 100, 200 and 300 mg/kg diet, which were 
spread uniformly over the feed by spraying after the pelleting process 
during the 30 days feeding trail. The animals were kept in cages under 
hygienic conditions during the feeding phase and offered pelleted 
diets with unlimited access to food and water ad libitum. The basal 
diets were created using the nutrient recommendations (33) as 
displayed in Table 1.

2.4 Growth performance attributes

The initial body weight of rabbits in each group was estimated at 
the start of the growing period. After that, the rabbits’ body weight and 
feed intake (FI) were recorded weekly to determine the growth 
performance aspects during the feeding period (60 days old). The feed 
conversion ratio (FCR), body weight gain (BWG) and FI were 
calculated as previously described (11, 34–36).

2.5 Collection of samples

After the end of the rearing period (60 days old), blood samples 
were aseptically collected from ear veins of 24 experimental rabbits (6/
group). The blood samples were then separated into two portions; the 

first one was obtained in sterile centrifuge tubes with an anticoagulant 
(ethylenediaminetetraacetic acid, Sigma, United States) to be used for 
determining the phagocytic percentage and hematological parameters 
and the second portion was obtained in a sterile centrifuge tube 
without an anticoagulant for separation of sera through centrifugation 
at 2,000 rpm for 10 min and the obtained sera were kept at −20°C for 
assessing the immunological and biochemical markers. Additionally, 
3 rabbits from each replicate were randomly captured, fasted 
overnight, weighed and then sacrificed via cervical dislocation 
according to the guidelines of the World Rabbit Science Association 
(37) to determine the yields of abdominal fat. After that, the breast 
muscle and jejunal samples were utilized for determining the activities 
of digestive and antioxidant enzymes. Moreover, the breast and thigh 
muscle samples were used to detect the total cholesterol levels in the 
thigh and breast.

2.6 Analysis of the digestive and 
antioxidant enzymes’ activities

The activities of amylase, lipase and trypsin enzymes were 
determined in the jejunal samples utilizing commercial kits (Nanjing 
Jiancheng Bioengineering Institute, Nanjing, China) according to the 
company’s directions. Additionally, the activities of antioxidant 
enzymes including superoxide dismutase (SOD), glutathione 
peroxidase (GPX) and catalase (CAT) as well as the levels of 
malondialdehyde (MDA) and total antioxidant capacity (T-AOC) in 
breast muscle and jejunal tissues were determined using commercial 
kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) 
following the producer’s manuals. The principle of the used 
commercial kits is based on the reaction between prepared samples 
and specified chemicals and the colored products were 
assayed colorometrically.

2.7 Biochemical and immunological 
markers

Red blood cells (RBCs) were assessed by a means of a Neubauer 
hemocytometer (Sigma, Germany) and hemoglobin (Hb) values were 
estimated via the cyanomethemoglobin colorimeteric technique. The 
levels of serum alanine and aspartate aminotransferase (ALT and 
AST), low-density lipoprotein (LDL), total cholesterol (TC) and total 
triglycerides (TG) were detected utilizing analytical kits (Spinreact 
Co., Santa Coloma, Spain) following the procedures’ manuals. The 
yields of abdominal fat were represented as a proportion of the body 
weight. Moreover, the breast and thigh muscle samples were used to 
enzymatically detect the total cholesterol in the thigh and breast via 
gas chromatography as in agreement with Association of Official 
Agricultural Chemists (AOAC) International 2002-AOAC 994.10 
standard (38). The examined samples were processed chemically via 
saponification with 5% KOH in methanol, pH = 2, extraction in ether, 
concentration and suspension in chloroform and they were 
subsequently analyzed using gas chromatography.

The serum concentrations of immune-related variables including 
immunoglobulin M (IgM), IgG and IgA were evaluated utilizing the 
enzyme-linked immunosorbent assay kits (Sigma Aldrich, MO, 
United States) as per the manufacturer’s regulations. Furthermore, 
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serum total immunoglobulins (Igs) and blood phagocytic percentage 
were determined as stated previously (39, 40).

2.8 Pasteurella multocida challenge trial

The MDR virulent P. multocida strain used in the current 
challenge study was isolated from rabbits with respiratory signs of 
snuffles and phenotypically identified according to conventional 
microbiological techniques. Briefly, the strain was grown into blood 
agar medium and the developed colonies were stained with Gram’s 
stain and then examined microscopically. Definitive identification was 
further conducted using various biochemical tests comprising oxidase, 
catalase, methyl red, Voges-Proskauer, indole, citrate, H2S production 
and urease consistent with standard techniques (6, 41). The utilized 
strain was molecularly identified using PCR examination of a species 
specific gene fragment; kmt1 gene as in compliance with the previously 
pronounced procedure (42). Additionally, the strain was confirmed to 
be  MDR after examining its antimicrobial susceptibility pattern 
according to the European Committee on Antimicrobial Susceptibility 
Testing (EUCAST) standard (43). Moreover, it was affirmed to 
be  virulent via PCR testing for the presence of genes encoding 
dermonecrotoxin (toxA), sialidases (nanB) and colonization and 
adhesion-related protein (ptfA) utilizing primers and PCR cycling 
protocols formerly described (6, 44, 45). The infecting strain was 
enriched in brain heart infusion broth (Oxoid, UK), passed twice in 
healthy rabbits for improving its pathogenicity and then it was 
re-isolated from sacrificed rabbits and used for the challenge trial. All 
rabbits were checked to make sure they were P. multocida-free before 
starting the challenge trial via bacteriological examination of 
conjunctival, nasal and rectal swabs for isolation and phenotypic and 
molecular identification of P. multocida as previously detailed. At 
60 days of age (the end of rearing period), 18 animals representing 6 
replicates from each group were challenged intranasally with 0.1 mL 
of pure P. multocida inocula containing 2 × 105 CFU/mL in sterile 
phosphate buffer saline. The experimentally infected rabbits were 
monitored for 96 h to look for any emergence of clinical signs. 
Additionally, clinically diseased, moribund and freshly dead rabbits 
were aseptically submitted for re-isolation and identification of the 
infecting P. multocida strain.

2.8.1 Quantification of Pasteurella multocida
At 48 and 96 h post-infection with P. multocida, 6 rabbits per each 

experimental group were euthanized and colony-forming units 
(CFUs) of P. multocida strains were detected in lung, spleen and liver 
tissues after culturing onto blood agar medium supplemented with 5% 
fresh sheep blood and clindamycin.

2.8.2 Gene expression analysis of virulence- and 
cytokines-related genes utilizing reverse 
transcription-quantitative PCR technique

Lung and splenic tissues were collected from 6 rabbits per each 
experimental group and used to extract total RNA using the QIAamp 
RNeasy Mini kit (Qiagen, Hilden, Germany) according to the 
producer’s manuals. A Nano Drop 2000 spectrophotometer (Thermo 
Scientific Inc., Waltham, MA, United States) was used for evaluating 
the RNA concentration and purity. The gene expression profiling was 

performed utilizing the 2x QuantiTect SYBR Green RT-PCR Kit 
(Qiagen, Hilden, Germany) via one-step reverse transcription-
quantitative polymerase chain reaction (RT-qPCR) tests. The mRNA 
transcript levels of virulence-related genes (ptfA, toxA and nanB) were 
determined at 48 and 96 h post-infection and the expression levels of 
cytokines-related genes including interleukin-1β (IL-1β), IL-10, IL-8, 
IL-6, beta-defensin 1 (DEFB1), tumor necrosis factor-alpha (TNF-α), 
toll-like receptor 4 (TLR-4) and TLR-2 were determined at 96 h post-
infection. A Stratagene Mx3005P real-time thermal cycler (Agilent 
Technologies, Inc., Santa Clara, CA, United States) was utilized to 
perform each RT-qPCR reaction in triplicate. The transcript levels of 
the housekeeping genes, glyceraldehyde 3-phosphate dehydrogenase 
(GAPDH) and kmt1 genes were served as endogenous controls for the 
expression levels of the examined genes. Table 2 describes all primer 
sequences of the studied genes. Post-PCR melting curve analyses were 
used to confirm the specificity of the PCR amplifications and the 
purity of the qPCR products after completing the RT-qPCR 
procedures. The 2−∆∆Ct technique was used to analyze the relative 
modifications in gene transcription levels (46).

2.9 Statistical analysis

Our data were analyzed using the general linear model of SPSS 
Inc. program version 20 (IBM Corp., Armonk, NY, United States) and 
the statistical significance difference between the experimental groups 
was evaluated using Tukey’s posthoc test. Levene’s and Shapiro–Wilk’s 
tests were used to determine the homogeneity and normality among 
the treatment groups, respectively. The results were expressed as the 
standard error of means (SEM) and the significance was identified at 
p < 0.05. The GraphPad Prism program version 8 (San Diego, CA, 
United States) was used to create the graphs in the current study.

3 Results

3.1 Thymoquinone nanoemulsion 
characterization

The average particle size and zeta potential of synthesized TQN 
are illustrated in Figure 1, where TQN exhibited a negative average 
zeta potential of −23 ± 0.89 mV and initial particle size of 
8.73 ± 1.20 nm with polydispersity index of 0.022 and EE% of 
87.65 ± 0.42%.

3.2 Growth performance and activities of 
digestive enzymes

Table  3 displays the findings of rabbits’ growth performance 
criteria following dietary inclusion of different levels of thymoquinone 
nanoemulsions. After ending the rearing period (60 days old), rabbits 
offered diets with TQN supplementations at the levels of 200 and 
300 mg/kg showed prominently significant (p < 0.001) rises in BWG 
(1,613 and 1,463 g, respectively). On the other hand, the BWG of 
rabbits supplemented with 100 mg/kg of TQN (1,392 g) and those 
offered a control basal diet (1,378 g) showed no significant variations. 
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TABLE 3 Impact of different levels of thymoquinone nanoemulsions on rabbits’ growth performance traits and jejunal digestive enzymes’ activities over 
the whole rearing period (60  days old).

Parameter Experimental groups

Control TQNI TQNII TQNIII p value SEM

Growth performance

Body weight, g 2190c 2205c 2269b 2419a < 0.001 14.56

Body weight gain, g 1378c 1392c 1463b 1613a < 0.001 11.10

Feed intake, g 4661a 4559a 3755b 4028c 0.02 13.30

Feed conversion ratio 3.38a 3.28b 2.57c 2.50c 0.03 1.34

Digestive enzymes

Amylase (U/g prot) 254.34c 255.88c 265.16b 299.90a <0.001 1.03

Lipase (U/g prot) 437.05d 459.18c 479.56b 490.02a <0.001 1.47

Trypsin (U/g prot) 280.86b 295.79a 300.2a 302.04a <0.001 1.07

Control, rabbits fed basal control diets; TQNI, TQNII and TQNIII, rabbits fed basal diets with thymoquinone nanoemulsions (TQN) supplementations at graded levels consisting of 100, 200 
and 300 mg/kg diets, respectively; SEM, standard error of the mean. a-d Means in a row with different superscript letters represent statistical variations (p < 0.05).

TABLE 2 Primers’ sequences of the investigated genes used in reverse transcription-quantitative PCR techniques.

Specificity/target gene Primer sequence (5′-3′) Accession No./reference

House keeping

GAPDH
F-GGTGGTGCTAAGCGTGTTA NM205518

R-CCCTCCACAATGCCAA

kmt1
F-ATCCGCTATTTACCCAGTGG (42)

R-GCTGTAAACGAACTCGCCAC

Virulence attributes

ptfA
F-TGTGGAATTCAGCATTTTAGTGTGTC (45)

R-TCATGAATTCTTATGCGCAAAATCCTGCTGG

toxA
F-CTTAGATGAGCGACAAGG

R-GAATGCCACACCTCTATAG

nanB
F-CATTGCACCTAACACCTCT

R-GGACACTGATTGCCCTGAA

Cytokines

IL-1β
F-TTCCGGATGTATCTCGAGCA NC_013670

R-GTGGATCGTGGTCGTCTTCA

IL-10
F-AAAAGCTAAAAGCCCCAGGA NM001082045.1

R-CGGGAGCTGAGGTATCAGAG

IL-8
F-CTCTCTTGGCAACCTTCCTG KT216053.1

R-TTGCACAGTGAGGTCCACTC

IL-6
F-GCCAACCCTACAACAAGA NC_013678

R-AGAGCCACAACGACTGAC

DEFB1
F-AGCCTGTCTGCCTGGAGTAG XM017337690.1

R-GATGAGGAGAGGCTTCATGG

TNF-α
F-CTGCACTTCAGGGTGATCG XM_008262537.2

R-CTACGTGGGCTAGAGGCTTG

TLR-4
F-AGATGAAGTTGTTCCCTCCG NM_001082732.2

R-GTGGGCTTAGAACAACTGGAAC

TLR-2
F-TGCCTCCTTGTTACCTATGC NM_00108271

R-AGATGAAGTTGTTCCCTCCG

GAPDH, glyceraldehyde 3-phosphate dehydrogenase; ptfA, Pasteurella multocida type 4 fimbrial subunit gene; toxA, dermonecrotoxin gene; nanB, gene encoding P. multocida sialidase protein; 
IL, interleukin; DEFB1, beta-defensin 1; TNF-α, tumor necrosis factor-alpha and TLR, toll-like receptor.
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Additionally, the best (p = 0.03) FCR was seen in rabbits offered diets 
with TQN supplementation at doses of 200 and 300 mg/kg (2.57 and 
2.50, respectively) in comparison with the control group (3.38).

The effect of supplementing graded levels of TQN on the activities 
of digestive enzymes in the rabbits’ jejunal tissues is shown in Table 3. 
The results showed that increasing TQN levels significantly (p < 0.001) 
raised the activities of jejunal amylase and lipase enzymes in a dose-
dependent manner at 60 days old. Additionally, the most notable 
(p < 0.001) increases in the activities of jejunal amylase, lipase and 
trypsin enzymes (299.90, 490.02 and 302.04 U/g prot, respectively) 
were noticed in rabbits administered TQN at a concentration of 
300 mg/kg.

3.3 Analysis of antioxidant-related 
parameters and malondialdehyde content

Table 4 describes the impact of dietary inclusion of different levels 
of TQN on the activities of antioxidant parameters in addition to 
MDA contents in breast muscle and jejunal tissues of rabbits. 
Surprisingly, significant improvements (p < 0.001) were seen in the 
activities of T-AOC, SOD, GPX and CAT in the breast muscle and 
jejunal tissues of rabbits supplemented with higher levels of TQN 
unlike the control group. Moreover, the most significant (p < 0.001) 
increase in the levels of T-AOC (14.9 U/mg prot), SOD (35.35 μ/mL), 
GPx (322.32 μmoL/mg) and CAT (5 U/L) were detected in the breast 
muscles of rabbits fortified with TQN at concentrations of 300 mg/kg 
in comparison with the control group (8.26 U/mg prot, 31.03 μ/mL, 
295.78 μmoL/mg and 3.2 U/L, respectively). Furthermore, the most 
significant (p < 0.001) elevation in the activities of T-AOC (25.8 U/mg 
prot), SOD (20.16 μ/mL), GPx (302.8 μmoL/mg) and CAT (4.02 U/L) 
was seen in the jejunal tissues of rabbits fortified with TQN at 
concentrations of 300 mg/kg in comparison with the control group 
(17.92 U/mg prot, 17.9 μ/mL, 253.18 μmoL/mg and 2.64 U/L, 

respectively). On the other hand, muscle and jejunal MDA levels were 
significantly decreased (p  < 0.001) across all TQN-supplemented 
groups as the level of TQN fortification increased. Additionally, the 
most significant (p < 0.001) decreases in the activities of muscle and 
jejunal MDA (0.2 and 1.28 nmoL/mL, respectively) were determined 
in rabbits offered TQN at the level of 300 mg/kg concerning the 
control group (0.38 and 2.06 nmoL/mL, respectively).

3.4 Analysis of serum biochemical 
parameters, abdominal fat and muscle 
cholesterol

The impact of dietary graded levels of TQN on the rabbits’ serum 
biochemical parameters, abdominal fat and muscle cholesterol are 
summarized in Table 5. Notably, there were no significant differences 
(p > 0.05) in the RBCs counts, Hb concentrations and serum levels of 
AST and ALT among all experimental groups. Moreover, the lipid 
profile revealed that total cholesterol, TG and LDL levels were 
decreased in the sera of rabbits with increasing dietary levels of 
TQN. The most significant (p < 0.05) reductions in the serum levels of 
TC, TG and LDL (108.36, 75.82 and 94.44 mg/ dL, respectively) were 
detected among rabbits fortified with TQN at a level of 300 mg/Kg 
when compared with the control group (112.44, 78.9 and 111.5 mg/ 
dL, respectively).

Remarkably, supplementing rabbits with TQN had a decreasing 
impact on their abdominal fat percentages. Moreover, the most 
significant (p = 0.003) decline in the abdominal fat was seen in rabbits 
offered TQN dietary supplementation at a concentration of 300 mg/
Kg (1.91%) concerning the control group (2.11%). Compared to the 
thigh, rabbits’ breast muscle had less cholesterol levels and raising the 
intake of dietary TQN decreased the cholesterol levels in both tissues 
concerning the control group. Furthermore, the most significant 
(p < 0.01) minimizations in the concentrations of thigh and breast 

TABLE 4 Effect of various levels of thymoquinone nanoemulsions on the activities of antioxidant markers in the breast muscle and jejunal tissues of 
rabbits.

Antioxidant 
markers

Experimental groups

Control TQNI TQNII TQNIII p value SEM

Breast muscle

T-AOC (U/mg prot) 8.26c 10.04b 11.00b 14.90a < 0.001 0.25

SOD (μ/mL) 31.03c 32.09b 34.92a 35.35a < 0.001 0.08

GPX (μmoL/mg) 295.78c 295.88c 319.7b 322.32a < 0.001 0.36

CAT (U/L) 3.20c 3.48c 4.14b 5.00a < 0.001 0.08

MDA (nmoL/mL) 0.38a 0.29a 0.24b 0.20c < 0.001 0.01

Jejunal tissues

T-AOC (U/mg prot) 17.92c 18.64c 21.62b 25.80a < 0.001 0.15

SOD (μ/mL) 17.90c 18.12bc 18.92b 20.16a < 0.001 0.12

GPX (μmoL/mg) 253.18c 256.12c 276.58b 302.8a < 0.001 1.5

CAT (U/L) 2.64c 3.27b 3.72a 4.02a < 0.001 0.05

MDA (nmoL/mL) 2.06a 1.70 ab 1.48b 1.28c < 0.001 0.04

T-AOC, total antioxidant capacity; SOD, superoxide dismutase; GPX, glutathione peroxidase; CAT, catalase; MDA, malondialdehyde; control, rabbits fed basal control diets; TQNI, TQNII and 
TQNIII, rabbits fed basal diets with thymoquinone nanoemulsions (TQN) supplementations at graded levels consisting of 100, 200 and 300 mg/kg diets, respectively; SEM, standard error of 
the mean. a-cMans in a row with different superscript letters represent statistical variations (p < 0.05).
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cholesterol (60.52 and 56.52 mg/100 mg, respectively) were 
pronounced in rabbits fortified with TQN at the level of 300 mg/Kg 
regarding the control group (62.24 and 59.36 mg/100 mg, respectively).

3.5 Analysis of serum immunological 
parameters and blood phagocytic 
percentage

Data relating to the serum immunological parameters and blood 
phagocytic percentage post supplemnting rabbits with graded TQN 
levels are displayed in Table  6. Concerning the concentrations of 
serum IgG, IgM, IgA, total Igs and blood phagocytic percentage, they 
were significantly (p < 0.001) upraised in rabbits offered TQN dietary 
inclusion in a dose dependant manner. Notably, rabbits offered TQN 
at a concentration of 300 mg/Kg showed the highest significant 
(p < 0.001) immune response as evinced by increased serum levels of 
IgG, IgM, IgA, total Igs and blood phagocytic percentage (13.3, 0.69, 
0.81 and 16.52 mg/ dL and 49.12%, respectively) when compared with 
the control group (10.84. 0.48, 0.62 and 12.7 mg/ dL and 25.4%, 
respectively).

3.6 Effect of thymoquinone nanoemulsions 
dietary inclusion on Pasteurella multocida 
counts

At 48 and 96 h post-infection with MDR virulent P. multocida 
strain, TQN-supplemented rabbits showed no observable clinical 
symptoms of snuffles or subcutaneous hemorrhages in contrast to 
control rabbits, which showed respiratory clinical signs of snuffles, 
subcutaneous hemorrhages and decline in their activities. The 
quantification outcomes of P. multocida in the lung, spleen and liver 
tissues of experimentally infected rabbits are demonstrated in 
Figure 2. At 48 and 96 h post-infection, P. multocida was numerically 

and significantly (p < 0.05) reduced in the lung and spleen tissues of 
rabbits offered TQN supplementations in a dose-dependent manner. 
Notably, our data showed that P. multocida populations were at their 
lowest levels in lung, spleen and liver tissues of rabbits receiving TQN 
supplementations at a level of 300 mg/Kg at both time intervals post-
infection with P. multocida strain (up to 1.89, 0.11 and 0.03 log10 
CFU/g, respectively).

3.7 Gene expression analysis of 
virulence-related genes post-infection 
with Pasteurella multocida

The relative transcription levels of P. multocida virulence-related 
genes via RT-qPCR at 48 and 96 h post-infection with MDR virulent 
P. multocida are shown in Figure 3. The outcomes demonstrated that 
TQN supplementations, especially at higher levels significantly 
(p < 0.05) downregulated the transcription levels of ptfA, toxA and 
nanB virulence genes compared to the control non-supplemented 
group. Of note, TQN dietary supplementation at a concentration of 
300 mg/Kg had a noticeable decreasing impact on the expression of 
the examined virulence genes at 48 and 96 h post-infection with 
P. multocida strain, with a special reference to nanB gene (0.41 and 
0.33–fold change, respectively).

3.8 Gene expression analysis of 
cytokines-related genes post-infection 
with Pasteurella multocida

The results of mRNA expression levels of cytokines-related genes 
via RT-qPCR at 96 h post-infection with MDR virulent P. multocida 
strain are illustrated in Figure  4. Our findings showed that 
supplementing the rabbits with TQN significantly (p  < 0.05) 
upregulated the transcription levels of IL-10 (Figure  4D), TLR-4 

TABLE 5 Impact of graded levels of thymoquinone nanoemulsions on the levels of hematology, serum biochemical parameters, abdominal fat and 
muscle cholesterol levels in rabbits.

Parameter Experimental groups

Control TQNI TQNII TQNIII p value SEM

RBCs (×106/μL) 2.62 2.67 2.69 2.72 0.07 0.10

Hb (g/dL) 11.29 11.27 11.30 11.33 0.80 0.12

WBC, 103/mL 12.55 11.99 12.03 12.13 0.60 0.15

Platelets, 103/mL 125.66 126.87 125.99 126.12 0.73 0.46

ALT (U/L) 21.18 21.36 20.88 21.09 0.575 0.12

AST (U/L) 51.40 51.36 50.54 51.66 0.094 0.152

TG (mg/dL) 78.9a 78.58a 76.62b 75.82b < 0.001 0.188

TC (mg/dL) 121.44a 118.84b 113.24c 108.36d < 0.001 0.322

LDL (mg/dL) 111.50a 99.58b 98.44b 94.44c < 0.001 0.378

Abdominal fat (%) 2.11a 2.06b 2.05b 1.91b 0.003 0.017

Breast cholesterol (mg/100 mg) 59.36a 59.27a 57.43b 56.52b < 0.001 0.209

Thigh cholesterol (mg/100 mg) 62.24a 61.73ab 61.73ab 60.52b 0.028 0.185

RBCs, red blood cells; Hb, hemoglobin; ALT, alanine aminotransferase; AST, aspartate aminotransferase; TG, total triglycerides; TC, total cholesterol; LDL, low-density lipoprotein; control, 
rabbits fed basal control diets; TQNI, TQNII and TQNIII, rabbits fed basal diets with thymoquinone nanoemulsions (TQN) supplementations at graded levels consisting of 100, 200 and 
300 mg/kg diets, respectively; SEM, standard error of the mean. a-dMeans in a row with different superscript letters represent statistical variations (p < 0.05).
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(Figure  4E), DEFB1 (Figure  4G) and TLR-2 (Figure  4H) genes 
comparing with the control non-supplemented rabbits at 96 h post-
infection with P. multocida strain. Moreover, the results displayed that 
increasing TQN levels significantly (p < 0.05) decreased the expression 
levels of IL-8 (Figure 4A), TNF-α (Figure 4B), IL-6 (Figure 4C) and 
IL-1β (Figure 4F) genes un like the control group at 96 h post-infection 
with P. multocida. Of note, rabbits offered 300 mg/kg of TQN had the 
highest significant (p < 0.05) increase in the expression levels of IL-10, 
TLR-4, DEFB1 and TLR-2 genes (up to 1.59– fold change) and the 

most significant (p < 0.05) downregulation in the transcription levels 
of IL-8, TNF-α, IL-6 and IL-1β genes (up to 0.69– fold change) 
concerning the control group.

4 Discussion

Recent developments in global rabbit industry have encouraged 
the utilization of a variety of practical and cost-effective strategies to 

TABLE 6 Impact of different concentrations of thymoquinone nanoemulsions on the levels of serum immunological parameters and blood phagocytic 
percentage in rabbits.

Parameter
Experimental groups

Control TQNI TQNII TQNIII p value SEM

IgG (mg/dL) 10.84c 11.64b,c 11.96b 13.30a < 0.001 0.142

IgM (mg/dL) 0.48c 0.58b 0.64a,b 0.69a < 0.001 0.11

IgA (mg/dL) 0.62c 0.66c 0.74b 0.81a < 0.001 0.008

Total Igs (mg/dL) 12.70d 14.68c 15.52b 16.52a < 0.001 0.094

Phagocytic percentage (%) 25.40d 38.92c 42.50b 49.12a < 0.001 0.305

Ig, immunoglobulin; Igs, immunoglobulins; control, rabbits fed basal control diets; TQNI, TQNII and TQNIII, rabbits fed basal diets with thymoquinone nanoemulsions (TQN) 
supplementations at graded levels consisting of 100, 200 and 300 mg/kg diets, respectively; SEM, standard error of the mean. a-dMeans in a row with different superscript letters represent 
statistical variations (p < 0.05).

FIGURE 2

Quantification of P. multocida loads in the lung (A), spleen (B) and liver (C) tissues of rabbits in response to thymoquinone nanoemulsions (TQN) 
supplementations at 48 and 96  h post-infection with MDR virulent Pasteurella multocida strain. Values are means ± standard error of the mean (SEM) 
in bars. Control, rabbits fed basal control diets; TQNI, TQNII and TQNIII, rabbits received basal diets with TQN supplementations at graded levels 
consisting of 100, 200 and 300  mg/kg diets, respectively. a–dMeans with various superscript letters denote statistical variations (p <  0.05).
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recommend the sustainability of rabbit production. Additionally, the 
excessive usage of antimicrobials led to the development of MDR 
strains, which limit their use; thus, several researches have focused on 
finding alternative substances from natural herbs (11, 20). 
Phytochemicals are thought to have a key role in rabbits’ diets. Among 
them, TQ was employed as a potential antimicrobial, anti-
carcinogenic, antioxidant, anti-inflammatory, immunostimulant and 
growth-promoting agent (11, 19, 24, 25). Of note, the use of 
nanotechnology in rabbit breeding remains in its nascent stage and 
unfortunately, to the best of our knowledge, there are no data on the 
application of TQN in the rabbit industry. Thus, our study investigated, 
for the first time, the efficacy of TQN on rabbits’ growth performance, 
digestive and antioxidant enzymes’ activities, phagocytic percentage, 
immunological and biochemical markers in addition to P. multocida 
resistance in challenged rabbits.

In the present work, dietary inclusion of TQN had enhancing 
impacts on rabbits’ growth attributes unlike the control group. 
Additionally, rabbits receiving TQN at a level of 300 mg/Kg exhibited 
the maximum BWG and superior FCR throughout the rearing period. 
In agreement with our outcomes, Nigella sativa (NS) seed had growth-
enhancing impacts by provoking the BWG and FCR in rabbits (24, 47, 
48) and broilers (28). Furthermore, rabbits offered dietary NS extract 
showed ameliorated FCR and enhanced BWG (11). In broilers, a 
previous research demonstrated that NS seed had enhancing impact 
on the digestive system, which led to better growth performance (49). 
In accordance, previous reports noted that dietary inclusion of TQ had 
provoked the BWG and FCR in broilers (50) and fish (19). Moreover, 
a previous report displayed that nano-encapsulated cumin EO had 
ameliorated the BWG and FCR in broilers (51). However, the effect of 

TQN on growth performance in rabbits was not studied until now. 
The high growth performance of rabbits offered TQN supplementation 
could be  attributed to their role in preserving the structure and 
enhancing the functions of the digestive system as previously recorded 
(19, 36, 52). The production of digestive enzymes could be altered 
through hormones, genes and dietary supplements (53). In parallel 
with the enhanced growth performance in TQN-supplemented 
groups, the activities of jejunal digestive enzymes (amylase, lipase and 
trypsin) were likewise raised indicating their improving impact on 
digestibility and nutrient utilization. In agreement with our outcomes, 
a recent study reported that NS extract had improving impacts on 
rabbits’ growth, feed utilization, digestive enzymes and gut microbial 
flora (11). A recent report revealed also that TQ enhanced digestion 
(54) and this may be linked to its function as a potent stimulator of 
digestive enzymes and its ability to increase nutrient retention with a 
favorable impact on nutrient utilization and growth performance (55). 
Previous studies stated the enhancing effects on broilers’ digestive 
enzymes following dietary fortification with eugenol nanoemulsions 
(56), garlic nano-hydrogel (57), thymol nanoemulsion (31) and EOs 
mixture (18). However, the effect of TQN on the activities of digestive 
enzymes in rabbits has not yet been investigated. Of note, EOs may 
affect growth rate by increasing nutrient digestibility through the 
regulation of the intestinal microbiota and upregulation of endogenous 
enzymes (58). Additionally, it was formerly proven that 
phytochemicals can modify the digestive transcriptional patterns (59). 
The differences in the impacts of EOs between various researches may 
be resulted from the variability in supplementation doses, components, 
extraction techniques and sources (19). The enhancing effect of 
thymoquinone nanoemulsion on rabbits’ performance might 

FIGURE 3

Impact of dietary fortification with graded levels of thymoquinone nanoemulsions (TQN) at 48 and 96  h post-infection with MDR virulent Pasteurella 
multocida strain on relative transcription levels of P. multocida virulence genes; ptfA (A), toxA (B) and nanB (C). Values are means ± standard error of 
the mean (SEM) in bars. Control, rabbits fed basal control diets; TQNI, TQNII and TQNIII, rabbits received basal diets with TQN supplementations at 
graded levels consisting of 100, 200 and 300  mg/kg diets, respectively. a–dMeans with various superscript letters denote statistical variations (p <  0.05).
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be explained by improving the bioactivity and bioavailability of TQ 
because TQN permit easier uptake by cells in the gut and deeper 
penetration to tissues resulting in an effective rise in the transcription 
levels of genes encoding digestive enzymes (31).

The immune system and overall health of animals are closely 
related to the antioxidant defense system. Subjecting animals to 
stressful situations could increase the formation of reactive oxygen 
species (ROS), which cause oxidative stress and significant cell 
damage. The antioxidant defense system helps the animals to keep 
endogenous ROS at shallow concentrations and reduce oxidative 
damage brought on by the elevated reactive nature of ROS (60). Due 
to the ongoing formation and clarity of free radicals by the animal’s 
antioxidant system, their levels are maintained under a dynamic 
balance in normal physiological conditions (61). On the other hand, 
increasing ROS generation might promote the lipid peroxidation of 
cell membranes and have a detrimental effect on animal health and 
performance (62). Antioxidant enzymes, including GPX, SOD and 
CAT, are thought to be  the primary lines of defense against the 
production of harmful ROS, resulting in direct detoxification (63, 64). 
The T-AOC is regarded as an index to reflect the body’s antioxidant 
levels (65). Contrarily, larger levels of free radicals lead to an excess of 

MDA, which is one of the byproducts of cells’ lipid peroxidation; thus, 
the MDA concentration is typically used as a sign of oxidative stress 
(66). Animal diets supplemented with antioxidants can eliminate free 
radicals, which can coordinate the animal’s antioxidant system. In this 
situation, TQN is a natural antioxidant, but researches on the 
processes by which it affects the rabbits’ antioxidant system and 
whether its application would offer an extra advantage for enhancing 
this function are currently lacking and require more investigation. 
Our results showed a significant increase in the concentrations of 
T-AOC and GPX, CAT and SOD enzymes and a decrease in the level 
of MDA in the breast muscle and jejunal tissues of rabbits offered 
dietary TQN in comparison with the control group suggesting its role 
in activating the antioxidant enzymatic processes. Similarly, TQ 
dietary supplementation increased the activities of CAT, SOD and 
GPX antioxidant enzymes and lowered the concentrations of MDA in 
rabbits (67). In accordance, dietary fortifications with liposomal 
encapsulated TQ elevated the levels of T-AOC, CAT antioxidant 
enzyme and decreased the level of MDA in rabbits (68). Furthermore, 
dietary inclusion of microalgae mixture increased the activities of 
T-AOC and GPX, CAT and SOD antioxidant enzymes and decreased 
the level of MDA in fish, which enhanced the cells’ resistance to 

FIGURE 4

Transcriptional levels of cytokines-related genes; IL-8 [interleukin-8; (A)], TNF-α [tumor necrosis factor-alpha; (B)], IL-6 [interleukin-6; (C)], IL-10 
[interleukin-10; (D)], TLR-4 [toll-like receptor 4; (E)], IL-1β [interleukin-1β; (F)], DEFB1 [beta-defensin 1; (G)] and TLR-2 [toll-like receptor 2; (H)] 
detectable via RT-qPCR in the splenic tissues of rabbits offered graded levels of thymoquinone nanoemulsions (TQN) supplementations at 96  h post-
infection with MDR virulent Pasteurella multocida strain. Values are means ± standard error of the mean (SEM) in bars. Control, rabbits fed basal control 
diets; TQNI, TQNII and TQNIII, rabbits received basal diets with TQN supplementations at graded levels consisting of 100, 200 and 300  mg/kg diets, 
respectively. a–cMeans with various superscript letters denote statistical variations (p <  0.05).
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oxidative stress (69). Numerous studies have stated that TQ has 
antioxidant properties, which are responsible for eliminating free 
radicals and provide a significant improvement to oxidative stress 
responses (19, 70, 71). Herein, dietary inclusion of TQN boosted the 
antioxidant potential of rabbits, which might be  attributed to the 
effectiveness of nanoemulsions in enhancing the bioactivity and 
bioavailability of TQ, which allow easier uptake by cells and deeper 
penetration to tissues leading to enhancement of antioxidant 
defense system.

The liver enzymes aminotransferases (AST and ALT) reflect the 
health condition of the liver (39). Herein, TQN supplementations did 
not change the levels of AST and ALT, which suggested that TQN has 
a protective impact on the rabbits’ liver tissues. In agreement with our 
outcomes, dietary inclusion with liposomal encapsulated curcumin 
and nano-curcumin did not alter the activities of AST and ALT (39, 
72). Similarly, previous studies stated that dietary inclusion of EOs did 
not alter the levels of AST and ALT in fish (19) and broilers (40). 
Furthermore, dietary EOs (73) and coconut oil (74) fortifications 
reduced the serum level of ALT and AST in rabbits, respectively. Our 
findings displayed a significant decrease in the activities of total 
cholesterol, TG and LDL in rabbits receiving dietary TQN, which 
suggests that TQN might have a modulatory effect in regulating the 
level of enzymes involved in lipid metabolism. Moreover, lowered 
serum cholesterol concentrations were also reflected in reduced 
cholesterol levels in thigh and breast muscles after TQN dietary 
supplementations. Our findings might be attributed to boosting the 
cholesterol total fecal excretion through the bile and inhibiting its 
absorption in the gut (40, 75). Additionally, phytochemical 
nanoemulsions may alter hepatic gene expressions and prevent the 
biosynthesis of cholesterol by decreasing important lipogenic factors 
that promote the production of bile acids and boost cholesterol 
clearance (76). Moreover, TQ dietary supplementation minimized the 
serum levels of TC and TG in fish (19). In accordance, EOs 
supplementations decreased the serum activities of TC, TG and LDL 
in broilers (40). Accordingly, similar outcomes were observed when 
abdominal fat, cholesterol levels in the thigh and breast muscles and 
serum levels of TC, TG and LDL were reduced in broilers receiving 
dietary NS supplementations (77).

The health of animals is primarily maintained by the immune 
system. Essential oils have a favorable impact on the animals’ immune 
defense as they improve the activities of lymphocyte and 
immunoglobulin synthesis (78, 79). The rabbits’ immunological 
response and antioxidant defense systems are positively correlated 
providing defense against invasive harmful microorganisms. 
Strengthening the immune defense of rabbits through dietary natural 
antioxidants could counteract the issue of stressful situations during 
the weaning phase. Total Igs have significant functions in the 
immunological activities including phagocytosis and neutralization of 
harmful microorganisms making them important components of the 
humoral immune defense (80). Additionally, IgM, IgG and IgA are the 
three main immunoglobulin isotypes that react to both systemic and 
local microorganisms (81). Our outcomes showed that rabbits offered 
dietary TQN, particularly at a level of 300 mg/kg showed increases in 
the levels of IgG, IgM, IgA and total Igs and phagocytic percentage 
when compared with the control group. These findings were attributed 
to provoking the rabbits’ immune system, which accelerated the 
synthesis of cytokines that are essential for controlling the immune 
response (76). Similarly, dietary coconut oil supplementation 

enhanced the phagocytic activity and immune response in rabbits (74) 
and dietary inclusion with NS seed enhanced the serum levels of IgG 
and IgM in rabbits (24). Moreover, TQ dietary supplementation 
enhanced the serum level of IgM in fish (19). Furthermore, EOs 
fortifications provoked the serum levels of IgG and IgM and blood 
phagocytic percentage in rabbits (74). In accordance, a recent study 
displayed that phytochemical curcumin encapsulation increased the 
levels of total Igs and IgM in fish (39). Accordingly, previous reports 
displayed that EOs supplementation enhanced the activities of IgG, 
IgM and IgA and phagocytic percentage in broilers (40) and 
piglets (82).

Pasteurella multocida can colonize the respiratory tract of rabbits 
causing snuffles (pasteurellosis) and significant financial losses for 
rabbit breeding (5, 6). For many years, antimicrobials have been 
considered a key tool in the treatment of bacterial infections; but as a 
result of their excessive usage, MDR strains have emerged recently 
(21). From this perspective, the EOs’ possible benefits have been 
considered as a possible approach to combat bacterial infections (18, 
19, 22). There is a lack of information regarding EOs’ ability to prevent 
or treat P. multocida infections in farmed rabbits. Herein, quantitative 
analysis of P. multocida counts in challenged rabbits displayed that 
dietary inclusion with TQN significantly minimized P. multocida 
loads at 48 and 96 h post-infection with MDR virulent P. multocida 
strain concerning the control group. Similarly, a recent study reported 
that NS extract significantly minimized methicillin-resistant 
Staphylococcus aureus counts in challenged rabbits suggesting its 
antibacterial activities (11); but, the impact of TQN on P. multocida 
populations in the lung tissues of challenged rabbits was not studied 
till now. Regarding P. multocida resistance in challenged rabbits 
following TQN fortifications, previous studies stated that NS extract 
can alter the innate immune response function by minimizing 
bacterial survival, raising nitric oxide generation and improving the 
phagocytic ability of macrophages (11, 83).

Nutritional immunology is a unique approach to disease 
prevention in the rabbit industry via the use of dietary supplements to 
get around the limitations of vaccination programs (11, 84). Moreover, 
improving rabbits’ nutrition and veterinary care for preventing 
infections will increase the economic and productive efficiency of 
rabbits’ husbandry. Notably, numerous treatment strategies target 
recently microbial pathogenicity rather than microbial survival (85). 
Thus, the TQN anti-virulence activities were investigated by 
determining the transcription levels of ptfA, toxA and nanB virulence 
genes in response to its supplementation at 48 h and 96 h post-
infection with P. multocida strain. Herein, the transcription levels of 
ptfA, toxA and nanB virulence genes were significantly downregulated 
in challenged rabbits fortified with TQN supplementation, especially 
at high levels, unlike the control group at 48 h and 96 h post-infection 
with MDR virulent P. multocida strain. Similarly, a previous report 
displayed the in vivo anti-virulence characteristics of dietary TQ 
supplementations against Aeromonas sobria in challenged fish (19). 
Furthermore, a recent study stated the in vivo anti-virulence properties 
of thymol nanoemulsion against Salmonella Enteritidis in challenged 
broilers (30). Notably, a recent study displayed that marjoram extract 
downregulated the expressions of P. multocida virulence-related genes 
in vitro (6); however, the in vivo anti-virulence effect of TQN in rabbits 
experimentally infected with P. multocida has not yet been studied. 
The anti-virulence characteristics of TQN might be resulted from the 
inhibition of quorum sensing (QS), which is the microbial gene 
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regulation system that controls the transcription of various virulence 
markers (19). A recent report stated that the EO suppresses QS at 
sub-inhibitory concentrations and reduces a range of QS markers in 
a dose-dependent effect (86). The direct impact of EO on the 
production of QS signaling molecules and the deactivation of cognate 
receptors may be responsible for its anti-QS effects. As a result, it 
inhibited the transcription of virulence genes responsible for 
cooperative behaviors (30, 85).

The persistence of gut integrity and barrier functions can 
be  influenced by the interactive effects of phytochemicals on the 
superior immune response via altering the transcription of various 
cytokines, mucin and pattern recognition receptors (87). It is well-
recognized that cytokines have a significant regulatory role in 
controlling the gut inflammatory reactions (84). Notably, the tight 
junctions serve as both physical and functional barriers against the 
entry of harmful pathogens and other chemicals making them 
essential elements of the gut barrier functions (88). Numerous 
markers such as mucin, tight junction molecules and defensins reflect 
different elements of the gut barrier. Moreover, TLR signaling 
improves the integrity of tight junctions by improving the transcription 
of important genes related to tight junctions (11). Of note, TQ has 
immunostimulant activities in a variety of animals’ immunologic and 
inflammatory illnesses (89) and it exerts an ameliorating impact on 
the anti-inflammatory cytokines such as IL-10 and the 
proinflammatory cytokines including TNF-α, IL-8, IL-6 and IL-1β, 
which inhibits the development of intestinal inflammation and 
maintains intestinal hemostasis (90). Contrarily, when bacteria invade 
the gut epithelial cells, gut immune cells begin cytokines synthesis, 
which in turn promotes immune defense against bacteria (91). In this 
context, P. multocida may increase the expression levels of TNF-α, IL-8 
and IL-6 genes, which in turn raises the gastrointestinal epithelium’s 
permeability (92). IL-1β is one of the most important 
pro-inflammatory cytokines, which promotes its own expression as 
well as the transcription of other chemokines and pro-inflammatory 
cytokines leading to recruiting the inflammatory reactions and 
initiating the formation of antimicrobial cells (93). Additionally, IL-10 
has a primarily antagonistic effect on inflammation in addition to its 
critical function in suppressing immunological and inflammatory 
reactions (94). Our findings showed that, in parallel with improving 
the serum immunological parameters and phagocytic indices, dietary 
TQN fortifications significantly downregulated the expression levels 
of TNF-α, IL-8, IL-6 and IL-1β genes and upregulated the transcription 
levels of IL-10, TLR-4, DEFB1 and TLR-2 genes in rabbits at 96 h post-
infection with P. multocida in comparison with the control group. Our 
findings indicate that TQN fortifications successfully counteracted the 
strong inflammatory reactions in P. multocida experimentally-infected 
groups suggesting its potent anti-inflammatory and immunostimulant 
activities. In agreement with our findings, TQ can control the 
movement of inflammatory cells by altering the transcription of 
cytokines and/or chemokines, which has the effect of reducing the 
immune system’s response to inflammation (89). In a comparable 
study, NS extract reduced the expression levels of TNF-α, IL-8, IL-6 
and IL-1β genes and increased the transcription levels of IL-10, TLR-4, 
DEFB1 and TLR-2 genes in rabbits (11) and dietary supplementations 
of NS powder improved the immunological responses in broilers (95). 
These findings may provide an explanation for TQ anti-inflammatory 
properties (90). Thymoquinone has already been shown to have 

improving effects on the immune defense via enhancing the response 
of antibodies and restoring the immunological and inflammatory 
changes (96). From our point of view, TQN have antimicrobial, 
antioxidant, immunostimulant and anti-inflammatory properties that 
enhance serum cellular and humoral immunity, which in turn reduces 
the proliferation of harmful microorganisms and inflammation 
in rabbits.

5 Conclusion

Overall, the outcomes of our work indicated the improving effects 
of TQN dietary supplementation during the entire experimental 
period on rabbits’ growth, digestion, immunity and antioxidant 
potential as realized by increasing the levels of digestive and 
antioxidant enzymes as well as biochemical and immunological 
markers. Moreover, dietary inclusion of TQN for rabbits challenged 
with P. multocida reduced the severity of clinical manifestations and 
bacterial translocation or localization by reducing the counts of 
P. multocida in rabbits’ lungs, downregulating the expression levels of 
P. multocida virulence-related genes and ameliorating the transcription 
levels of cytokines-related genes. Therefore, our findings suggest using 
TQN as a novel dietary supplement, which is advertised to play a 
fundamental role in controlling P. multocida infection in rabbits.
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acid supplementation on in vitro 
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fermentation, and bacterial 
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Hemicellulose is an important polysaccharide in ruminant nutrition, but it has not 
been studied as thoroughly as cellulose. Further research is needed to explore 
supplements that can improve its digestibility and ruminal buffering effects. Our 
previous research demonstrated the efficacy of oxalic acid (OA) as an essential 
nutrient in yeast culture (YC) for improving rumen fermentation performance. 
Consequently, we conducted in vitro rumen digestion experiments to examine 
the effects of YC and OA on rumen fermentation and bacterial composition. 
Two diets containing different levels of hemicellulose were formulated: diet 1 
with 10.3% and diet 2 with 17% hemicellulose. Three levels of YC (0.00, 0.625, 
and 1.25  g/kg) and three doses of OA (0.0, 0.4, and 0.8  g/kg, DM) were added 
into each diet with a 3  ×  3 factorial design. A comprehensive assessment was 
conducted on a total of 18 experimental treatments at fermentation periods of 0, 
6, 12, 24, and 48  h. In the first experiment (diet 1), the supplementation of YC, OA, 
and their interaction significantly increased in vitro DM disappearance (IVDMD) 
and NDF disappearance (IVNDFD; p <  0.001). In the second experiment (diet 2), 
the supplementation of OA and the interaction between YC and OA (p <  0.001) 
increased IVDMD and IVCPD, but had no significant effects on IVNDFD. The 
interactions of YC and OA significantly increased ammonia nitrogen (p <  0.001). 
The production of acetic acid, propionic acid, and total volatile fatty acids 
(TVFA), and pH levels were significantly higher in treatments supplemented with 
YC and OA (p <  0.001). YC and OA in both diets significantly altered the rumen 
bacterial community leading to increased Shannon and Simpson diversity 
indices (p <  0.001). In both diets, OA supplementation significantly increased the 
relative abundance of the phylum Bacteroidetes and Prevotella genus. The result 
also showed a positive correlation between the Prevotella and Selenomonas 
genera with IVDMD, IVNDFD, propionic acid, and TVFA production, suggesting 
that these dominant bacteria enhanced nutrient disappearance in the rumen. 
In conclusion, adding YC and OA resulted in modifications to the bacterial 
community’s composition and diversity, and improved nutrient disappearance. 
These changes indicate improved rumen fermentation efficiency, which is 
promising for future in vivo studies.
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1 Introduction

The increasing demand for intensive sheep production has led to 
the strategic use of expensive feed ingredients to boost productivity. 
As a result, producers are providing grains, grain processing 
byproducts, and concentrates to their sheep in order to achieve higher 
returns (1). This primarily impacts the animals’ health by reducing the 
pH levels in their rumen, resulting in subacute ruminal acidosis and 
other metabolic disorders. In response, feed manufacturing companies 
have recently begun incorporating corn bran into the total mixed 
ration (TMR) due to its high hemicellulose content (2), as it is the 
richest source of hemicellulose.

Hemicellulose is a polysaccharide comprising all cell wall 
constituents except cellulose and pectin (3), that plays a significant 
role in ruminant nutrition as an important component of fiber, but it 
has not been as extensively researched as cellulose. Anaerobic 
microorganisms, including hemicellulolytic and nonhemicellulolytic 
microbes, as well as extracellular enzymes can break down and 
ferment hemicellulose in the rumen to produce volatile fatty acids 
(VFA) and stabilize the rumen ecosystem of the host (4). Currently, 
there is a lack of research on the effectiveness of supplements in 
enhancing hemicellulose digestibility and ruminal buffering effects. 
Consequently, in order to enhance hemicellulose digestion, it is 
necessary to design and implement other alternatives.

Saccharomyces cerevisiae is a unicellular fungus commonly added 
to animal feed as yeast culture (YC) or live yeast (LY) supplement that 
facilitates carbohydrate fermentation (5). Adding YC to the ruminant’s 
diet can stimulate fiber digestion (6) and change fermentation by 
improving the rumen microflora composition (7, 8), but it is not a 
nutrient source (9). Plata and Bárcena-Gama (10) conducted a study 
showing that adding YC to the diet could facilitate the breakdown of 
hemicellulose in the rumen. On the other hand, studies have shown 
that adding YC to the diet can reduce ammonia nitrogen concentration 
(11, 12) and rumen microbiome (13).

Oxalic acid (OA) is a low molecular weight organic acid that is 
synthesized by several organisms, including fungi, bacteria, plants, 
and animals (14, 15) and is most abundantly found in the environment 
(14). Roughage feeds supplemented with organic acids improved 
rumen fermentation efficiency and fiber degradation (16, 17). Other 
researchers found that OA decreased DM digestibility, ammonia 
nitrogen concentration, and butyrate production and had a negative 
impact on rumen microbial activities (18). However, it is still being 
produced sufficiently in the environment (14, 15, 19). Therefore, 
finding options to effectively use this potentially available organic acid 
especially as a feed supplement is important for livestock producers, 
feed processing companies and reagents manufacturing industries. 
Furthermore, we previously reported that oxalic acid (OA) plays a 
crucial role in enhancing rumen fermentation and nutrient digestion 
in YC. Consequently, the supplementation levels of YC and OA were 
determined based on the recommendations derived from these 

findings (20). Hence, this research hypothesized that combining YC 
and OA may enhance rumen fermentation efficiency, nutrient 
digestion, and alter bacterial community composition. Therefore, two 
3 × 3 factorial in vitro experiments were designed to examine the 
effects of YC and OA on nutrient disappearance, rumen fermentation 
parameters, and bacterial community composition.

2 Materials and methods

2.1 Animals

Four short-tailed, male, Han sheep (average live weight, 
36 ± 3.52 kg, mean ± SD) were used as donors of rumen fluid. The 
sheep were fitted with a round-shaped and flexible rumen cannula. 
They were fed pelleted concentrate and oat hay in a 1:1 concentrate to 
forage ratio twice daily at 07:30 AM and 05:30 PM and had free access 
to fresh, clean water.

2.2 Experimental treatment formulation 
and design

Based on the fiber requirements of sheep (21) specifically neutral 
detergent fiber (NDF) and acid detergent fiber (ADF) levels, two 
hemicellulosic diets were formulated. These diets were named diet 1 
and diet 2, their hemicellulose levels were 10.3% and 17%, respectively. 
The two diets were supplemented with 3 levels of YC (0.000, 0.625, and 
1.250 g/kg) and 3 doses of OA (0.0, 0.4, and 0.8 g/kg of feed, DM basis) 
in a 3 × 3 factorial design. A total of 18 treatments (9 in each diet) were 
designed and evaluated. The YC and OA levels are expressed as grams 
per kilogram of feed on a dry matter basis. Table 1 presents detailed 
information about the experimental treatments in both diets. The 
ingredients and nutritional chemical composition of the two diets are 
shown in Table 2. The YC was manufactured under the controlled 
microenvironment of the JLAU-Borui Dairy Science and Technology 
R&D Center, and the oxalic acid was purchased from the RHAWN 
reagents supplying company (Shanghai, China).

2.3 Nutritional chemical composition 
analyses

The dried feed samples were ground to pass through a 1 mm 
screen using a Wiley mill (Thomas Scientific, Swedesboro, NJ) for all 
nutritional composition analyses. The chemical composition was 
determined using AOAC (22) methods: method 934.01 for DM, 
method 942.05 for ash, and method 984.13 for N determination. The 
acid detergent fiber (ADF) and neutral detergent fiber (NDF) contents 
were evaluated using the ANKOM200 Fiber Analyzer (ANKOM 
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Technology, Macedon, NY, United States). Reagents such as sodium 
sulfite and α-amylase (ANKOM Technology) were used in the NDF 
analysis, while sulfuric acid was used for ADF extraction. The 
hemicellulose level was computed using the difference between the 
NDF and ADF levels.

2.4 In vitro nutrient disappearance

To measure the nutrient disappearance, an ANKOM DAISYII 
incubator (ANKOM Technology, Macedon, NY, United States) was 
used. Before the morning feeding, the rumen fluid was collected from 
four rumen-cannulated sheep and filtered through four layers of 
cheesecloth. Subsequently, a total volume of 1,200 mL of buffer 
solution (23) and 400 mL of rumen fluid were added to each digestion 
jar. One gram of experimental treatment was measured and added to 
the F-57 ANKOM filter bag. An empty F-57 filter bag was included in 
each phase for the correction factor. The filter bags were heat-sealed 
and placed directly into the digestion jars. The jars were purged with 
CO2 for 30 s to create an anaerobic environment, then tightly covered 
and incubated for 0, 6, 12, 24, and 48 h in an ANKOM DAISYII 
incubator. Each treatment was replicated 15 times (5 replications for 
each parameter) at each fermentation time to measure in vitro dry 
matter (IVDMD), neutral detergent fiber (IVNDFD), and crude 
protein (IVCPD) disappearance.

A total of 1,350 ANKOM F-57 filter bags were used for measuring 
nutrient disappearance. After fermentation, each bag was rinsed with 

cold tap water until the water ran clear and was agitated to remove any 
remaining water. Then, each bag was air-dried and oven dried at 55°C 
for 72 h with bags being turned upside down every 12 h to ensure 
uniform drying. The weight of each dried bag was then measured. At 
each fermentation time, some bags were used for further NDF and CP 
analyses using the methods mentioned in section 2.3. Finally, the 
following mathematical formulas were used to calculate in vitro 
nutrient disappearance (24, 25).
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TABLE 1 The experimental treatments with levels of supplements used in the study.

Diets Treatments Yeast culture levels (g/kg) Oxalic acid levels (g/kg)

Diet 1 (10.3% hemicellulose)

C - -

y 0.625 -

Y 1.25 -

o - 0.40

O - 0.80

yo 0.625 0.40

yO 0.625 0.80

Yo 1.25 0.40

YO 1.25 0.80

Diet 2 (17% hemicellulose)

ctrl - -

L 0.625 -

H 1.25 -

l - 0.40

h - 0.80

Ll 0.625 0.40

Lh 0.625 0.80

Hl 1.25 0.40

Hh 1.25 0.80

Where: C = Diet 1 (10.3% hemicellulose); y = diet 1 with low yeast culture; Y = Diet 1 with high yeast culture; o = diet 1 with low oxalic acid; O = diet 1 with high oxalic acid; yo = diet 1 with low 
yeast culture and low oxalic acid; yO = diet 1 with low yeast culture and high oxalic acid; Yo = diet 1 with high yeast culture and low oxalic acid; YO = diet 1 with high yeast culture and high 
oxalic acid; ctrl = Diet 2 (17% hemicellulose); L = diet 2 with low yeast culture; H = diet 2 with high yeast culture; l = diet 2 with low oxalic acid; h = diet 2 with high oxalic acid; Ll = diet 2 with 
low yeast culture and low oxalic acid; Lh = diet 2 with low yeast culture and high oxalic acid; Hl = diet 2 with high yeast culture and low oxalic acid; and Hh = diet 2 with high yeast culture and 
high oxalic acid. The hemicellulose, yeast culture, and oxalic acid levels are expressed on a dry matter basis.
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2.5 Rumen fermentation parameters

All samples used to measure in vitro ruminal efficiency 
parameters such as volatile fatty acids (VFA), ammonia nitrogen 
(NH3-N), and ruminal microbiome composition were processed 
using the ANKOMRF gas production system. Two grams of the 
experimental treatment were added to 250 mL ANKOM bottles. 
The mixed buffer solution and rumen fluid were purged with CO2 
at each step, added to the sample-containing bottles, and placed 
inside an incubator shaker with an internal temperature of 39°C 
and a speed of 80 rpm (Tianjin Honor Instrument Shaker Co. 
Ltd., Tianjin, China). After each incubation time (0, 6, 12, 24, 
48 h) was completed, the pH values were immediately measured. 
Then, a 2 mL aliquot of fluid was collected and preserved at 
−20°C until VFA and NH3-N tests were performed. The 
samples for microbial composition analysis were stored at 
−80°C. Specific procedures for each rumen fermentation 
parameter are detailed below.

2.5.1 Ruminal fluid pH
The ruminal fluid pH was measured with a Sanxin MP523-04 

digital pH meter (Shanghai Sanxin Instrumentation, Inc., Shanghai, 
China) according to the manufacturer’s guidelines.

2.5.2 Volatile fatty acids analysis
The analysis of volatile fatty acids (VFA) was carried out using an 

Agilent 7,890 A gas chromatograph (Agilent Technologies, Santa 
Clara, California, United  States) and a 50 m (internal diameter 
0.32 mm) CP-Wax Chrompack silica-fused capillary column (Varian, 
Palo Alto, California, United  States). The initial and final oven 
temperatures were set at 65 and 195°C, respectively, with helium used 
as the carrier gas. The detector and injector temperatures were 
carefully calibrated to 250°C, and the injector volume was precisely 
configured to 1 μL. The samples were centrifuged at 10,000 × g at 4°C 
for 10 min. The centrifuged sample was then transferred to another 
2 mL EP tube, and 0.2 mL of metaphosphoric acid was added. The 
mixture was refrigerated for approximately 3 h, then removed and 
centrifuged again at 10,000  ×  g at 4°C for 10 min to obtain the 
supernatant. A 1 mL of the supernatant sample was placed into the GC 
beaker and processed by gas chromatography.

2.5.3 Ammonia nitrogen concentration
The NH3-N concentration was measured using the Chaney and 

Marbach (26) method, with a Cary Series UV–Vis Spectrophotometer 
connected to a computer running Cary Series analysis software 
(Agilent Technologies, California, United  States). In detail, the 
samples were centrifuged at 4,000 × g for 10 min at 4°C, and 0.2 mL of 

TABLE 2 Ingredients and nutritional composition of the experimental diets (%, DM).

Item Diet 1 (10.3% hemicellulose) Diet 2 (17% hemicellulose)

Ingredients

Corn 38.12 35.71

Soybean meal 16.18 13.27

Corn germ meal (spray) 6.18 6.12

Corn bran 10.30 31.63

Peanut shell 15.46 0.00

Corn oil 0.36 0.00

Bentonite 4.12 4.08

Sugar 4.12 4.08

Premixa 5.15 5.10

Total 100 100

Nutritional compositions (% DM)

Dry matter 90.5 90.3

Digestible energyb MJ/kg 11.6 12.2

Crude protein 13.8 13.9

Crude fat 2.7 2.8

Crude fiber 13.1 6.7

Ash 14.6 12.4

Starch 30.1 30.3

Neutral detergent fiber 26.0 25.8

Acid detergent fiber 15.7 8.8

Hemicellulosec 10.3 17

Calcium 0.6 0.6

Phosphorus 0.4 0.4

Where: aPremix composition (per kilogram): FeSO4, 8,453 mg; CuSO4.5H2O, 1,480 mg; MnSO4, 13,241 mg; ZnSO4.5H2O, 8,294 mg; CoCl2, 16 mg; KI, 30 mg; Na2SeO3 (1% Se), 377 mg; vitamin 
A, 755 IU; vitamin D, 113 IU; vitamin E, 887 IU. bCalculated based on Ruminants (21). cCalculated by the difference between NDF and ADF.
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supernatant was combined with 1.8 mL of distilled water and 8 mL of 
0.2 M hydrochloric acid in 15-mL centrifuge tubes. From each 15-mL 
tube, 0.4 mL was transferred to a 10-mL tube, and 2 mL of each 
solution A and B were added. Lastly, analyzed by a Cary Series UV–
Vis Spectrophotometer. The measured extinction values were 
substituted into the regression formula, and the results were multiplied 
by a dilution factor to determine the final NH3-N concentration in 
the sample.

2.5.4 Cumulative gas production
The ANKOMRF gas production system is designed to measure the 

gas pressure in psi. The gas production for each bottle was measured 
and recorded over time. The data was then converted into moles of gas 
using the ‘ideal’ gas law and further converted into milliliters (mL) of 
gas using Avogadro’s law.

The ideal gas law:

 
n p V

RT
= 








where: n—is the quantity of gas generated, measured in 
moles (mol).

p—pressure in kilo pascal (kPa).
V—the glass bottle’s head-space volume, expressed in liters (L).
T—the internal temperature in Kelvin (K).
R—gas constant (8.314472 L·kPa·K−1·mol−1).
Avogadro’s law states that, under standard conditions, 1 mole will 

fill 22.4 L at 273.15°K and 101.325 kPa (1 psi = 6.894757293 kilopascal). 
Therefore, the following formula can be used to convert a gas mole 
measurement to milliliters (ANKOM manual):

 Gas produced mL n( ) = × ×22 4 1000.

2.6 Rumen microbiota composition 
analysis

2.6.1 DNA sequencing
Sequencing, library preparations, and taxonomic analysis were 

performed by Shanghai Personal Biotechnology Co. Ltd. (Shanghai, 
China). A total of 216 ruminal fluid samples produced 30,196,306 
original sequences, with 19,625,098 (90,857 sequences per sample) 
identified as high-quality bacterial sequences. The 16S ribosomal RNA 
(rRNA) gene was amplified using the polymerase chain reaction 
(PCR) method. Barcoded tags and the widely used bacterial primers 
341F (5′-CCTAYGGGRBGCASCAG-3′) and 806R (5′-GGACTACNN 
GGGTATCTAAT-3′) were used in the amplification process (27). The 
V4 region of the gene was amplified from genomic DNA and the 
resulting amplicons were prepared for sequencing using Illumina’s 
MiSeq technology (28).

2.6.2 Taxonomic composition analysis
Based on the distribution of OTU in different samples, the levels 

of alpha diversity in each sample were assessed. An association 
network was constructed for each sample, and the topological index 
was calculated to identify the key species. The composition and 
distribution of each sample at phylum, class, order, family, genus, and 

species levels were analyzed visually and statistically using QIIME2 in 
the R programming language. This analysis involved removing 
singleton data points and statistically summarizing all the information 
in a table. To fully evaluate the richness of the microbial community 
alpha diversity, the Chao1 (29) index, as well as the Shannon (30) and 
Simpson (31) indices, were used and analyzed. Additionally, Principal 
Coordinates Analysis (PCoA) of beta diversity was conducted to 
compare the distance between the two samples.

2.7 Statistical data analysis

The MIXED procedure of SAS (version 9.4; SAS Institute Inc., 
Cary, NC) was used to analyze all variables. For statistical analyses, 
treatments in the two hemicellulosic diets were analyzed and 
computed separately. A two-way ANOVA was used, and the sources 
of variation between treatments were taken as fixed effect variables 
and incubation time as a random effect. The significance level was 
declared at p ≤ 0.05 for Duncan’s New Multiple Range Test (MRT), 
which was used to examine the significant variables for multiple 
comparisons of the mean values. Microbiome community 
composition data were analyzed using several tools inside R 
programming language software (32), and the model for both 
experiments was as follows:

 ( )ijk i j ij ijkY Y O YO e= µ + + + +

Where: Yijk = the dependent variables; μ = overall mean; Yi = yeast 
culture effect (i = 1–3); Oj = oxalic acid effect (j = 1–3); (YO)ij = effect 
due to YC and OA interaction; and eijk = random residual error.

3 Results

3.1 In vitro nutrient disappearance

Figure 1 illustrates the changes that occurred in the amounts of in 
vitro dry matter (IVDMD), neutral detergent fiber (IVNDFD), and 
crude protein (IVCPD). In diet 1, supplementation with YC, OA, and 
their interaction increased IVDMD at 24 and 48 h (p  < 0.001; 
Figure  1A). At 48 h, YC (p  = 0.05), OA (p  < 0.01), and their 
combinations (p  < 0.01) also increased IVNDFD (Figure  1B). 
Additionally, at 48 h, OA (p < 0.05) and the YC and OA interactions 
(p < 0.01) significantly increased IVCPD (Figure 1C). In diet 2, YC, 
OA, and their interaction significantly increased IVDMD (p < 0.001; 
Figure 1D). YC and OA supplementation reduced IVNDFD at 12 h 
(p  < 0.001; Figure  1E). Furthermore, all supplemented treatments 
showed higher IVCPD than the control (p < 0.001; Figure 1F). These 
results indicated that YC, OA, and their interactions may enhance in 
vitro nutrient disappearance.

3.2 Rumen fermentation parameters

In diet 1, YC, OA, and their combination significantly increased 
the ruminal fluid pH (Figure 2A). The pH value of the control was 
lower than that of the supplemented treatments at 24 and 48 h 
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(p < 0.05). The YC and OA interactions also significantly increased 
NH3-N (p < 0.001), while individual supplementation with either YC 
or OA reduced the NH3-N concentration (Figure 2B). Additionally, 
the YC and OA interactions reduced the cumulative gas production at 
24 h (p = 0.05; Figure 2C). In diet 2, individual supplementation of OA 

significantly increased the ruminal fluid pH (p < 0.001; Figure 2D). 
The YC and OA interactions also increased the NH3-N concentration 
at 24 h (p < 0.001; Figure 2E).

In diet 1, the supplemented groups showed significantly 
higher levels of acetic acid (p < 0.05, 12 h), TVFA (p < 0.001, 24 

A

B

C

D

E

F

FIGURE 1

The in vitro nutrient disappearance of diet 1 treatments DM (A), NDF (B), CP (C), and diet 2 (D–F) respectively. Where: C  =  Diet 1 (10.3% hemicellulose); 
y  =  diet 1 with low yeast culture; Y  =  diet 1 with high yeast culture; o  =  diet 1 with low oxalic acid; O  =  diet 1 with high oxalic acid; yo  =  diet 1 with low 
yeast culture and low oxalic acid; yO  =  diet 1 with low yeast culture and high oxalic acid; Yo  =  diet 1 with high yeast culture and low oxalic acid; 
YO  =  diet 1 with high yeast culture and high oxalic acid; ctrl  =  Diet 2 (17% hemicellulose); L  =  diet 2 with low yeast culture; H  =  diet 2 with high yeast 
culture; l  =  diet 2 with low oxalic acid; h  =  diet 2 with high oxalic acid; Ll  =  diet 2 with low yeast culture and low oxalic acid; Lh  =  diet 2 with low yeast 
culture and high oxalic acid; Hl  =  diet 2 with high yeast culture and low oxalic acid; Hh  =  diet 2 with high yeast culture and high oxalic acid. IVDMD  = in 
vitro dry matter disappearance; IVNDFD  = in vitro neutral detergent fiber disappearance; IVCPD  = in vitro crude protein disappearance.
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and 48 h), and propionic acid (p  < 0.001; Table  3). In diet 2, 
treatments supplemented with OA produced higher levels of 
acetic acid compared to YC alone and their interaction (p < 0.001). 
Table 4 indicates that treatments supplemented with lower levels 
of OA, and both lower and higher levels of YC increased TVFA 
production (p < 0.05). additionally, supplementation with YC and 

OA in this diet significantly reduced the cumulative gas 
production during fermentation (Figure 2F).

All supplemented treatments in both diets produced higher levels 
of propionic and total volatile fatty acids compared to the control 
(p < 0.001). The acetic to propionic acid ratio was higher in the control 
treatments (p < 0.001). These results suggest that supplementation 

A

B

C

E

F

D

FIGURE 2

Rumen fermentation parameters of diet 1 pH (A), NH3-N (B), cumulative gas production (C), and diet 2 (D–F) respectively. Where: C  =  Diet 1 (10.3% 
hemicellulose); y  =  diet 1 with low yeast culture; Y  =  diet 1 with high yeast culture; o  =  diet 1 with low oxalic acid; O  =  diet 1 with high oxalic acid; 
yo  =  diet 1 with low yeast culture and low oxalic acid; yO  =  diet 1 with low yeast culture and high oxalic acid; Yo  =  diet 1 with high yeast culture and low 
oxalic acid; YO  =  diet 1 with high yeast culture and high oxalic acid; ctrl  =  Diet 2 (17% hemicellulose); L  =  diet 2 with low yeast culture; H  =  diet 2 with 
high yeast culture; l  =  diet 2 with low oxalic acid; h  =  diet 2 with high oxalic acid; Ll  =  diet 2 with low yeast culture and low oxalic acid; Lh  =  diet 2 with 
low yeast culture and high oxalic acid; Hl  =  diet 2 with high yeast culture and low oxalic acid; Hh  =  diet 2 with high yeast culture and high oxalic acid; 
NH3-N  =  ammonia nitrogen.
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with YC and OA may have a buffering effect on the rumen, leading to 
improved NH3-N concentration and volatile fatty acids production.

3.3 Rumen microbiome composition

3.3.1 Ruminal bacterial alpha diversity indices
For rumen bacteria community composition analyses, a total of 

216 samples of ruminal fluid were used, with four replications per 
fermentation time. In diet 1, supplementation with YC, OA, and 
their interactions significantly increased the Chao1 value, an 
indicator of bacterial richness (Figure  3A). Specifically, the OA 
(p < 0.001, at 12 h) and YC and OA interaction (p < 0.05, at 48 h) 
increased the Chao1 values. YC, OA, and their interactions also 
increased the Shannon (Figure  3B) and Simpson (Figure  3C) 
diversity indices (p  < 0.001) at 12 h. In diet 2, the Chao1 index 
results showed that YC and OA supplementation increased bacterial 
richness and abundance (Figure 3D). The YC and OA interactions 
(p < 0.001) showed a higher Chao1 index value. However, the Chao1 

index value of the YC alone supplemented treatments was 
significantly lower than that of the control. Supplementation with 
YC and OA interaction also altered the Shannon (Figure 3E) and 
Simpson (Figure 3F) diversity indices in this diet. Lower YC and 
lower OA supplementation significantly increased the Shannon and 
Simpson indices at 12 h. Additional results on bacterial alpha 
diversity indices are also shown in Supplementary Figures 1, 2 for 
diets 1 and 2, respectively. The β-diversity principal coordinate 
analysis (PCoA) also showed that in each type of supplement, the 
bacterial community composition was closer to each other at 12 and 
48 h but scattered at 0 h in both diets (Figure 4). This PCoA result 
showed that there is a community composition variation between 
the control and the YC, OA, and their interaction-supplemented 
treatments in both diets. However, there is no significant 
community variation between the lower and higher levels of each 
supplement. The YC, OA, and their interaction-supplemented 
treatments bacterial community composition were closer to each 
other without a significant difference caused by the level of 
YC and OA.

TABLE 3 Effects of YC and OA supplementation in diet 1 on major VFA production (mmol/L).

Item Time Diet 1 Yeast culture 
(YC)

Oxalic acid 
(OA)

Interactions SEM p value

C y Y o O yo yO Yo YO YC OA YC × OA

Acetic 

acid

0 h 15.80 15.22 14.45 14.77 15.40 15.89 17.20 16.43 16.75 0.31 0.593 0.268 0.494

6 h 33.14ab 32.21ab 31.83a 41.20d 38.66cd 33.32ab 31.57a 33.39ab 35.94bc 0.66 <0.001 <0.001 <0.001

12 h 44.01ab 39.97ab 38.24a 43.00ab 46.46b 43.31ab 40.93ab 42.17ab 43.24ab 0.58 0.012 0.049 0.157

24 h 58.53e 44.97ab 44.26a 51.30cd 53.43de 51.21cd 47.83abcd 50.19bcd 47.11abc 0.89 <0.001 0.207 <0.001

48 h 70.95b 49.95a 56.22a 56.37a 57.26a 57.70a 53.02a 55.63a 54.54a 1.16 <0.001 0.018 <0.001

Propionic 

acid

0 h 7.62 7.47 7.13 7.79 8.05 7.85 8.58 8.59 8.77 0.14 0.513 0.007 0.338

6 h 14.13a 29.89d 29.35d 34.73e 32.72de 23.45c 22.09c 18.02b 20.62b 1.31 <0.001 <0.001 <0.001

12 h 18.14a 36.98d 35.15d 37.67d 39.93d 29.48c 27.86bc 23.23ab 24.38bc 1.43 <0.001 0.726 <0.001

24 h 22.97a 41.78e 40.79e 43.74ef 46.19f 33.88d 30.45c 27.50bc 26.78b 1.57 <0.001 <0.001 <0.001

48 h 27.47a 44.67d 50.03e 46.59de 49.07de 36.61c 33.02bc 30.71ab 30.63ab 1.66 <0.001 0.003 <0.001

Butyric 

acid

0 h 3.80 3.75 3.57 3.51 3.75 3.85 4.35 4.04 4.29 0.09 0.331 0.154 0.543

6 h 9.25cd 11.61e 11.69e 6.94ab 6.52a 10.04d 9.53d 7.40ab 7.93bc 0.36 <0.001 <0.001 0.001

12 h 13.31c 15.12c 14.26c 9.28a 10.05a 14.05c 13.28bc 10.34a 10.69ab 0.43 <0.001 <0.001 0.074

24 h 19.59d 17.89 cd 16.99cd 12.92a 13.24ab 17.58cd 15.86bc 13.91ab 12.04a 0.51 <0.001 <0.001 <0.001

48 h 22.81f 18.28cde 20.84ef 14.54a 15.59abc 19.60de 17.53abc 15.23ab 15.57abc 0.55 0.052 <0.001 <0.001

TVFA

0 h 28.75 27.93 26.58 27.35 28.58 29.06 31.75 30.50 31.29 0.56 0.541 0.138 0.467

6 h 59.68a 79.21cd 78.53cd 87.31d 82.08d 71.49bc 67.47ab 62.55ab 68.45ab 1.80 0.002 0.649 <0.001

12 h 79.83a 99.49c 94.79abc 95.50bc 102.34c 93.39abc 88.46abc 80.56ab 83.49ab 1.73 0.016 <0.001 0.049

24 h 108.58bcd 114.46cde 111.56cde 116.04de 121.11e 111.95cde 102.82abc 98.77ab 92.25a 1.81 <0.001 0.018 <0.001

48 h 131.89c 125.13abc 143.50c 130.49bc 133.28c 126.03abc 114.32ab 110.73a 110.07a 2.19 0.002 <0.001 <0.001

A:P 0 h 2.02 1.95 2.01 1.98 1.91 1.97 1.98 2.03 1.94 0.02 0.88 0.62 0.87

6 h 2.35f 1.08a 1.09a 1.19b 1.18b 1.42c 1.43c 1.85e 1.74d 0.08 <0.001 <0.001 <0.001

12 h 2.43e 1.08a 1.09ab 1.14ab 1.16b 1.47c 1.47c 1.82d 1.78d 0.08 <0.001 <0.001 <0.001

24 h 2.55d 1.08a 1.09a 1.17a 1.16a 1.51b 1.57b 1.83c 1.76c 0.09 <0.001 <0.001 <0.001

48 h 2.59d 1.12a 1.12a 1.21a 1.17a 1.58b 1.61b 1.81c 1.78c 0.09 <0.001 <0.001 <0.001

a,b,c,d,e,fDifferent superscripts in the same row imply that their mean values are significantly different (p ≤ 0.05). Where: C = Diet 1 (10.3% hemicellulose); y = diet 1 with low yeast culture; Y = diet 
1 with high yeast culture; o = diet 1 with low oxalic acid; O = diet 1 with high oxalic acid; yo = diet 1 with low yeast culture and low oxalic acid; yO = diet 1 with low yeast culture and high oxalic 
acid; Yo = diet 1 with high yeast culture and low oxalic acid; YO = diet 1 with high yeast culture and high oxalic acid; TVFA = total volatile fatty acid; A:P = acetic to propionic acid ratio.

121

https://doi.org/10.3389/fvets.2023.1330841
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org


Aschalew et al. 10.3389/fvets.2023.1330841

Frontiers in Veterinary Science 09 frontiersin.org

3.3.2 Ruminal bacterial phylum composition
Bacteroidetes, Firmicutes, and Actinobacteria were the most 

dominant phyla in both diets. As shown in Table 5 and Figure 5A, in 
diet 1, supplementation with OA affected the composition and 
abundance of rumen bacterial phyla. The abundance of Bacteroidetes 
was significantly higher in the control treatment at 12 h. However, at 
48 h, OA supplementation significantly increased the abundance of 
Bacteroidetes (p < 0.001). Neither YC supplementation alone nor YC 
and OA interaction had an impact on the abundance of Firmicutes. 
However, their abundance was reduced in treatments supplemented 
with OA (p  < 0.001). The YC and OA interactions increased 
Actinobacteria phylum abundance (p < 0.001). The addition of lower 
levels of YC and OA significantly increased the abundance of the 
Spirochaetes and Verrucomicrobia phyla.

Adding YC and OA to diet 2 also increased the number of 
Bacteroidetes, Firmicutes, Actinobacteria, and Proteobacteria, which 
are the most dominant phyla (p  < 0.001; Table  6; Figure  5B). 
Specifically, treatments supplemented with OA alone showed a higher 

relative abundance of the Bacteroidetes phylum (p < 0.001). The lower 
levels of YC and OA supplementation significantly increased the 
abundance of the Bacteroidetes phylum (p  < 0.001). The relative 
abundance of Firmicutes was also significantly increased with the 
addition of YC at both higher and lower levels (p < 0.001).

3.3.3 Rumen bacterial genus composition
Prevotella, Selenomonas, Butyrivibrio, Succiniclasticum, and 

Ruminococcaceae_Ruminococcus were the dominant genera identified 
in both diets. The results of the bacterial genus composition in diet 1 
are shown in Table 7; Figure 5C, and Supplementary Table 1. Hence, 
YC, OA, and their interaction increased the Prevotella genus 
abundance at 48 h (p  < 0.001). The supplemented treatments also 
showed a significantly higher abundance of the Selenomonas genus at 
48 h. However, the Butyrivibiro genus was higher in the control 
treatment. In diet 2, the Prevotella genus was found to have a higher 
abundance in the supplemented experimental treatments than in the 
control (p  < 0.001; Table  8; Figure  5D; Supplementary Table  2). 

TABLE 4 Effects of YC and OA supplementation in diet 2 on major VFA production (mmol/L).

Item Time Diet 2 Yeast culture 
(YC)

Oxalic acid 
(OA)

Interactions SEM p-value

ctrl L H l h Ll Lh Hl Hh YC OA YC × OA

Acetic 

acid

0 h 16.22 15.70 16.80 16.06 16.81 16.35 15.77 16.37 19.12 0.33 0.185 0.383 0.544

6 h 35.94bcd 30.36a 38.23d 37.52cd 45.88e 31.84a 31.67a 33.05ab 34.13abc 0.91 <0.001 <0.001 <0.001

12 h 54.68d 37.63a 41.60abc 45.87c 56.74d 38.73ab 41.00abc 44.11bc 41.58abc 1.29 <0.001 0.004 <0.001

24 h 58.10bc 49.32a 49.54ab 53.64ab 62.92c 48.64a 50.32ab 50.02ab 49.63ab 1.03 <0.001 0.072 0.119

48 h 61.79bc 57.76abc 54.52a 62.71c 72.10d 56.68abc 58.18abc 55.17ab 54.69a 1.11 <0.001 0.008 0.006

Propionic 

acid

0 h 8.71 8.18 8.89 8.55 8.98 8.65 8.32 8.26 9.59 0.155 0.393 0.446 0.538

6 h 15.49a 28.92d 35.50f 32.56e 40.39g 22.72c 22.54c 19.37b 9.48b 1.57 <0.001 <0.001 <0.001

12 h 22.51a 35.32d 38.56de 39.86e 51.88f 26.98bc 28.09c 25.82abc 24.31ab 1.78 <0.001 <0.001 <0.001

24 h 24.15a 44.47c 44.66c 45.68c 56.27d 32.67b 33.38b 29.94b 29.18b 1.94 <0.001 0.002 <0.001

48 h 26.54a 51.24de 48.12d 53.56e 60.69f 37.00c 38.45c 31.97b 31.89b 2.17 <0.001 0.001 <0.001

Butyric 

acid

0 h 4.07 3.94 4.45 4.14 4.35 4.26 4.06 4.23 5.20 0.13 0.207 0.429 0.652

6 h 9.61bc 11.68d 13.84e 6.92a 8.75b 9.82c 9.55bc 7.15a 7.57a 0.42 <0.001 <0.001 <0.001

12 h 15.60d 14.35cd 15.36d 10.18a 13.44bc 12.4b 13.09bc 10.66a 9.93a 0.41 <0.001 <0.001 <0.001

24 h 18.90d 18.02d 18.19d 12.81a 16.48bcd 16.32bcd 17.14cd 13.68abc 13.53ab 0.46 0.008 <0.001 0.013

48 h 20.31c 19.45c 18.71bc 16.39c 20.94c 8.61bc 19.38c 15.61a 15.20a 0.37 <0.001 <0.001 0.007

TVFA

0 h 30.42 29.28 31.64 30.20 31.63 30.72 29.55 30.38 35.50 0.63 0.246 0.430 0.598

6 h 64.04a 76.38bc 93.75d 81.33c 100.52d 68.85ab 68.21a 63.27a 65.07a 2.56 <0.001 <0.001 <0.001

12 h 97.91cd 94.29bcd 102.91d 101.77d 129.97e 84.12ab 88.57abc 85.94ab 80.8a 2.81 <0.001 <0.001 <0.001

24 h 108.4ab 121.79b 122.41b 120.26b 145.76c 105.88ab 109.77ab 100.84a 99.62a 2.85 <0.001 0.008 <0.001

48 h 118.61ab 141.34de 133.77cde 144.77e 166.87f 123.86abc 127.87bcd 112.32a 111.22a 3.38 <0.001 0.009 <0.001

A:P

0 h 1.88 1.89 1.87 1.91 1.91 1.96 1.92 1.93 1.92 0.01 0.74 0.20 0.99

6 h 2.32e 1.05a 1.08a 1.15b 1.14b 1.40c 1.41c 1.71d 1.75d 0.08 <0.001 <0.001 <0.001

12 h 2.43e 1.07a 1.08a 1.15b 1.09a 1.44c 1.46c 1.71d 1.71d 0.08 <0.001 <0.001 <0.001

24 h 2.41e 1.11a 1.11a 1.18a 1.12a 1.49b 1.51b 1.67c 1.70c 0.08 <0.001 <0.001 <0.001

48 h 2.33e 1.13a 1.13a 1.17a 1.19a 1.53b 1.51b 1.73c 1.71c 0.07 <0.001 <0.001 <0.001

a,b,c,d,eDifferent superscripts in the same row imply that their mean values are significantly different (p ≤ 0.05). Where: ctrl = Diet 2 (17% hemicellulose); L = diet 2 with low yeast culture; H = diet 
2 with high yeast culture; l = diet 2 with low oxalic acid; h = diet 2 with high oxalic acid; Ll = diet 2 with low yeast culture and low oxalic acid; Lh = diet 2 with low yeast culture and high oxalic 
acid; Hl = diet 2 with high yeast culture and low oxalic acid; Hh = diet 2 with high yeast culture and high oxalic acid; VFA = volatile fatty acid; TVFA = total volatile fatty acid; A:P = acetic acid to 
propionic acid ratio.
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Selenomonas and Succiniclasticum were also the dominant genera, 
which were highly increased in the supplemented treatments 
(p  < 0.001). The Butyrivibiro genus was higher in the control 
treatment. However, this genus was significantly increased in higher 
YC supplemented treatment at 12 h. As shown in Figure  5, the 
dominant bacterial genera were highly distributed in the 
supplemented treatments.

3.4 The relationship between rumen 
fermentation parameters and bacterial 
genus composition

A canonical correlation analysis (CCA) was used to analyze 
Pearson’s correlation coefficient for multiple sets of variables as shown 
in Table 9. In diet 1, Prevotella and Selenomonas showed significant 

A

B

D

E

FC

FIGURE 3

Alpha diversity indices of bacteria community composition of diet 1 [Chao1 (A), Shannon (B), Simpson (C), and diet 2 (D–F)] respectively. Where: 
C  =  Diet 1 (10.3% hemicellulose); y  =  diet 1 with low yeast culture; Y  =  diet 1 with high yeast culture; o  =  diet 1 with low oxalic acid; O  =  diet 1 with high 
oxalic acid; yo  =  diet 1 with low yeast culture and low oxalic acid; yO  =  diet 1 with low yeast culture and high oxalic acid; Yo  =  diet 1 with high yeast 
culture and low oxalic acid; YO  =  diet 1 with high yeast culture and high oxalic acid; ctrl  =  Diet 2 (17% hemicellulose); L  =  diet 2 with low yeast culture; 
H  =  diet 2 with high yeast culture; l  =  diet 2 with low oxalic acid; h  =  diet 2 with high oxalic acid; Ll  =  diet 2 with low yeast culture and low oxalic acid; 
Lh  =  diet 2 with low yeast culture and high oxalic acid; Hl  =  diet 2 with high yeast culture and low oxalic acid; Hh  =  diet 2 with high yeast culture and 
high oxalic acid.
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and positive correlations with IVDMD, propionic acid, and TVFA. The 
Sicciniclasticum genus showed significant and positive correlations 
with IVCPD, pH, acetic acid, butyric acid, and NH3-N. However, 
Prevotella showed a significant and negative correlation with 
NH3-N. In diet 2, the Prevotella genus showed a positive correlation 
with IVCPD, pH, acetic acid, propionic acid, and TVFA, but had a 

negative correlation with IVDMD, IVNDFD, NH3-N, butyric acid, 
and the acetic to propionic acid ratio. The Butyrivibrio genus had a 
positive association with NH3-N, acetic acid, butyric acid, and the 
acetic to propionic acid ratio but showed a negative correlation with 
other parameters. The Selenomonas genus exhibits a significant 
positive association with pH, propionic acid, butyric acid, TVFA, and 

A

B

C

D

E

F

FIGURE 4

Principal coordinate analysis (PCoA) showing the distribution of the bacterial community composition at the genus level of diet 1 (A, 0  h), (B, 12  h), and 
(C, 48  h); diet 2 (D, 0  h), (E, 12  h), and (F, 48  h) respectively. Where: C  =  Diet 1 (10.3% hemicellulose); y  =  diet 1 with low yeast culture; Y  =  diet 1 with high 
yeast culture; o  =  diet 1 with low oxalic acid; O  =  diet 1 with high oxalic acid; yo  =  diet 1 with low yeast culture and low oxalic acid; yO  =  diet 1 with low 
yeast culture and high oxalic acid; Yo  =  diet 1 with high yeast culture and low oxalic acid; YO  =  diet 1 with high yeast culture and high oxalic acid; 
ctrl  =  Diet 2 (17% hemicellulose); L  =  diet 2 with low yeast culture; H  =  diet 2 with high yeast culture; l  =  diet 2 with low oxalic acid; h  =  diet 2 with high 
oxalic acid; Ll  =  diet 2 with low yeast culture and low oxalic acid; Lh  =  diet 2 with low yeast culture and high oxalic acid; Hl  =  diet 2 with high yeast 
culture and low oxalic acid; and Hh  =  diet 2 with high yeast culture and high oxalic acid. The number of samples included were 108 in each diet. Each 
point in the plot represents a sample, and different colored dots indicate different treatments. The percentages in square brackets of the axis represent 
the proportion of sample variance data (distance matrix) that can be interpreted by the corresponding axis. The closer the projection distance of the 
two points on the axis, the more similar the community composition of the two samples in the corresponding dimension.
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the ratio of acetic acid to propionic acid. Conversely, it demonstrated 
a negative correlation with in vitro disappearance measures, NH3-N, 
acetic acid, and propionic acid.

4 Discussion

4.1 In vitro nutrient disappearance (IVDMD, 
IVNDFD, IVCPD)

One of the rumen fermentation efficiency measuring parameters 
is nutrient digestibility or disappearance. However, the researchers 
have found inconsistent results regarding the effects of yeast culture 
and oxalic acid on nutrient digestibility. In this study, YC 
supplementation in the first experiment (diet 1) increased IVDMD 
and IVNDFD. Similarly, another report showed that supplementing 
heifers’ diets with YC increased DM and NDF digestibility (12) by 
promoting the growth of fiber-digesting bacteria (33). Supplementing 
the diet with a lower level of OA also increased the IVDMD and 
IVNDFD. This result partially contradicts the report by Benbati et al. 
(18), which stated that DM digestibility was reduced due to OA 
administration in sheep, but returned to normal after 14 days, possibly 
due to the responsible microbes adapting to the supplement. The 
interaction of lower YC and lower OA increased the IVCPD. In the 

second experiment (diet 2), OA and interaction supplementation 
increased the IVDMD, while YC alone had no effect on 
IVDMD. Studies have reported that YC has inconsistent effects on 
hemicellulose digestibility in ruminants. The addition of YC to the diet 
did not show a significant impact on hemicellulose digestibility (34). 
However, another study has shown that YC supplementation could 
increase hemicellulose digestibility (35). The interaction of YC and 
OA also improved IVCPD, which is consistent with a report that 
found feeding different levels of YC increased CP digestibility (36). 
However, another researcher reported that oxalic acid has no 
significant effect on CP digestibility in goats (37). This result suggests 
that the addition of YC and OA may improve nutrient disappearance.

4.2 Rumen fermentation parameters

4.2.1 Ruminal pH
In ruminant nutrition, the optimal ruminal pH is an indicator of 

the rumen’s performance and the overall health of the animal (38). In 
modern profit-driven sheep production systems, it is common for 
ruminal pH to decrease and for subacute ruminal acidosis (SARA) to 
occur. Therefore, it is necessary to buffer and maintain an optimal 
ruminal pH in an intensive sheep production system. In both diets, 
YC and OA supplementation significantly increased the pH levels at 

TABLE 5 Effects of supplementation with YC and OA in diet 1 on the dominant bacterial phylum composition (%).

Phylum Time Diet 1 Yeast 
culture (YC)

Oxalic acid 
(OA)

Interactions SEM p-value

C y Y o O yo yO Yo YO YC OA YC × OA

Bacteroidetes

0 h 54.37 58.15 56.19 56.83 58.68 52.08 55.93 61.67 57.51 0.81 0.29 0.84 0.13

12 h 72.82e 47.71b 47.19b 61.39d 59.88cd 36.20a 38.10a 57.85cd 55.41c 1.91 <0.001 <0.001 <0.001

48 h 20.43a 23.49a 23.69a 38.17b 40.13b 19.88a 18.10a 20.86a 23.91a 1.35 <0.001 0.001 <0.001

Firmicutes

0 h 29.91 27.12 29.04 32.36 29.69 30.04 26.78 26.27 24.61 0.62 0.02 0.19 0.44

12 h 18.99a 32.94c 33.66cd 23.05ab 25.39b 39.55de 43.46e 23.79ab 24.21ab 1.38 <0.001 0.048 <0.001

48 h 61.85b 61.00b 60.24b 40.57a 39.83a 55.62b 56.67b 58.07b 54.51b 1.41 <0.001 <0.001 <0.001

Actinobacteria

0 h 13.18 12.44 12.45 9.03 9.39 15.71 15.76 10.38 16.27 0.75 0.07 0.47 0.18

12 h 3.92a 19.07cd 18.66cd 11.67b 11.08b 21.41d 14.71bc 14.88bc 16.85bcd 0.93 <0.001 0.13 <0.001

48 h 3.73a 13.59cd 14.51d 9.33b 8.84b 14.478d 15.07d 11.16bc 10.98bc 0.61 <0.001 0.10 <0.001

Proteobacteria

0 h 0.11 0.09 0.10 0.11 0.13 0.06 0.07 0.06 0.07 0.01 0.02 0.16 0.79

12 h 0.98b 0.06a 0.10a 1.82c 1.87c 0.20a 0.23a 0.10a 0.09a 0.12 <0.001 <0.001 <0.001

48 h 8.43c 1.43a 1.17a 8.45c 7.97c 2.91ab 2.84ab 4.40b 4.67b 0.50 <0.001 0.003 0.021

Spirochaetes

0 h 0.95b 0.80ab 0.67ab 0.44a 0.55ab 0.70ab 0.54ab 0.46a 0.52a 0.04 0.19 <0.001 0.19

12 h 1.39cd 0.03a 0.07a 0.80b 0.74b 1.00bc 1.36cd 1.57d 1.77d 0.11 0.04 <0.001 <0.001

48 h 0.49bc 0.05a 0.05a 0.80cde 0.72bcd 1.12e 1.04de 0.40ab 0.68bcd 0.07 <0.001 <0.001 <0.001

Verrucomicrobia

0 h 0.73bc 0.63abc 0.79c 0.49abc 0.76c 0.67abc 0.36a 0.54abc 0.39ab 0.03 0.17 0.003 0.003

12 h 1.22d 0.00a 0.00a 0.00a 0.00a 0.56bc 0.72c 0.47bc 0.43b 0.07 0.02 0.34 <0.001

48 h 2.55bc 0.004a 0.01a 0.02a 0.03a 2.84c 2.88c 1.82b 1.79b 0.21 <0.001 <0.001 <0.001

Elusimicrobia 0 h 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.45 0.45 0.122

12 h 0.00a 0.00a 0.01a 0.06a 0.06a 0.02a 0.02a 0.61c 0.49b 0.04 <0.001 <0.001 <0.001

48 h 0.00a 0.02a 0.02a 0.16a 0.14a 0.11a 0.11a 2.44b 2.26b 0.09 <0.001 <0.001 <0.001

a,b,c,d,eDifferent superscripts in the same row imply that their mean values are significantly different (p ≤ 0.05). Where: C = Diet 1 (10.3% hemicellulose); y = diet 1 with low yeast culture; Y = diet 
1 with high yeast culture; o = diet 1 with low oxalic acid; O = diet 1 with high oxalic acid; yo = diet 1 with low yeast culture and low oxalic acid; yO = diet 1 with low yeast culture and high oxalic 
acid; Yo = diet 1 with high yeast culture and low oxalic acid; and YO = diet 1 with high yeast culture and high oxalic acid.
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FIGURE 5

The top 10 dominant bacterial phyla and genera in both diets at different fermentation times [Diet 1 phyla (A), Diet 2 phyla (B), Diet 1 genera (C), and 
diet 2 genera (D)]. Where: C  =  Diet 1 (10.3% hemicellulose); y  =  diet 1 with low yeast culture; Y  =  diet 1 with high yeast culture; o  =  diet 1 with low oxalic 
acid; O  =  diet 1 with high oxalic acid; yo  =  diet 1 with low yeast culture and low oxalic acid; yO  =  diet 1 with low yeast culture and high oxalic acid; 
Yo  =  diet 1 with high yeast culture and low oxalic acid; YO  =  diet 1 with high yeast culture and high oxalic acid; ctrl  =  Diet 2 (17% hemicellulose); L  =  diet 
2 with low yeast culture; H  =  diet 2 with high yeast culture; l  =  diet 2 with low oxalic acid; h  =  diet 2 with high oxalic acid; Ll  =  diet 2 with low yeast 
culture and low oxalic acid; Lh  =  diet 2 with low yeast culture and high oxalic acid; Hl  =  diet 2 with high yeast culture and low oxalic acid; Hh  =  diet 2 
with high yeast culture and high oxalic acid. In each diet 108 samples were used for analysis.

TABLE 6 Effects of YC and OA supplementation in diet 2 on the dominant bacterial phylum composition (%).

Phylum Time Diet 2 Yeast 
culture (YC)

Oxalic acid 
(OA)

Interactions SEM p value

ctrl L H l h Ll Lh Hl Hh YC OA YC × OA

Bacteroidetes

0 h 53.89abc 59.20c 59.18c 54.51abc 46.87a 50.16ab 56.08bc 58.70c 59.48c 0.89 <0.001 0.063 0.006

12 h 67.87e 45.73b 41.83ab 58.99d 60.14d 37.17a 38.87a 53.64c 52.88c 1.71 <0.001 0.112 <0.001

48 h 21.33ab 17.41a 26.13bc 42.38d 40.65d 26.59bc 23.93ab 32.71c 33.33c 1.43 <0.001 <0.001 <0.001

Firmicutes

0 h 31.12ab 24.42a 27.97ab 30.53ab 34.80b 33.21ab 28.21ab 23.52a 27.26ab 0.87 0.009 0.45 0.04

12 h 24.15a 35.91b 36.89b 27.37a 25.58a 40.14b 39.14b 25.63a 27.00a 1.08 <0.001 0.115 <0.001

48 h 60.35cd 66.22d 65.00d 44.94a 44.27a 60.16bcd 62.82d 54.40bc 52.83b 1.38 <0.001 <0.001 0.006

Actinobacteria

0 h 12.85 14.78 10.94 12.87 16.08 14.51 14.21 16.35 11.51 0.64 0.612 0.554 0.282

12 h 4.06a 17.86cd 20.90d 9.30b 10.22b 19.27cd 18.17cd 16.64c 16.60c 0.92 <0.001 0.331 <0.001

48 h 5.95a 15.69b 7.50a 0.69a 0.85a 1.64a 1.85a 1.53a 1.67a 0.91 0.014 <0.001 0.026

Proteobacteria

0 h 0.16ab 0.13ab 0.15ab 0.17b 0.11ab 0.12ab 0.09ab 0.05a 0.07ab 0.01 0.028 0.023 0.156

12 h 0.51b 0.11a 0.11a 2.07c 2.13c 0.17a 0.24a 0.19a 0.18a 0.13 <0.001 <0.001 <0.001

48 h 8.43de 0.39a 1.08ab 8.76de 10.47e 4.34bc 5.48cd 3.46abc 3.20abc 0.60 <0.001 <0.001 0.105

Spirochaetes

0 h 0.46ab 0.56b 0.47ab 0.48ab 0.44ab 0.40ab 0.24a 0.40ab 0.41ab 0.02 0.511 0.039 0.105

12 h 1.38cde 0.11a 0.05a 0.86bc 0.68ab 1.20bcd 1.77def 2.40f 1.86ef 0.13 <0.001 <0.001 <0.001

48 h 0.77b 0.03a 0.04a 1.03b 0.97b 2.88c 2.34c 1.16b 0.99b 0.16 <0.001 <0.001 <0.001

Verrucomicrobia

0 h 0.58 0.43 0.56 0.60 0.65 0.69 0.37 0.38 0.56 0.03 0.245 0.893 0.074

12 h 1.33c 0.01a 0.01a 0.01a 0.003a 0.65b 0.56b 0.35ab 0.37ab 0.08 0.022 0.147 <0.001

48 h 1.11b 0.01a 0.01a 0.001a 0.01a 2.82d 1.90c 1.19b 1.28b 0.17 <0.001 <0.001 <0.001

a,b,c,d,e,fDifferent superscripts in the same row imply that their mean values are significantly different (p ≤ 0.05). Where: ctrl = Diet 2 (17% hemicellulose); L = diet 2 with low yeast culture; 
H = diet 2 with high yeast culture; l = diet 2 with low oxalic acid; h = diet 2 with high oxalic acid; Ll = diet 2 with low yeast culture and low oxalic acid; Lh = diet 2 with low yeast culture and high 
oxalic acid; Hl = diet 2 with high yeast culture and low oxalic acid; and Hh = diet 2 with high yeast culture and high oxalic acid.
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different fermentation times. Similarly, reports have shown that YC 
might have a buffering effect on the rumen (39, 40). Nevertheless, 
studies examining the impact of OA have shown that it does not have 
a statistically significant influence on rumen pH (41). Therefore, 
supplementing with YC and OA may help to stabilize the rumen 
environment. This increase in ruminal pH may imply an improvement 
in fiber digestion, protein degradation, microbial activities, nutrient 
absorption, and overall rumen health.

4.2.2 Ammonia nitrogen concentration
Ruminants have a special stomach physiology that enables them 

to utilize different forms of nitrogen as protein sources. Ammonia 
nitrogen in the rumen is derived from the degradation of dietary 
protein and nonprotein nitrogen sources. It serves as an indicator of 
rumen internal performance, being continuously produced in the 
rumen, and is essential for microbes to synthesize microbial protein 
(42). In both diets, YC and OA interactions significantly increased 
NH3-N concentrations at different fermentation times. However, 
supplementing with either YC or OA separately reduced NH3-N 
concentrations in both diets. Similarly, Habeeb (43) found that YC 
supplements could lead to reduced NH3-N. On the other hand, in 
lambs fed orchard grass, the addition of YC did not affect rumen 
NH3-N (44). Studies have reported that YC supplementation reduces 
NH3-N concentration in the rumen (11, 12, 45). This may be because 
YC supplementation depresses ammonia-producing microbes (46). 
The current finding, however, suggests that combining YC and OA 
supplements could have a positive effect on increasing NH3-N levels, 

ultimately leading to an increase in microbial protein synthesis in the 
rumen. Moreover, supplementing YC and OA together might reduce 
the inhibitory effects of OA on NH3-N in the rumen, which could 
be due to the deamination and proteolysis effects of OA (41). The 
higher ammonia nitrogen concentration resulted in increased 
microbial protein synthesis, improved nitrogen utilization, and 
enhanced dietary protein degradation.

4.2.3 Volatile fatty acids production
Volatile fatty acids are the main energy sources and precursors for 

the production of animal products. They are produced through the 
bioconversion of diets in the rumen by anaerobic digestion (47). In 
both diets, supplementation with OA at lower and higher levels as well 
as the interaction between YC and OA significantly increased the 
production of acetic acid. This suggests that OA supplementation 
alone had a greater impact on acetic acid production than YC and 
their interactions. This indicates that OA may facilitate the degradation 
of fiber and increase nutrient availability for the host. However, at 24 
and 48 h, the control produced more acetic acid. Supplementation 
with YC and OA showed significantly higher TVFA production 
compared to the control. Individual supplementation of YC and OA 
had a greater impact on TVFA production than their interactions. 
Although there is a lack of reports on the effects of OA, many 
researchers have reported that YC supplementation has positive effects 
on increasing acetic, propionic, and butyric acids (43, 48). Therefore, 
the combination of YC and OA might have a promising effect on 
boosting essential volatile fatty acid production. Furthermore, YC and 

TABLE 7 Effects of YC and OA supplementation in diet 1 on ruminal bacterial genus composition (%).

Genus Time Diet 1 Yeast 
culture (YC)

Oxalic acid 
(OA)

Interactions SEM p value

C y Y o O yo yO Yo YO YC OA YC × OA

Prevotella

0 h 49.12 52.77 51.66 52.79 54.50 47.85 52.33 57.84 53.71 0.88 0.265 0.523 0.298

12 h 57.99e 27.53bc 27.98c 48.03d 46.75d 21.40a 21.83ab 46.99d 43.69d 2.17 <0.001 0.386 <0.001

48 h 3.43a 16.52c 16.92c 24.89d 26.45d 5.27ab 5.37ab 8.61b 9.99b 1.40 <0.001 0.159 <0.001

Selenomonas

0 h 0.01ab 0.02ab 0.02ab 0.03b 0.02ab 0.01ab 0.01ab 0.00a 0.01ab 0.002 0.067 0.212 0.016

12 h 0.00a 0.21b 0.15ab 0.48c 0.48c 0.10ab 0.16ab 0.08ab 0.06ab 0.03 <0.001 0.002 <0.001

48 h 1.32a 24.55c 23.53c 4.18ab 4.29ab 6.98ab 7.94b 5.96ab 5.42ab 1.41 <0.001 <0.001 <0.001

Butyrivibrio

0 h 10.66b 8.64ab 9.30ab 7.17ab 6.92a 9.05ab 9.14ab 6.67a 8.97ab 0.31 0.495 0.021 0.035

12 h 2.40a 4.65d 4.64d 2.68ab 2.41a 3.38bc 3.92cd 2.79ab 2.99ab 0.15 <0.001 <0.001 <0.001

48 h 9.70c 3.57ab 3.48ab 2.48a 2.58a 3.10a 3.54ab 5.15b 5.06b 0.37 <0.001 <0.001 <0.001

Succiniclasticum

0 h 0.45ab 0.39ab 0.58b 0.23ab 0.30ab 0.38ab 0.29ab 0.14ab 0.12a 0.03 0.488 0.001 0.064

12 h 0.47ab 0.15a 0.04a 6.26e 7.92e 4.20d 3.52cd 0.94ab 2.16bc 0.47 <0.001 <0.001 <0.001

48 h 3.01a 2.79a 2.65a 9.20c 8.52c 6.41b 5.81b 9.98c 8.81c 0.48 <0.001 <0.001 <0.001

Ruminococcaceae_

Ruminococcus

0 h 4.78a 4.50a 4.86a 1.17b 8.75ab 7.64ab 6.98ab 8.95ab 5.25a 0.53 0.086 <0.001 0.412

12 h 1.12e 0.51bc 0.76cd 0.19a 0.17a 0.35ab 0.43ab 0.94de 0.72cd 0.06 <0.001 <0.001 <0.001

48 h 0.65c 0.35ab 0.33ab 0.30a 0.29a 0.38ab 0.37ab 0.50bc 0.45ab 0.02 0.117 0.073 <0.001

Shuttleworthia

0 h 0.11ab 0.11ab 0.20b 0.21b 0.21b 0.10ab 0.05a 0.11ab 0.04a 0.01 0.004 0.212 0.006

12 h 0.01a 1.41b 2.20c 3.11d 4.00e 0.30a 0.40a 0.02a 0.02a 0.24 <0.001 0.004 <0.001

48 h 0.21a 0.75a 0.79a 2.91b 2.81b 0.32a 0.55a 0.42a 0.37a 0.18 <0.001 <0.001 <0.001

a,b,c,d,eDifferent superscripts in the same row imply that their mean values are significantly different (p ≤ 0.05). Where: C = Diet 1 (10.3% hemicellulose); y = diet 1 with low yeast culture; Y = Diet 
1 with high yeast culture; o = diet 1 with low oxalic acid; O = diet 1 with high oxalic acid; yo = diet 1 with low yeast culture and low oxalic acid; yO = diet 1 with low yeast culture and high oxalic 
acid; Yo = diet 1 with high yeast culture and low oxalic acid; and YO = diet 1 with high yeast culture and high oxalic acid.
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OA supplementation significantly increased propionic acid production 
in both diets. However, the acetic acid to propionic acid ratio was 
significantly lower in the supplemented treatments in both diets. A 
study reported that YC supplementation could significantly increase 
propionic and TVFA production, but reduce acetic acid, resulting in 
a lower acetic to propionic acid ratio (49). Hence, YC and OA 
supplementation may enhance VFA production in the rumen by 
improving rumen functions. Increased volatile fatty acid production 
may lead to improved energy yield, enhanced rumen efficiency, better 
nutrient absorption, maintained pH levels, efficient fiber digestion, 
and increased microbial activities.

4.3 Rumen bacterial community 
composition

4.3.1 Bacterial species diversity
The rumen ecosystem contains diverse microbes, predominantly 

bacteria (50). Factors that affect the diversity of bacterial species 
include diet, dietary supplements, host species, and environmental 
factors (51). Species diversity can be measured using different alpha 
diversity indices, such as the Chao1 index and the Shannon and 
Simpson diversity indices, which quantify the richness of species in a 
community (52). In diet 1, the addition of OA alone, as well as the 
interaction of YC and OA, increased species diversity. This aligns with 
a previous study that found an increase in the richness and diversity 
of rumen microbiota when organic acids were added to high-grain 

diets (53). However, this partially contradicts an other study that 
found oxalic acid reduced the microbial diversity in sheep, but the 
diversity gradually returned to normal (41). YC and OA 
supplementation also affected the Shannon and Simpson diversity 
indices of the bacterial community. Treatments supplemented with YC 
and OA interactions showed significantly higher Shannon diversity 
index values. In diet 2, the YC and OA interactions significantly 
increased the Chao1 index values, indicating higher bacterial species 
richness. However, YC alone showed significantly lower Chao1 values. 
Supplementing YC and OA together significantly increased the 
Shannon and Simpson indices. This implies that YC and OA may have 
a synergistic effect as a supplement to enhance rumen bacterial 
richness and diversity, contributing to the overall stability and 
resilience of the rumen ecosystem. A diverse bacterial community can 
help the animal cope with different stresses and disturbances by 
maintaining various functions in the body. Furthermore, diverse 
bacterial communities may help the animal withstand different 
diseases and environmental impacts.

4.3.2 Rumen bacterial phylum composition
The composition of ruminal bacterial phyla varies across different 

parts of the rumen, however, Bacteroidetes and Firmicutes are the most 
dominant phyla (54). This result showed that Bacteroidetes comprised 
45.06%, Firmicutes 37.39%, and Actinobacteria 11.70% of the total 
bacterial composition. Similarly, a study found that Bacteroidetes 
(40.95%) and Firmicutes (36.36%) are dominant phyla in sheep rumen 
(55). The main fiber fermenters such as Prevotella, Butyrivibrio, and 

TABLE 8 Effects of supplementation with YC and OA in diet 2 on the dominant genus composition of ruminal bacteria (%).

Genus Time Diet 2 Yeast 
culture (YC)

Oxalic acid 
(OA)

Interactions SEM p value

ctrl L H l h Ll Lh Hl Hh YC OA YC × OA

Prevotella

0 h 49.77ab 54.89b 54.37b 50.53ab 43.24a 46.56ab 53.10b 55.23b 55.47b 0.88 <0.001 0.239 0.01

12 h 53.47e 29.00b 26.31b 47.91d 48.13d 20.57a 21.47a 42.10c 41.65c 2.01 <0.001 0.542 <0.001

48 h 4.84a 14.70bc 20.84d 32.20e 32.12e 10.43ab 7.30a 16.73cd 15.55bcd 1.60 <0.001 <0.001 <0.001

Selenomonas

0 h 0.00a 0.02ab 0.01ab 0.02b 0.022b 0.02b 0.02b 0.02b 0.02b 0.00 1.99 <0.001 2.228

12 h 0.02a 0.35bcd 0.37cd 0.73e 0.56de 0.16abc 0.09a 0.13ab 0.07a 0.04 <0.001 0.021 <0.001

48 h 1.58a 35.52cd 42.18d 15.37ab 16.17b 24.75bc 24.70bc 17.91b 18.03b 2.08 <0.001 0.009 <0.001

Butyrivibrio

0 h 9.54ab 8.11a 8.26a 10.39abc 13.68d 12.85cd 12.22bcd 10.30abc 8.59a 0.38 <0.001 <0.001 0.002

12 h 3.61abc 3.93bc 4.40c 3.20ab 3.00a 3.78abc 3.62abc 3.23ab 3.63abc 0.09 0.004 <0.001 0.106

48 h 12.17c 3.61b 2.04a 1.35a 1.52a 0.85a 1.18a 1.20a 1.24a 0.58 <0.001 <0.001 <0.001

Succiniclasticum

0 h 0.14 0.23 0.14 0.11 0.13 0.18 0.23 0.07 0.22 0.02 0.099 0.203 0.717

12 h 0.94ab 0.07a 0.07a 6.10c 5.85c 2.50b 1.92ab 1.17ab 1.47ab 0.38 <0.001 <0.001 <0.001

48 h 1.57a 1.42a 1.25a 5.48b 5.66b 5.31b 7.07b 13.09c 13.04c 0.74 <0.001 <0.001 <0.001

Ruminococcaceae_

Ruminococcus

0 h 6.46 5.45 7.24 6.07 5.77 5.31 3.01 2.72 5.44 0.46 0.396 0.239 0.332

12 h 1.23c 0.86b 0.80b 0.26a 0.26a 0.51a 0.46a 0.82b 0.88b 0.05 <0.001 <0.001 <0.001

48 h 0.55d 0.26abc 0.27bc 0.22ab 0.22ab 0.13a 0.21ab 0.36c 0.33bc 0.02 <0.001 <0.001 <0.001

Shuttleworthia

0 h 0.14 0.10 0.13 0.15 0.20 0.25 0.10 0.04 0.18 0.02 0.657 0.785 0.203

12 h 0.00a 2.45b 1.82b 4.99d 4.06c 0.49a 0.64a 0.02a 0.02a 0.30 <0.001 0.022 <0.001

48 h 0.29a 0.29a 1.41ab 6.87d 5.94cd 3.76bc 2.03ab 1.33ab 0.38a 0.41 <0.001 <0.001 <0.001

a,b,c,d,eDifferent superscripts in the same row imply that their mean values are significantly different (p ≤ 0.05). Where: ctrl = diet 2 (17% hemicellulose); L = diet 2 with low yeast culture; H = diet 
2 with high yeast culture; l = diet 2 with low oxalic acid; h = diet 2 with high oxalic acid; Ll = diet 2 with low yeast culture and low oxalic acid; Lh = diet 2 with low yeast culture and high oxalic 
acid; Hl = diet 2 with high yeast culture and low oxalic acid; and Hh = diet 2 with high yeast culture and high oxalic acid.
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Pseudobutyrivibrio are members of the phyla Bacteroidetes and 
Firmicutes (56), which are also efficient hemicellulose fermenters (50). 
In the first experiment (diet 1), the relative abundance of Bacteroidetes 
was higher in the control at 12 h; however, at 48 h, OA supplementation 
significantly increased the abundance, possibly due to the bacteria 
acclimatizing to oxalic acid. The abundance of Firmicutes was not 
affected. However, supplementation with OA reduced the relative 
abundance of Firmicutes. The interaction between YC and OA 
increased the abundance of the Actinobacteria phylum, which contains 
the crucial probiotic Bifidobacterium genus for gut health (7). 
Additionally, supplementation with YC and OA interaction 
significantly increased the abundance of the Spirochaetes and 
Verrucomicrobia phyla. The phyla Spirochaetes and Verrucomicrobia 
have been identified as possible producers and facilitators of enzymes 
involved in the degradation of complex polysaccharides such as 
xyloglucans, peptidoglycans, and pectin (57). In the second 
experiment (diet 2), supplementation of OA increased the abundance 
of the Bacteroidetes phylum. The YC and OA interaction also 
significantly increased the composition of this phylum. Both low and 
high levels of YC supplementation increased the abundance of 
Firmicutes. Furthermore, lower level of YC and higher level of OA, and 
lower levels of both YC and OA supplementation, also increased the 
abundance of the Firmicutes phylum. The supplementation of YC and 
OA also increased abundance of the Actinobacteria phylum. These 
results indicate that the interaction of YC and OA enhanced the 
composition of the rumen bacterial community at the phylum level. 
Overall, these findings suggest that the supplementation of YC and 

OA may have a promising effect on increasing the abundance of 
beneficial bacterial phyla which are primary fermenters of cellulose 
and hemicellulose (50, 56).

4.3.3 Rumen bacterial genera composition
The dominant genera identified in the recent in vitro experiment 

were Prevotella, Selenomonas, Butyrivibrio, Succiniclasticum, 
Ruminococcaceae_Ruminococcus, Shuttleworthia, and Olsenella. In 
both diets, YC and OA supplemented treatments increased the 
abundance of the Prevotella genus. Individual supplementation with 
YC and OA also significantly increased the abundance of this genus. 
The Selenomonas and Succiniclasticum genera were dominant and 
showed a significant increase in the supplemented treatments. 
However, the Butyrivibrio genus was higher in the controls than in the 
supplemented treatments at 12 and 48 h in both diets. Prevotella 
strains have been found to ferment hemicellulose but exhibit 
differences in fermentation end products (58). It contains the 
Prevotella ruminicola species which plays a role in nitrogen 
metabolism and is also a fibrolytic bacteria that possesses carbohydrate 
esterases, facilitating hemicellulose degradation (59). The Butyrivibrio 
genus can also degrade hemicellulose (arabinoxylans) and pectin and 
produce butyrate (60). In both diets, the supplementation also showed 
a higher Selenomonas genus at 48 h. It contains the Selenomonas bovis 
species, which could ferment various sugars and produce acetate, 
propionate, and CO2 as end products (61, 62). Studies have reported 
that Selenomonas enhances the proliferation of the microbial 
community in the rumen (63). Additionally, it encompasses several 

TABLE 9 The correlation between ruminal bacteria community composition (genus) and nutritional disappearance, and rumen fermentation 
parameters in the two diets.

Item Genus Nutritional disappearance and rumen fermentation parameters

IVDMD IVNDFD IVCPD pH NH3-N Acetic Propionic Butyric TVFA A:P

Diet 1

Prevotella 0.43* 0.24 −0.02 −0.05 −0.82** −0.30 0.86** −0.43* 0.42* −0.75**

Selenomonas 0.41* 0.07 −0.36 −0.47* 0.03 −0.49* 0.50* 0.22 0.25 −0.56

Butyrivibrio −0.32 −0.68 −0.02 −0.50* 0.22 0.66** −0.71** 0.46* −0.12 0.90**

Succiniclasticum −0.52 0.37 0.44* 0.66** −0.37 −0.21 −0.12 −0.82** −0.49* −0.06

Ruminococcaceae_

Ruminococcus
−0.41

−0.64 0.04 −0.34 0.26 0.56* −0.71** 0.39* −0.20 0.81**

Shuttleworthia 0.40 0.24 0.06 0.18 −0.75** −0.12 0.65** −0.52* 0.30 −0.53*

Olsenella −0.21 0.46* −0.04 0.45 0.77** −0.34 −0.23 0.18 −0.29 −0.06

Bulleidia −0.39 −0.41* −0.10 −0.56* 0.40* 0.17 −0.44* 0.48* −0.13 0.43*

Treponema −0.12 0.21 0.35 0.73* 0.29 0.03 −0.32 −0.24 −0.33 0.18

Diet 2

Prevotella −0.19 −0.09 0.13 0.04 −0.78** 0.50* 0.75** −0.34 0.66** −0.62**

Selenomonas −0.32 −0.12 −0.05 0.10 −0.41* −0.36 0.35 0.09 0.15 −0.63**

Butyrivibrio −0.30 −0.15 −0.57* −0.77** 0.34 0.13 −0.39 0.49* −0.18 0.66**

Succiniclasticum 0.82** 0.27 0.81** 0.74** 0.24 −0.24 −0.36 −0.77** −0.45* 0.20

Ruminococcaceae_

Ruminococcus
0.08

−0.15 −0.17 −0.44 0.30 −0.09 −0.57* −0.03 −0.45* 0.72**

Shuttleworthia −0.15 0.05 0.11 0.15 −0.34 0.60** 0.64** −0.04 0.67** −0.49**

Olsenella −0.56* −0.13 −0.47* −0.41 −0.29 −0.28 0.11 0.38 0.03 −0.19

Bulleidia −0.38 −0.17 −0.63** −0.78** 0.27 0.00 −0.36 0.52* −0.20 0.57*

Treponema 0.54* 0.25 0.31 0.62** 0.69** −0.09 −0.34 −0.05 −0.27 0.23

**Indicates that p < 0.001, and *indicates when 0.05 ≥ p ≥ 0.001. The significance arrangement is columnwise. Where: IVDMD = in vitro dry matter disappearance; IVNDFD = in vitro neutral 
detergent fiber disappearance; IVCPD = in vitro crude protein disappearance; NH3-N = ammonia nitrogen; TVFA = total volatile fatty acid, and A:P = acetic to propionic acid ratio.
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species that actively participate in the process of nitrate and nitrite 
reduction inside the rumen (64) and could facilitate propionic acid 
producing bacteria (65).

This in vitro experiment showed that adding YC and OA to 
hemicellulosic diets significantly altered the composition of beneficial 
rumen bacterial genera. This could be attributed to the creation of a 
favorable environment for bacterial growth and performance by the 
supplemented ingredients. As the pH results indicated, YC and OA 
supplementation increased the pH level of the ruminal fluid. 
Additionally, the ammonia nitrogen concentration increased in these 
experiments, suggesting that bacteria were able to obtain sufficient 
microbial protein, thereby facilitating their proliferation in the rumen. 
Hence, this may explain the significant increase in rumen bacteria at 
the genus and phylum taxonomic levels.

4.3.4 Correlations between rumen fermentation 
parameters and bacterial genus composition

The correlation between the composition of ruminal bacteria and 
rumen fermentation parameters provides valuable insights into their 
roles in the rumen. The dominant genera that were highly abundant 
in the supplemented groups showed a significant and positive 
correlation with nutrient disappearance. Specifically, Prevotella, 
Selenomonas, and RFN20 were among the genera that were greatly 
increased with YC and OA supplementation and showed significant 
medium positive correlations with IVDMD in diet 1. Similarly, a 
report showed that Prevotella was positively correlated with 
digestibility (66). Another study also reported a positive correlation 
between Selenomonas and DM digestibility (67). In diet 2, Olsenella, 
Desulfovibrio, and Bifidobacterium showed a significant positive 
association with the IVNDFD. The IVCPD showed a significant 
medium positive correlation with Succiniclasticum and Desulfovibrio 
genera. The dominant genera also showed a positive correlation with 
the rumen fermentation parameters. The Succiniclasticum, Treponema, 
Desulfovibrio, and Sharpea genera showed a highly significant strong 
positive correlation with pH. Hence, these genera might be responsible 
for increased ruminal pH by facilitating fiber digestion. 
Succiniclasticum dextrinosolvens and Succinimonas amylolytica are 
prominent species that play a significant role in starch digestion and 
are responsible for succinate production. This succinate can then 
be transformed into propionate through the activity of Selenomonas 
ruminantium (68). Treponema enhances cellulose and hemicellulose 
breakdown (69). NH3-N had a significant and strong positive 
correlation with the Olsenella, Bulleidia, and Oscillospira genera. 
However, it showed a significantly strong negative correlation with the 
Prevotella, Shuttleworthia, and Bifidobacterium genera. This 
correlation analysis showed that changes in the composition of the 
bacterial community may be  responsible for the improved 
disappearance of nutrients and the production of rumen fermentation 
products including NH3-N concentration and volatile fatty acids.

5 Conclusion

Taken together, this study showed that the addition of yeast 
culture, oxalic acid, or both to hemicellulosic diets can increase the 
disappearance of dry matter, neutral detergent fiber, and crude protein 
in the rumen. This supplementation also leads to significant 
improvement in ruminal pH levels, ammonia nitrogen concentration, 
acetic acid, propionic acid, and TVFA production. However, it caused 

a reduction in the acetic to propionic acid ratio. Furthermore, it 
induced modifications in the diversity, richness, and relative 
abundance of rumen bacteria across various taxonomic levels. The 
dominant bacterial genera showed a strong positive correlation with 
nutrient disappearance and rumen fermentation parameters. 
Therefore, YC and OA have a great potential to buffer and create a 
conducive rumen environment and improve rumen fermentation 
efficiency and hemicellulose digestion.
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Differences of serum glucose and 
lipid metabolism and immune 
parameters and blood 
metabolomics regarding the 
transition cows in the antepartum 
and postpartum period
Xinya Zhao 1, Yuxin Wang 1, Luyao Wang 1, Shouqiang Sun 2, 
Chaoyue Li 2, Xuewei Zhang 1, Long Chen 3 and Yujia Tian 1*
1 Tianjin Key Laboratory of Agricultural Animal Breeding and Healthy Husbandry, College of Animal 
Science and Veterinary Medicine, Tianjin Agricultural University, Tianjin, China, 2 Tianjin Jialihe Animal 
Husbandry Group Co., Ltd., Tianjin, China, 3 Beijing Dongfang Lianming Technology Development Co., 
Ltd., Beijing, China

This study aims to investigate differences in metabolism regarding the transition 
cows. Eight cows were selected for the test. Serum was collected on antepartum 
days 14th (ap14) and 7th (ap7) and postpartum days 1st (pp1), 7th (pp7), and 
14th (pp14) to detect biochemical parameters. The experiment screened out 
differential metabolites in the antepartum (ap) and postpartum (pp) periods and 
combined with metabolic pathway analysis to study the relationship and role 
between metabolites and metabolic abnormalities. Results: (1) The glucose 
(Glu) levels in ap7 were significantly higher than the other groups (p  <  0.01). 
The insulin (Ins) levels of ap7 were significantly higher than pp7 (p  =  0.028) and 
pp14 (p  <  0.01), and pp1 was also significantly higher than pp14 (p  =  0.016). The 
insulin resistance (HOMA-IR) levels of ap7 were significantly higher than ap14, 
pp7, and pp14 (p  <  0.01). The cholestenone (CHO) levels of ap14 and pp14 were 
significantly higher than pp1 (p  <  0.01). The CHO levels of pp14 were significantly 
higher than pp7 (p  <  0.01). The high density lipoprotein cholesterol (DHDL) levels 
of pp1 were significantly lower than ap14 (p  =  0.04), pp7 (p  <  0.01), and pp14 
(p  <  0.01), and pp14 was also significantly higher than ap14 and ap7 (p  <  0.01). 
(2) The interferon-gamma (IFN-γ) and tumor necrosis factor α (TNF-α) levels of 
ap7 were significantly higher than pp1 and pp7 (p  <  0.01); the immunoglobulin 
A (IgA) levels of pp1 were significantly higher than ap7 and pp7 (p  <  0.01); 
the interleukin-4 (IL-4) levels of pp7 were significantly higher than ap7 and 
pp1 (p  <  0.01), the interleukin-6 (IL-6) levels of ap7 and pp1 were significantly 
higher than pp7 (p  <  0.01). (3) Metabolomics identified differential metabolites 
mainly involved in metabolic pathways, such as tryptophan metabolism, alpha-
linolenic acid metabolism, tyrosine metabolism, and lysine degradation. The 
main relevant metabolism was concentrated in lipid and lipid-like molecules, 
organic heterocyclic compounds, organic acids, and their derivatives. The 
results displayed the metabolic changes in the transition period, which laid a 
foundation for further exploring the mechanism of metabolic abnormalities in 
dairy cows in the transition period.

KEYWORDS

transition period, metabolomics, glucose metabolism, lipid metabolism, metabolic 
pathway
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Introduction

During the transition period, cows have to go through 
complicated physiological processes, such as pregnancy, delivery, 
and lactation (1). These physiological processes will change the 
nutritional needs and metabolism of the body. These changes are 
caused by the increasing nutritional and energy needs at the 
beginning of milk production, which will result in a negative balance 
state and even cause metabolic abnormalities, such as insulin 
resistance and various metabolic diseases (2). The nutritional 
requirements of peripartum cows, such as carbohydrates, fat, and 
protein, vary with physiological changes from calving to lactation 
(3). Large amount of glucose is lost to the breast during pregnancy 
and lactation, initiating the use of carbohydrate resources (4). Due 
to the limited supply of glucose in feed energy intake, cows lack 
carbohydrate intake for a long time, and lactation consumes a large 
amount of energy, resulting in lower blood glucose. To satisfy energy 
requirement, the body prioritizes mobilizing fat storage for milk 
production (5). Triglycerides in adipose tissues are subjected to 
lipolysis, releasing large amount of non-esterified fatty acids into the 
blood circulation and esterifying in the liver. However, when the 
amount of non-esterified fatty acids exceeds the esterification ability 
of the liver, ketone bodies are formed, resulting in an increase in 
β-hydroxybutyric acid and the occurrence of ketosis (6). Currently, 
to prevent and improve the NEB status, nutritional regulation is 
adopted, for instance, probiotics, prebiotics, dietary lipids, and 
Chinese medicine compounds, which may also reduce the risk of 
postpartum disease (7–9). The physiological mechanisms related to 
the transitional period in dairy cows are not fully understood, and 
it is unclear whether mutual synergy can better prevent and treat 
transitional metabolic diseases. Only limited measures can treat 
metabolic diseases in transition cows, and the investigators try to use 
metabolomics to address this problem. Metabonomics is helpful to 
further understand the physiological mechanism of dairy cows in 
transition period, so as to identify different blood metabolites before 
and after calving. Thus, providing information is helpful to treat and 
prevent metabolic diseases of dairy cows in transition period. This 
method is widely used in the treatment of subclinical mastitis, 
placenta retention, and ketosis in cows (10–13). Previous studies 
have assessed the dynamic changes in biological amines, 
acylcarnitines, glycerophospholipids, and sphingolipids, based on 
targeted metabolomics. Blood samples at 28 days postpartum 
showed some increases in AA and sphingomyelin when compared 
with 7 days postpartum (14). Only the longitudinal changes in the 
blood metabolome were analyzed to identify new biomarkers. 
However, few studies clearly indicate that metabolic pathway 
changes in the whole transition period.

Untargeted metabolomics can detect metabolite differences 
between the control and test groups (15, 16). Although studies of 
metabolic diseases in cows have been reported previously, there are 
still no clearly effective prevention and treatment options 
in production.

We hypothesized that cows may cause changes in metabolites 
before and after delivery and may reveal metabolite biomarkers 
that reflect cows before and after delivery. In this study, biochemical 
and immune indexes of serum samples from transition cows were 
determined, and plasma samples from transition cows were 

analyzed by untargeted metabolomics methods. Moreover, 
differential metabolites and major metabolic pathways were 
identified. Meanwhile, biochemical and immune indexes were 
correlated with differential metabolites. These trials may aid in the 
prevention and treatment of metabolic abnormalities in cattle and 
explain the underlying metabolic mechanisms.

Materials and methods

Serum sample collection and biochemical 
measurements

The present study was carried out in Tianjin Haorui Feng 
Animal Husbandry Co., Ltd. (Tianjin, China) during February 2022. 
Twenty transitional cows were randomly selected and eight healthy 
Holstein cows with similar body condition (3.25 ± 0.5, 5-point scale 
for body condition score), weight (570 ± 50 kg), and similar 
pregnancy days were finally selected for testing. The TMR formulas 
for the pre-partum period and the post-partum period were 
formulated following the NRC requirements (2001). The cows were 
fed twice, in the morning and evening, with free water access. 
Table 1 presents the composition of TMR and the nutritional values. 
Blood samples were collected from the caudal vein of cows 
antepartum 14th and 7th days and postpartum 1st, 7th, and 14th 
days in the morning. Two 10 mL vacuum blood collection tubes and 
one 10 mL vacuum blood collection tube containing 
Ethylenediaminetetraacetic acid (EDTA) were used for collection. 
The whole blood in EDTA tube was directly subpackaged in 2 mL 
cryovials, and two vacuum blood collection tubes were centrifuged 
at 3,500 rpm/min for 10 min. The upper serum was collected and 
subpackaged in 2 mL cryovials, all of which were stored at −80°C 
refrigerator. Blood samples collected were grouped by time, and 
serum at antepartum 14th and 7th days and postpartum 1st, 7th, and 
14th days was grouped as ap14 and ap7 and pp1, pp7, and pp14, 
respectively. Moreover, the whole blood in EDTA tube at ap14, ap7, 
pp1, pp7, and pp14 day was grouped as ap and pp, respectively.

Biochemical and immune measurements

The estimated due date of each cow was estimated, and the glucose 
levels of the cows were measured using a glucose meter (OGM-161, 
Harold Beijing Technology Co., Ltd., China) at ap14, ap7, pp1, pp7, 
and pp14, respectively. In total, 2 mL of frozen storage tubes containing 
serum was unfrozen.

Measurement method of biochemical indexes: insulin, 
glycosylated hemoglobin (HbA1c), glucagon (GC), and 
cholinesterase (AChE) contents of each cow at ap14, ap7, pp1, pp7, 
and pp14 were measured using enzyme-linked immunosorbent 
assay (ELISA) kit (Shanghai Jianglai Biotechnology Co., Ltd., China) 
and Bio-Rad iMark. HOMA-IR (HOMA-IR = Glu (mmol/L) × Ins 
(mIU/L)/22.5) index was calculated by the steady-state model 
evaluation method (17, 18). CHO by CHOD-PAP method and 
triglyceride (TG) by GPO-PAP method, low density lipoprotein 
cholesterol (DLDL) by direct method-surfactant removal method, 
and DHDL by direct method-catalase removal method. The kits 
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were purchased from Zhongsheng Beikong Biotechnology Co., Ltd. 
The levels of CHO, TG, DLDL, and DHDL were analyzed using a 
fully automated biochemical analyzer (GLAMOUR 3000, Molecular 
Devices Co., Ltd., America) at ap14, ap7, pp1, pp7, and pp14  in 
each cow.

Measurement method of immune indexes: interferon-gamma 
(IFN-γ), immunoglobulin A (IgA), immunoglobulin G (IgG), 
immunoglobulin M (IgM), interleukin-1β (IL-1β), interleukin-4 
(IL-4), interleukin-6 (IL-6), and tumor necrosis factor α (TNF-α) 
contents of each cow at ap7, pp1, and pp7 were measured using 
enzyme-linked immunosorbent assay (ELISA) kit (Shanghai Jianglai 
Biotechnology Co., Ltd., China) and Bio-Rad iMark.

Untargeted liquid chromatography-MS 
metabolomic sample measurements

A thawed serum sample (100 μL) was added to a 1.5 mL 
centrifuge tube, and 400 μL of methanol: acetonitrile (vol/vol = 1:1) 
was added for extraction. The samples were mixed by vortexing for 
30 s and sonicating at 40 kHz and 5°C for 30 min. The samples were 
allowed to stand at −20°C for 30 min. The supernatants were then 

centrifuged for 15 min at 13,000 × g and 4°C and dried with 
nitrogen. To the sample, 120 μL of reconstituted solution 
(acetonitrile: water =1:1) was added for reconstitution and vortexed 
again for 30 s. After ultrasonic extraction for 5 min at 40 kHz and 
5°C and centrifugation for 10 min at 13,000 × g and 4°C, the 
supernatants were transferred to autosampled vials and analyzed on 
the computer. All samples were mixed with 20 μL of supernatant per 
sample as quality control (QC) samples, and one QC sample was 
inserted in every 5–15 analysis samples to examine the stability of 
the overall assay. After the completion of sample pretreatment, the 
samples were subjected to liquid chromatography-tandem mass 
spectrometry analysis.

Each sample was analyzed on an Ultra Performance Liquid 
Chromatography Tandem Fourier Transform Mass Spectrometry 
(UHPLC-Q Exactive HF-X) system. The system column is ACQUITY 
UPLC HSS T3 (100 mm × 2.1 mm I.D., 1.8 μm). The column 
temperature was 40°C. The mobile phase consisted of A (95% water + 
5% acetonitrile + 0.1% formic acid) and B (47.5% acetonitrile + 47.5% 
isopropanol + 5% water + 0.1% formic acid). The gradient elution 
procedure is presented in Supplementary Table S1, and the injection 
volume was 3 μL. Samples were ionized by electrospray and collected 
in positive and negative ion scanning modes 
(Supplementary Tables S1, S2).

Serum biochemical and immune data 
processing and statistical analyses

The data of biochemical indexes and immune indexes of cows 
were analyzed by one-way ANOVA and multiple comparisons with 
Tukey’ s honestly significant difference as post hoc test procedure using 
SPSS software (version 25.0, IBM SPSS). Differences were declared 
significant at p < 0.05 and were declared extremely significant at 
p < 0.01.

Metabolomics data processing and 
statistical analyses

The raw data were imported into the metabolomics processing 
software ProgenesisQI (Waters Corporation, Milford, United States) 
for baseline filtering, peak identification, retention time correction, 
and peak alignment and finally obtained a data matrix of retention 
time, mass-charge ratio, and peak intensity. Subsequently, the 
software was used to identify the feature peak search library and 
matched the MS and MS/MS mass spectral information with 
metabolic public database HMDB,1 Metlin,2 and Majorbio self-built 
library. MS mass error was set to less than 10 ppm while metabolites 
were identified based on second-order MS matching scores. After 
searching, the matrix data were uploaded to Meiji Biological Cloud 
Platform3 for data analysis. Less than 20% of the ion peaks were 
removed, and the minimum was used to fill the vacancy values and 
sum normalized, thus reducing sample and instrument errors. The 

1 http://www.hmdb.ca/

2 https://metlin.scripps.edu/

3 https://cloud.majorbio.com

TABLE 1 Ingredient composition of diets during the peripartum period.

Items Prepartum Postpartum

Ingredient (%)

Oat hay 25 7

Alfalfa haylage 11

Corn silage 35 29

Cotton seed 4.5

Corn grain ground fine 12 8

Soybean meal 10 5.5

Low erucic acid and low 

glucoside rapeseed meal
16 15

Haylage 10

Steam corn flakes 4.5

Antifungal agent 0.2

Rumen by pass fats 0.8

Sodium bicarbonate 1.5

Mineral premix 21 32

Chemical analysis3

Net energy for lactation3, Mcal/kg 1.31 1.74

Dry matter (%) 51.04 53.96

Crude ash (%) 6.21 7.81

Crude protein (%) 18.66 14.83

Crude fiber (%) 1.98 4.28

Neutral detergent fiber (%) 38.44 22.09

Acid detergent fiber (%) 22.16 14.46

1Each kilogram of prepartum premix contains vitamin A 32,000 IU, vitamin D3 7,000 IU, 
dl-a-tocopherol acetate 2,500 mg, and selenium 1.5 mg.
2Each kilogram of postpartum premix contains vitamin A 35,000 IU, vitamin D3 10,000 IU, 
dl-a-tocopherol acetate 2,600 mg, copper 340 mg, manganese 1,500 mg, and zinc 1,500 mg.
3Net energy for lactation is the calculated value; the others are the measured values.
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Variables with relative deviation ≤30% (generally, variables with 
RSD > 30% fluctuate too much during the experiment) were 
excluded. Then log10 was used to transform the data, so as to 
improve the normal distribution of the data structure and reduce 
the analysis error. The R software package ropls (version 1.6.2) 
performs orthogonal least squares-discriminant analysis (OPLS-
DA) to evaluate the stability of the model. OPLS-DA can eliminate 
the noise information irrelevant to the classification and can also 
obtain the relevant metabolite information that leads to significant 
differences between the two groups. To add a positive exchange 
calculation over partial least squares-discriminant analysis (PLS-
DA), OPLS-DA was used. It filters out the signals irrelevant to the 
model classification and has interpretation ability. The OPLS-DA 
model was validated based on Y (R2Y) modeling ability and model 
(Q2) with 200 iterations and the OPLS-DA displacement test. When 
the R2Y and Q2 indicators are closer to 1, the more stable and 
reliable the model is. The Q2 regression line intercept is less than 0, 
and the model is not overfit. Moreover, Q2 > 0.5 indicates better 
predictive power of the model (19).

Significant different metabolites were screened based on the 
variable weight values (VIP) and student’s t-test p-values obtained 
from the OPLS-DA model. Metabolites with VIP >1 and p < 0.05 were 
considered as differential metabolites. Characteristic peak search 
library identification was performed, and MS information was 
matched with the metabolic database. MS mass error was set to less 
than 10 ppm while metabolites were identified based on the 
secondary MS mating score. The main databases are http://www.
hmdb.ca/, https://metlin.scripps.edu/, and other mainstream public 
databases and self-built databases. In addition, pathways involving 
differential metabolites were obtained through the metabolic pathway 
annotation of the KEGG database.4 Clustering and pathway analysis 
data were processed and analyzed using the Python software package 
scipy.stats, to obtain the biological pathway, which was most relevant 
to experimental processing by Fisher’s exact test.

4 https://www.kegg.jp/kegg/pathway.html

Results

Univariate analysis of biochemical 
indicators

Tables 2, 3 present the results of glucose and lipid metabolism 
at different times during the transition period. In Table 2, the Glu 
levels in ap7 were significantly higher than the other time points 
(p < 0.01); the Ins levels of ap7 were significantly higher than pp7 
(p = 0.028) and pp14 (p < 0.01), and pp1 was also significantly 
higher than pp14 (p = 0.016); HOMA-IR levels of ap7 were 
significantly higher than ap14, pp7, and pp14 (p < 0.01). In 
Table 3, the CHO levels of ap14 and pp14 were significantly higher 
than pp1 (p < 0.01), and the CHO levels of pp14 were significantly 
higher than pp7 (p < 0.01); DHDL levels of pp1 were significantly 
lower than ap14 (p = 0.041), pp7 (p < 0.01), and pp14 (p < 0.01), 
and pp14 was also significantly higher than ap14 and ap7 
(p < 0.01).

Univariate analysis of immune indicators

Table 4 present the results of immune performance at different 
times during the transition period. The IFN-γ and TNF-α levels of 
ap7 were significantly higher than pp1 and pp7 (p < 0.01); the IgA 
levels of pp1 were significantly higher than ap7 and pp7 (p < 0.01); 
the IL-4 levels of pp7 were significantly higher than ap7 and pp1 
(p < 0.01), the IL-6 levels of ap7 and pp1 were significantly higher 
than pp7 (p < 0.01).

Analysis of metabolite profiles of plasma

The results of the RSD represent the degree of dispersion of the 
data. A lower RSD represents a data point closer to the mean. The 
standard deviation of the data set is less than 30% of the mean, 
confirming the consistency and stability of the data. For the overall 
data, if the QC sample assessment map is RSD <0.3 and the 

TABLE 2 Index related to glucose metabolism at different time in the transition period (n  =  8).

Index Time SEM4 p-value

ap143 ap7 pp1 pp7 pp14

Glu
2.56b2 4.78a 3.19b 2.83b 2.99b 0.433 <0.01

(mmol/L)

Ins
11.22abc 20.80a 17.07ab 10.06bc 5.59c 3.445 <0.01

(mIU/L)

HOMA-IR1 1.28b 4.52a 2.63ab 1.21b 0.74b 0.697 <0.01

HbA1c
6.81 8.41 8.53 7.27 6.68 1.236 0.418

(ng/mL)

GC
126.44 183.73 167.18 128.16 81.77 39.953 0.118

(pg/mL)

1HOMA-IR (HOMA-IR = Glu (mmol/L) × Ins (mIU/L)/22.5) index was calculated by the steady-state model evaluation method, which is the coefficient of insulin resistance.
2a–c Means within a row with different letters differed significantly (p < 0.05). Same as below.
3The ap is prenatal and the pp is postpartum. Same as below.
4SEM is representing the differences between the groups obtained from the multiple comparison method. Same as below.
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cumulative proportion of peaks is >70%, the overall data are 
qualified (Figure 1).

R2Y (cum) and Q2 (cum) are used to express the evaluation 
on the success of OPLS-DA model establishment. The model 
reliability is expressed as R2Y& Q2 >0.5 (19). The closer to 1, the 
stronger the reliability is. In the positive ion mode of the OPLS-DA 
score plot, R2Y = 0.995 and Q2 = 0.928, whereas in the negative 
ion mode, R2Y = 0.992 and Q2 = 0.93. Both R2Y and Q2 values 
were greater than 0.5, indicating that the model was stable and 
reliable (Figures 2A,B). The Q2 intercept values were less than 
0.05 (20), indicating that there was no overfitting (Figures 3A,B). 
The above data indicated that the OPLS-DA model in the ap group 
and pp group had strong prediction ability, the 
model was successfully established, and the experimental data 
were reliable.

Analysis of differential metabolite

A total of 641 differential metabolites were identified, of which, 
308 metabolites were upregulated and 333 were downregulated in 
prenatal compared with postpartum (Figure 4). The cluster heatmap 
showed that similar metabolites were located in adjacent locations, 
and the dendrogram showed that the samples from the ap and pp 
groups can be separated (Figures 5A,B).

Subsequently, the differential metabolites in the Kyoto 
Encyclopedia of Genes and Genomes pathway database were queried. 
Metabolic pathways were visualized using iPath 3.0.5 The nodes in the 

5 http://pathways.embl.de

TABLE 3 Index related to lipid metabolism at different time in the transition period (n  =  8).

Index Time SEM p-value

ap14 ap7 pp1 pp7 pp14

AChE
62.09 66.20 57.21 47.53 41.15 15.645 0.498

(nmol/L)

TG
0.50 0.48 1.18 0.34 0.47 0.433 0.377

(mmol/L)

CHO
2.17ab 2abc 1.45c 1.78bc 2.54a 0.206 <0.01

(mmol/L)

DLDL
0.22 0.2 0.13 0.22 0.16 0.059 0.489

(mmol/L)

DHDL
1.21b 1.13bc 0.85c 1.36ab 1.67a 0.121 <0.01

(mmol/L)

TABLE 4 Index related to immune performance at different time in the transition period (n  =  8).

Index Time SEM p-value

ap7 pp1 pp7

IFN-γ
607.43a 310.64b 332.25b 29.933 <0.01

(mIU/L)

IgA
315.75b 906.06a 282.31b 61.575 <0.01

(ng/mL)

IgG
2.80 2.61 2.14 0.159 0.228

(pg/mL)

IgM
550.25 583.06 558.06 13.833 0.620

(mmol/L)

IL-1β
237.73 260.17 190.01 12.900 0.070

(mIU/L)

IL-4
2.64b 1.80b 11.42a 0.925 <0.01

(ng/mL)

IL-6
86.97a 81.43a 58.42b 4.192 <0.01

(pg/mL)

TNF-α
18.75a 15.57b 14.92b 0.519 <0.01

(pg/mL)
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FIGURE 1

Plot of anion (A) and cation (B) assessment of QC samples (n  =  8). The abscissa is the RSD (%) value, the standard deviation/mean, and the ordinate is 
the cumulative proportion of the ion peaks. (The dotted line indicates before pretreatment and the solid line indicates after pretreatment).
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global overview map represent different compounds, and the 
boundaries represent different enzymatic reactions (Figure 6). The 
identified global metabolic pathways were mainly involved in AA 
metabolism, lipid metabolism, and carbohydrate metabolism. To 
further screen the pathways, metabolic pathway analysis using 

metabolic analysis software were performed, and the key pathways 
with the highest correlation with metabolite differences were found. 
In total, four major metabolic pathways were affected >0.2, p < 0.05. 
They were tryptophan metabolism, alpha-linolenic acid metabolism, 
tyrosine metabolism, and lysine degradation (Figure 7).

FIGURE 2

OPLS-DA score chart of ap and pp in serum samples for cation (A) and anion (B) pattern analysis (n  =  8). Comp1 first predicted principal component 
interpretation degree, orthogonal Comp1 first orthogonal component interpretation degree. And ap, antenatal sampling time; pp, postnatal sampling 
time. Same as below.
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Association analysis between metabolites 
and biochemical indicators

Metabolites with glucose metabolism index and lipid metabolism 
index were correlated, respectively. The top 20 abundance metabolites 
were selected, and the heatmap of their top 50 abundance correlation 
features is presented in Figure  8. In Figure  8A, Ins levels were 
compared with 3a, 7b, 12a-trihydroxyoxocholanyl-glycine, glycocholic 
acid, 4-ethylamino-6-isopropylamino-1, and 3,5-triazin-2-ol, 
which showed a significant negative correlation. Moreover, Glu 
level was significantly negatively associated with 3a, 7b, 
12a-trihydroxyoxocholanyl-glycine, glycocholic acid, 4-ethylamino-
6-isopropylamino-1, 3,5-triazin-2-ol, deoxycholylglycine, deoxycholic 

acid glycine conjugate, and ergocornine. HOMA-IR showed 
significant negative correlation with 3a, 7b, 12a-trihydroxyoxocholanyl-
glycine, glycocholic acid, 4-ethylamino-6-isopropylamino-1, 
3,5-triazin-2-ol, deoxycholylglycine, alpha-muricholic acid, and cholic 
Acid. HbA1C level showed significant negative correlation with 
L-tryptophan and indoleacrylic acid. The GC levels showed a 
significant negative correlation with 3a, 7b, 12a-trihydroxyoxocholanyl-
glycine, glycocholic acid, 4-ethylamino-6-isopropylamino-1, 
3,5-triazin-2-ol, and deoxycholylglycine.

As shown in Figure  8B, AChE levels showed a significant 
negative correlation with PC (16:0/0:0) and a significant positive 
correlation with triacetic acid. The TG levels showed a significant 
negative correlation with hippuric acid, L-leucine, and 

FIGURE 3

OPLS-DA model validation plots of ap and pp in serum samples for cation (A) and anion (B) pattern analysis (n  =  8). In this model, R2 is the model 
interpretation rate, and Q2 is the prediction ability of the model. The abscissa represents the displacement retention degree of the displacement test 
(the proportion consistent with the order of the Y variable in the original model. The point where the displacement retention degree is equal to 1 is the 
R2 and Q2 values of the original model). The ordinate represents the values of R2 and Q2. The blue dot represents the R2 value obtained by the 
displacement test. The red square point represents the Q2 value obtained by the displacement test. The two dotted lines, respectively, represent the 
regression lines of R2 and Q2.
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FIGURE 4

Volcano map of differential metabolite screening for groups ap and pp (n  =  8). Each point in the volcanic map represents a metabolite. The abscissa 
represents the multiple change (the base-2 log) of the group against each substance, and the ordinate represents the p-value (the base-10 log) of 
student’s t-test. The scatter colors represented the final screening results, with significantly different upregulated metabolites indicated in red, 
significantly different downregulated metabolites indicated in green, and non-significantly different metabolites indicated in grey.

FIGURE 5

Heatmap of the top 20 differential metabolites identified in abundances in serum samples for cation (A) and anion (B) pattern analysis (n  =  8).
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FIGURE 6

Differential metabolites are annotated to the global overview map (n  =  8). The pictures represent the pathways annotated by the metabolic set, and 
one or two metabolic sets can be analyzed; when two metabolic sets are analyzed, different colors represent the pathways annotated by the 
metabolites in different metabolic sets, and blue represents the pathways jointly annotated by the two metabolic sets. Red dots are the metabolites.

FIGURE 7

KEGG pathway enrichment bubble map by topology analysis (n  =  8). Each bubble in the figure represents a KEGG pathway; the horizontal axis indicates 
the relative importance of the metabolites in the pathway impact value; the vertical axis indicates the significance of the metabolites in the pathway-
log10 (p-value); the bubble size represents the impact value; the larger the bubble, the greater the importance of the pathway.
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N-methyl-a-aminoisobutyric acid and significant positive correlation 
of CHO levels with L-tryptophan, indoleacrylic acid, L-leucine, 
N-methyl-a-aminoisobutyric acid, alpha-muricholic acid, and cholic 
Acid. DHDL levels showed significant positive correlation with alpha-
muricholic acid, cholic acid, PC (18:2 (9Z, 12Z)/16:0), PC (PGJ 
2/17:0), 12-(3,4-dimethyl-5-pentylfuran-2-yl) dodecanoylcarnitine, 
PC (16:0/0:0), and glycocholic acid and significant negative correlation 
with triacetic acid.

Association analysis between metabolites 
and immune indicators

Metabolites with immune indicators were correlated. The top 20 
abundance metabolites were selected, and the heatmap of their top 50 
abundance correlation features is presented in Figure 9. The IFN-γ 
levels were compared with triacetic acid, L-leucine, N-methyl-a-
aminoisobutyric acid, and L-tryptophan showed a significant positive 

FIGURE 8

(A,B) Shows how the correlation of metabolites with glucose index and the correlation of metabolites with lipid index, respectively (n  =  8).

FIGURE 9

Correlation of metabolites with immune index (n  =  8).
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correlation and compared with lactulose, ergocomine, glycocholic 
acid, 3a, 7b, 12a-trihydroxyoxocholanyl-glycine, 4-ethylamino-6-
isopropylamino-1, 3,5-triazin-2-ol, 12-(3,4-dimethyl-5-pentylfuran-
2-yl) dodecanoylcarnitine, PC (16:0/0:0), PC (18:2 (9Z, 12Z)/16:0), 
and PC (PGJ 2/17:0) showed a significant negative correlation. TNF-α 
levels were compared with triacetic acid showed a significant positive 
correlation and compared with lactulose showed a significant negative 
correlation. IL-6 levels were compared with triacetic acid showed a 
significant positive correlation and compared with deoxycholylglycine, 
glycocholic acid, glycocholic acid, 3a, 7b, 12a-trihydroxyoxocholanyl-
glycine, 4-ethylamino-6-isopropylamino-1, 3,5-triazin-2-ol, 
12-(3,4-dimethyl-5-pentylfuran-2-yl) dodecanoylcarnitine showed a 
significant negative correlation. IL-1β and IgG levels were compared 
with triacetic acid showed a significant positive correlation. IL-4 
levels were compared with 12-(3,4-dimethyl-5-pentylfuran-2-yl) 
dodecanoylcarnitine, PC (16:0/0:0), alpha-muricholic acid, cholic 
acid, PC [18:2 (9Z, 12Z)/16:0], and PC (PGJ 2/17:0) showed a 
significant positive correlation and compared with triacetic acid 
showed a significant negative correlation. IgA levels were compared 
with lactulose showed a significant positive correlation and compared 
with N-methyl-a-aminoisobutyric acid, L-tryptophan, indoleacrylic 
acid showed a significant negative correlation.

Discussion

Changes in perinatal biochemical 
indicators

During the transition period, plasma Glu levels were significantly 
associated with the NEB status in ruminants (21). Glu is critical for 
promoting maximal milk synthesis (22). As a precursor of lactose 
synthesis, it is also the main energy donor of living cells and an 
intermediate product of metabolism (3). In this study, the 
concentration of Glu was the highest at ap7, which may be a large 
consumption of its own energy materials before and after calving, the 
feed intake cannot satisfy the nutritional needs of the body, and the 
body will increase the production of endogenous glucose to maintain 
glucose homeostasis (8, 23). Ins is a key regulator of maintaining 
glycemic balance and inhibiting triglyceride lipolysis in adipocytes. 
Ins has a key role in maintaining the balance of glucose metabolism, 
with Ins concentration decreases before and after calving (24). In this 
experiment, the increase in Ins concentration before and after delivery 
may disrupt the balance of glucose metabolism. This result may be due 
to the fact that 1 ap7 and pp are in negative energy equilibrium. 
Moreover, the cows had the potential to develop IR symptoms before 
and after calving.

Compared with normal condition cows, transition cows secrete 
various hormones acting against Ins and show greater insulin 
secretion capacity with greater peak insulin (25). In this study, 
HOMA-IR at ap7 was significantly higher than at ap14, pp7, and pp14. 
With fetal growth, insulin resistance significantly increased.

The detection of CHO level in the blood is important for the 
diagnosis of postpartum health of cows. CHO is mainly synthesized 
by the liver, and lipid metabolism is mainly completed in the liver. In 
healthy conditions, fat mobilization accelerates after calving, and 
cholesterol content will continue to rise. In this study, the CHO 
content gradually decreased from ap7 and reached the lowest value on 

the day of delivery and gradually increased later. Consistent with 
healthy conditions in which fat mobilization accelerates after calving, 
the cholesterol content will continue to rise. DHDL, as the main 
lipoprotein for transporting cholesterol, may be an indicator to test 
whether cows enter NEB (26). This study found that the concentrations 
of DHDL and DLDL decreased from ap14 to pp1, with the lowest 
concentration at pp1. It is possibly due to fetal growth and increased 
maternal demand for cholesterol at the end of pregnancy (27).

Changes in perinatal immune indicators

Immunoglobulin has antibody activity, and its increased content 
can improve the immune capacity of the animal body. Cytokines are 
multifunctional protein molecules produced by immune cells and 
certain non-immune cells after stimulation, which play important 
roles in immune defense and inflammatory processes (28–30). 
Immunoglobulin and cytokines jointly participate in the immune 
process and enhance the body’s defense ability. Due to stress, such as 
pregnancy and deliver, the tissue metabolism of cows during the 
transition period changes, resulting in the neuroendocrine and 
immune status, which reduces the immunity (31).

Studies have found that IFN-γ is reduced in the breast before 
delivery, indicating that susceptibility to disease is related to immune 
cytokines. Cytokines have important roles in regulating fat 
mobilization. It can serve as a marker of lipid metabolism (32). The 
highest IFN-γ levels were tested in ap7, consistent with the findings of 
Sordillo. This provides further evidence that the transitional disease 
susceptibility is known through immune cytokines. IgA prevents 
bacteria or viruses on the mucosal surface and attaches to the mucosa 
for antibacterial and antiviral protective effects (33).

IL-4 is an anti-inflammatory factor, and the highest level of IL-4 
is found in pp7, which may be related to the occurrence of deliver 
stress. TNF-α has tumor cell-killing and immunomodulatory 
functions. It can stimulate the synthesis of IL-6, IL-8, and other 
interleukins, affecting lipid metabolism and sugar metabolism 
processes (34). IL-6 is dominated by humoral immunity and is a key 
component in inflammatory cytokines. Studies have shown that 
prenatal serum TNF-α and IL-6  in transitional cows can cause 
disturbance of immune function (35). The increase in TNF-α can 
make the body obtain a strong anti-inflammatory effect and accelerate 
the body’s response to inflammation of TNF-α, and IL-6 levels were 
minimized at pp7 probably because of the lack of carbohydrate intake 
after delivery, mobilizing large amount of fat for energy, affecting lipid 
metabolism and glucose metabolism processes, and causing 
immune dysfunction.

Overall metabolic pathways mainly in 
amino acid metabolism and lipid 
metabolism

The physiological mechanisms associated with delivery in cows 
are still unclear. Most previous studies have focused on the metabolic 
regulation of cows by dietary additives, while the metabolism of 
ruminants itself before and after delivery is rare (36, 37). Therefore, 
our study analyzed the changes in the prenatal and postnatal blood 
metabolome. There were two main types of enriched metabolic 
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metabolites: one is amino acid metabolism, the main metabolic 
pathways were tryptophan metabolism, tyrosine metabolism, and 
lysine degradation; the second is lipid metabolism, the main metabolic 
pathway was alpha-linolenic acid metabolism.

Amino acids are the final absorbed form of the protein. 
Catabolism of amino acids is also a necessary process to participate in 
energy production under the negative energy balance. Tryptophan is 
an important substrate for protein biosynthesis that reduces animal 
consumption and requires maintenance (38, 39). Tryptophan 
deficiency can hinder the accumulation of fat in the body. The 
catabolic pathway of tryptophan is catabolized through the canine 
urine pathway, promoting the production of antimicrobial peptides to 
alleviate intestinal inflammatory response and regulating intestinal 
immune tolerance (40, 41). Tyrosine can be used in the synthesis of 
adrenaline and thyroxine and regulate glucose metabolism and fat 
metabolism in the body. The results of this test showed that the 
tryptophan and tyrosine metabolic pathways were upregulated in 
prenatal cows than in postnatal metabolism, indicating that the 
breakdown of tryptophan and tyrosine is promoted, which is not 
conducive to lipid synthesis in cows. Lysine is one of the ketogenic 
amino acids when the lack of available carbohydrate can participate 
in the formation of ketone body and glucose metabolism. A precursor 
of the synthesis of botulinum alkali is involved in fat metabolism. The 
significant upregulation of lysine indicates that the ketogenic pathway 
is more active before delivery than after delivery. Most of glucose 
which needs in transtion period is provided by liver gluconeogenesis 
(42). Thus, glycogen coneogenesis is significantly upregulated before 
delivery to maintain the stable Glu levels (43).

Strengthening lipid metabolism can relieve the body in negative 
energy balance due to calving and lactation. Alpha-linolenic acid is 
an essential unsaturated fatty acid that constitutes the fat of the 
animal body. It is mainly the direct deposition of fatty acids obtained 
from the diet or the de novo synthesis of fatty acids in the body. The 
results of this test showed that alpha-linolenic acid was downregulated 
in postpartum cows compared with prenatal production, which may 
be related to the involvement of fatty acids in lipid synthesis in blood.

Correlation mainly concentrated in lipid 
and lipid-like molecules, organic 
heterocyclic compounds, organic acids, 
and their derivatives

To explore deeply, the top 20 metabolites were associated with 
glucose metabolism indicators, lipid metabolism indicators, and 
immune indicators and found that the metabolites were mainly 
concentrated in lipid and lipid-like molecules, organic heterocyclic 
compounds, organic acids, and their derivatives. Moreover, these 
metabolites were upregulated relative to the prenatal period. Bile 
acids and their derivatives were negatively correlated with glucose 
metabolism indicators and positively correlated with lipid 
metabolism indicators. Bile acids come from the catabolism of 
cholesterol and are a physiological detergent that can promote the 
digestion and absorption of fat in the intestine and liver (44). 
DHDL can carry cholesterol in the tissue into bile acid (45). 
Deoxycholic acid glycine conjugate can dissolve fat for absorption 
and is absorbed. Cholic acid is the primary bile acid produced by 
the liver. Moreover, when the content is particularly high, it will 
damage the liver (46). According to the test results, fat mobilization 

was accelerated, insulin content and glucose content decreased, 
total cholesterol content increased, and fat metabolism was more 
vigorous after calving, possibly because bile acid promotes liver 
glycogen synthesis (47, 48). In addition, they can also regulate bile 
flow and lipid secretion and are involved in all key enzyme 
regulation of cholesterol homeostasis (49–51). According to the test 
results, bile acids and their derivatives were negatively correlated 
with IL-4 and were positively correlated with IL-6. Through its 
correlation, it can improve the body’s immune function and 
maintain its physical health (52–54).

L-tryptophan and indoleacrylic acid belong to indao and its 
derivatives, and these metabolites were downregulated relative to 
the prenatal period. The increased absorption capacity of sugars will 
increase the concentration of HbA1c, which will then affect the 
tryptophan absorption. Tryptophan is a precursor of serotonin. 
Serotonin plays a key role in regulating energy metabolism, 
locomotor activity, and dietary behavior. In turn, the effect of 
serotonin on metabolic processes is through the activation of the 
signaling pathway in hypothalamic neurons (55). The metabolism 
of tryptophan to serotonin requires nutrients such as vitamin B6 
and niacin. Niacin is synthesized by canine urine and quinolinic 
acid. Two tryptophan anabolites were obtained by the canine urine 
pathway, and canine uric acid, indao, and its derivatives were 
negatively correlated with IgA and were positively correlated with 
IFN-γ. It is possible that indoleacrylic acid promotes intestinal 
epithelial barrier function, stimulates the production of butyryl 
acrylic acid, and subsequently alleviates the inflammatory 
response (56).

L-Leucine is a branched-chain amino acid that participates in 
energy and muscle metabolism. Leucine is only used in the metabolic 
pathway of ketogenic fat, and the metabolic end products are acetyl-
coenzyme A and acetoacetate. Leucine, like other branched-chain 
amino acids, is implicated in insulin resistance (57). Postnatal 
L-leucine showed downregulation, positively associated with insulin 
resistance and IFN-γ, probably because leucine stimulates insulin 
release and promotes protein biosynthesis (58). This suggests that 
IFN-γ levels can indirectly indicate an association with the 
development of insulin resistance.

Strengths and limitations of the study

Although there have been many studies on transitional metabolic 
disorders, there is still no clear and effective prevention and treatment 
options in production. Moreover, the results and effects of previous 
studies are more for other animals, which has great limitations for 
cows. Whether they are able to better prevent and ameliorate cow in 
the transition period metabolic disorders through synergistic 
interaction is not known. This experiment used the metabolic 
mechanism of cows in the transition period as the entry point and 
then reveal the different metabolic mechanism and mechanisms of 
blood metabolites and metabolic pathways at different times in the 
transition period. These results provided evidence for further 
exploration of the mechanisms of transitional metabolic abnormalities 
in dairy cows and could help in the development of new 
metabolic strategies.

Twenty transitional cows were randomly selected and eight 
healthy Holstein cows with similar body condition (3.25 ± 0.5, five-
point scale for body condition score), weight (570 ± 50 kg), and 
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similar pregnancy days were finally selected for testing. The sample 
size of eight cows is quite small. But it still laid a certain foundation 
for other investigators.

Conclusion

In this study, the results of measuring biochemical indicators 
and immune indicators found that the tissue metabolism of dairy 
cows changed during the transition period due to stress, such as 
pregnancy and deliver. The body mobilized a large amount of fat 
energy, affecting the lipid metabolism and glucose metabolism 
processes. It potentially develops both IR and NEB, leading to 
immune dysfunction. Metabolic changes in transition cows were 
investigated using an untargeted LC-MS-based metabolomics 
approach. The global metabolic pathways identified by differential 
metabolites were mainly involved in amino acid metabolism, lipid 
metabolism, and carbohydrate metabolism; the key pathways with 
the highest correlation with metabolites include tryptophan 
metabolism, alpha-linolenic acid metabolism, tyrosine metabolism, 
and lysine degradation. These illustrated the metabolic changes in 
lipids and amino acids during the transition period. Lipid 
metabolism should be enhanced after delivery to relieve the NEB 
produced by the body. These data will provide a better 
understanding of the mechanisms of metabolic disorders during the 
transition. These may lay the stage for proposing new preventive 
and control strategies to regulate metabolic disorders, metabolic 
health, and immune function during the transition period.

Epilogue

The experiment conducted the study of blood glucose metabolic 
indicators, serum metabolites and serum metabolic pathways at 
different times in the transition period and to explain the potential 
metabolic mechanism. In the next trial, we will increase the sample 
size and evaluate the key parameters of metabolic changes in lactation 
performance. Further determine the representativeness of the results 
of this study and strive to provide practical and effective prevention 
programs for production pastures.
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Inositol is a bioactive factor that is widely found in nature; however, there are 
few studies on its use in ruminant nutrition. This study investigated the effects 
of different inositol doses and fermentation times on rumen fermentation and 
microbial diversity, as well as the levels of rumen and blood metabolites in 
sheep. Rumen fermentation parameters, microbial diversity, and metabolites 
after different inositol doses were determined in vitro. According to the in vitro 
results, six small-tailed Han sheep fitted with permanent rumen fistulas were 
used in a 3  ×  3 Latin square feeding experiment where inositol was injected into 
the rumen twice a day and rumen fluid and blood samples were collected. The 
in vitro results showed that inositol could increase in vitro dry matter digestibility, 
in vitro crude protein digestibility, NH3-N, acetic acid, propionic acid, and rumen 
microbial diversity and affect rumen metabolic pathways (p  <  0.05). The feeding 
experiment results showed that inositol increased the blood concentration of 
high-density lipoprotein and IgG, IgM, and IL-4 levels. The rumen microbial 
composition was significantly affected (p  <  0.05). Differential metabolites in 
the rumen were mainly involved in ABC transporters, biotin metabolism, and 
phenylalanine metabolism, whereas those in the blood were mainly involved in 
arginine biosynthesis and glutathione and tyrosine metabolism. In conclusion, 
inositol improves rumen function, affects rumen microorganisms and rumen 
and blood metabolites and may reduce inflammation, improving animal health.
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1 Introduction

Research on ruminant feed nutrition can improve in livestock 
production (1–4). The rumen is a unique digestive organ that contains 
many microorganisms living in symbiosis with the host. These 
bacteria, which are involved in the decomposition and utilization of 
feeds, produce corresponding metabolites that further promote the 
growth of the host (5). This complex internal environment makes the 
nutritional regulation of ruminants difficult; therefore, an 
environmentally friendly and non-harmful feed additive is imperative 
to improve rumen fermentation capacity, regulate rumen 
microorganisms and metabolites, enhance feed-utilization efficiency 
of ruminants and boost the economic benefits of the farms.

Inositol is a cyclic sugar alcohol widely abundant in fresh fruits, 
vegetables, and cereals. It is involved in the metabolic activities of cells 
(6) and is regarded as an active substance essential for the growth of 
living organisms (7). Our group has previously determined that 
inositol is a potentially potent metabolite in yeast cultures and is 
involved in glycine, serine, and threonine metabolic pathways (8). 
Inositol has many biological functions and plays essential roles in 
cellular signaling, intracellular transport, and osmoregulation (9, 10). 
Cellular deficiency of inositol affects phospholipid metabolism and 
related gene expression and causes cell death (11), demonstrating its 
essential role in the maintenance of regular cellular activity and 
metabolic functions. Inositol is often used as a feed additive for aquatic 
animal production, where it promotes growth and enhances 
antioxidant capacity (12, 13); however, despite numerous studies in 
different fields, few have investigated the effects of inositol in 
ruminants. In this study, the effects of inositol on rumen fermentation 
function, rumen microbial diversity, blood indices, and rumen and 
blood metabolites in sheep were investigated. This study provides a 
reference for the application of inositol in ruminant production.

2 Materials and methods

2.1 Animal ethics

The experiments were conducted at the College of Animal Science 
and Technology, Jilin Agricultural University. All experimental 
procedures were performed by the Guidelines for the Care and Use of 
Experimental Animals of the Jilin Agricultural University 
(JLAU-ACUC2022-006).

2.2 Experimental design

The experiment involved an in vitro and a Latin square feeding 
experiment. An appropriate dose of inositol was selected for the 
feeding experiment based on the in vitro results. The experimental 
results were combined to preliminarily investigate the effects of 
inositol on rumen function, blood indices, and metabolites (Figure 1).

In vitro experiments were designed based on two factors. Factor1 
was supplemental inositol dose (Feed grade inositol, 99%; Anhui 
Yuanzheng Biological, Anhui, China). The experiment included 
control (0 mg/kg DM), low-dose inositol-supplemented (50, 100, or 
200 mg/kg DM), and high-dose inositol-supplemented (400, 800, or 
1,600 mg/kg DM) groups. Factor 2 was fermentation time (3, 6, 12, 24, 

or 48 h). There were 12 replicates in each group (four replicates per 
experiment; the experiment was repeated three times).

The 3 × 3 Latin square experiment used six experimental animals 
divided into three groups, 0, 50, or 100 mg/kg DM inositol, with two 
replicates per group. Each experimental period consisted of 21 days, 
divided into 14 days for adaptation to the diets and 7 days for sampling. 
During the sampling period, inositol was injected into the rumen 
using a disposable syringe every day before feeding. Inositol was 
diluted with ultra-pure water in advance to the required concentration. 
The samples were collected on days 1, 4, and 7 for further analysis.

Male small-tail Han sheep (40 ± 1.5 kg) were kept in individual 
cages and fed twice daily (08:00 and 20:00) at a ratio of 4:6 concentrate 
(pellet feed; Table 1) to roughage (oat hay), according to the feeding 
standard of Feed standard of meat-producing sheep and goats (NY/
T816-2004). The content of inositol in the diet had been tested by a 
professional testing company before the experiment, and no inositol 
content was detected in all the diets.

2.3 In vitro experiment

After multi-layer gauze filtration, the rumen fluid was mixed with 
buffer at a ratio of 1:2 and placed into a fermentation flask containing 
substrate and inositol. Once the mixture was homogeneous, carbon 
dioxide was continuously injected into the vessel, and the vessel was 
placed in a gas-bath oscillator bed for a constant-temperature 
oscillatory incubation (39°C, 80 rpm). The amount of gas production 
was recorded with the ANKOMRF gas production system (ANKOM 
Technology, Macedon, NY, United States). Buffer configuration was 
based on the method described by Menke and Steingass (14).

2.4 Sample collection

A storage container was pre-warmed and filled with CO2 to ensure 
an anaerobic environment for the survival of rumen microorganisms. 
Rumen fluid was collected from different parts of the rumen of sheep 
with permanent rumen fistulas on the day of the experiment and 
mixed before being returned to the laboratory and filtered with multi-
layer gauze. During this period, the external ambient temperature 
(39–41°C) of the rumen fluid was maintained, and CO2 was 
continuously injected. Blood was collected from the neck vein into a 
coagulant tube. The supernatant was collected by centrifugation at 
3,000 × g at 4°C for 10 min and stored at −80°C for later use.

2.5 Determination of rumen fermentation 
parameters

The pH was measured by a Sanxin MP523-04 portable pH meter 
(Shanghai Sanxin Instrument Co., Ltd., Shanghai, China). The 
concentration of ammonia nitrogen (NH3-N) was determined by 
colourimetric analysis using an ultraviolet spectrophotometer 
(UV-1201; Shimadzu, Tokyo, Japan). The VFAs were determined by 
meteorological chromatography (Agilent 7890B, Agilent Technologies, 
Santa Clara, CA, United States). Total gas production during in vitro 
fermentation was measured using an ANKOMRF gas generator and 
GPM software (ANKOM Technology). The formula for calculating gas 
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production was where Vy is the volume of gas produced in mL; Vx 
represents the volume of gas in the upper space inside each sample 
bottle in mL; Ppsi is the cumulative pressure at a certain time of 
fermentation, expressed in psi. After in vitro fermentation, the 
substrate was dried at 105°C until a constant weight was achieved, and 
the in vitro dry matter digestibility (IVDMD) was calculated. In vitro 
crude protein digestibility (IVCPD) was calculated by mixing the 
same fermentation substrate and determining the crude protein (15).

2.6 Blood index determination

Total protein, albumin, globulin, total cholesterol, blood glucose, 
high-density lipoprotein, low-density lipoprotein, triglyceride, urea, free 
fatty acid, and β-hydroxybutyrate, were determined using a Mindray 
BS-400 automatic blood biochemical analyzer (Shenzhen, China). Insulin 
levels were determined using the Insulin Enzyme-Linked Immunoassay 
Kit (HY-D0001; Beijing Huaying Biological, Beijing, China).

Sheep immunoglobulin A (IgA), Sheep Immunoglobulin G (IgG), 
Sheep Immunoglobulin M (IgM), and the levels of sheep IL-2, IL-4, 
IL-6, IL-10, soluble leukocyte differentiation antigen 14 (sCD14), and 
TNF-α were determined using reagents provided by Shanghai Jining 
Biological Institute Box. The T-AOC, total oxidant status, total 
antioxidant status (TAS), GSH-Px, MDA, and SOD were determined 
using kits provided by the Nanjing Jiancheng Institute of 
Biotechnology, according to the manufacturer’s instructions.

2.7 Determination of rumen microbial 
diversity

On days 1, 4, and 7, sheep rumen fluid was collected 12 h after 
morning feeding for microbiological analysis. Total DNA from rumen 

FIGURE 1

Experimental design.

TABLE 1 Ingredients and nutritional composition of pellet feed (dry 
matter basis, %).

Item Content

Ingredients %

  Corn 37.0

  Brown rice mixture 6.0

  Soybean meal 28.5

  Cotton meal 1.0

  Sesame meal 3.0

  Distillers dried grains with soluble 6.0

  Spouting corn bran 6.0

  Corn bran 6.0

  Bentonite 1.0

  Molasses 1.5

  Premix1 4.0

  Amount 100

Nutritional composition %

  Metabolic energy (MJ/kg)2 11.3

  Crude protein 23.8

  Neutral detergent fiber 15.0

  Acid detergent fiber 7.2

  Ether extract 3.9

  Ash 11.4

  Sugar 6.5

  Starch 35.9

1Premix composition (per kilogram): FeSO4. 179 mg; CuSO4•5H2O. 23 mg; ZnSO4•5H2O. 92 
mg; MnSO4. 70 mg; Vitamin A. 16000 IU; Vitamin D. 111000 IU; Vitamin E. 915 IU.
2ME was calculated according to NRC (2001).
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microorganisms was extracted using an E.Z.N.A. Soil DNA Kit 
(D5625-01; Omega Bio-Tek, Norcross, GA, United States), and nucleic 
acids were quantified using an ultraviolet spectrophotometer. The 
highly variable V3–V4 region of the bacterial 16S rDNA gene with a 
length of about 468 bp was selected for sequencing. The V3–V4 
region-specific primers F: ACTCCTACGGGAGGCAGCA and R: 
GGACTACHVGGGTWTCTAAT were selected for PCR 
amplification. Each primer contained a 7 bp oligonucleotide sequence 
to distinguish different samples from the same library. Q5 DNA high-
fidelity polymerase was used for the PCR (New England Biolabs, 
Ipswich, MA, United States). The PCR products were quantified on an 
FLx800 microplate reader (BioTek, Winooski, VT, United  States) 
using the Quant-iT PicoGreen dsDNA Assay Kit, Quantification of 
the PCR products was performed on an FLx800 microplate reader 
(BioTek, Winooski, VT, United States) using the Quant-iT PicoGreen 
dsDNA Assay Kit, and the samples were then normalized. An Illumina 
TruSeq Nano DNA LT Library Prep Kit (San Diego, CA, USA) was 
used for library preparation, and an Agilent Sensitivity DNA Kit was 
used to conduct library quality inspection on an Agilent Bioanalyzer. 
Paired-end sequencing of the libraries was then performed on an 
Illumina NovaSeq using the NovaSeq 6000 SP Reagent Kit (500 cycles). 
The DADA2 plug-in was used to remove primer sequences, filter, 
denoise, and remove chimeric sequences from the raw data (16).

2.8 Determination of rumen metabolites

One hundred microliters of rumen fluid was placed in a 2 mL 
centrifuge tube and 400 μL of pre-cooled methanol was added. The 
samples were vortexed for 30 s and sonicated in a water bath for 
15 min, after which they were centrifuged at 13,800 × g for 15 min at 
4°C. The supernatants were then concentrated and dried in a 
lyophilizer. Thirty microlitres of methylammonium salt reagent (1 mL 
of pyridine per 20 mg of methylammonium hydrochloride) were 
added to the concentrated samples, which were gently shaken and 
mixed well before incubating at 80°C for 30 min. Forty microlitres of 
BSTFA (containing 1% TMCS, v/v, REGIS Technologies) was then 
added, and the samples were incubated for 1.5 h at 70°C. After 
incubation, the samples were cooled down to 25°C, and 5 μL of 
saturated fatty acid methyl ester (FAMEs, dissolved in chloroform) 
was added. The samples were then tested by gas chromatography 
(7890B, Agilent) coupled with a time-of-flight mass spectrometer 
(PEGASUS HT, LECO, GC-TOF-MS).

2.9 Determination of blood metabolites

One hundred microliters of blood sample were placed in a 1.5 mL 
centrifuge tube, 400 μL of extraction solution (methanol: 
acetonitrile = 1:1 (V/V), including internal standard) was then added, 
the sample vortexed for 30 s, sonicated for 10 min in an ice-water bath, 
and incubated for 1 h at −40°C to precipitate proteins, then centrifuged 
at 13,800 × g for 15 min at 4°C. The supernatant was carefully 
withdrawn into a feed bottle. The quality control (QC) sample was 
prepared by mixing an equal aliquot of the supernatants from all of 
the samples. LC–MS/MS analyses were performed using a UHPLC 
system (Vanquish, Thermo Fisher Scientific) with a UPLC BEH 
Amide column (2.1 mm × 100 mm, 1.7 μm) coupled to Orbitrap 

Exploris 120 mass spectrometer (Orbitrap MS, Thermo) (17). The 
mobile phase consisted of 25 mmol/L ammonium acetate and 
25 mmol/L ammonium hydroxide in water (pH = 9.75) (A) and 
acetonitrile (B). The auto-sampler temperature was 4°C, and the 
injection volume was 2 μL.

2.10 Statistical analysis

The results were analyzed using a general linear model for 
two-factor trials with IBM SPSS Statistics 23 software (IBM Corp., 
Armonk, NY, United States). Duncan’s multiple comparisons were 
used to test the level of significance of factors 1 and 2 and their 
interactions (Factor 1 × Factor 2). p-values with p < 0.05 were 
considered significant differences, and those with p < 0.01 were 
considered highly significant differences.

The rumen metabolome data were analyzed using ChromaTOF v 
4.3 software (LECO Corp., St. Joseph, MI, United States) for peak 
extraction, baseline correction, deconvolution, peak integration, and 
peak alignment of the mass spectrometry data. The LECO-Fiehn Rtx5 
database was used for the substance characterization, including mass 
spectrum and retention time index matching. Peaks detected in less 
than half of QC samples or RSD > 30% in QC samples were 
removed (18).

After the raw data of blood metabolites were converted into 
mzXML format by ProteoWizard software (Palo Alto, CA, 
United  States), the identified peak maps were processed (peak 
identification, peak extraction, peak alignment, and integration) using 
an in-house written R language package with kernel XMCS, and then 
matched with the secondary mass spectrometry database for substance 
annotation. The Cutoff value for algorithm scoring was set to 0.3.

3 Results

3.1 Rumen fermentation parameters in 
vitro

The results showed that different inositol doses and fermentation 
times had highly significant effects on IVDMD and IVCPD (p < 0.01). 
Gas production, NH3-N, pH, and concentrations of total volatile fatty 
acid (TVFA), acetic acid, isobutyric acid, butyric acid, isovaleric acid, 
and valeric acid were significantly affected by the reciprocal effect 
between the inositol dose and the fermentation time (p < 0.01; Table 2). 
The low-dose inositol groups improved rumen fermentation function, 
promoted the digestion of nutrients, and increased acid production 
during rumen fermentation relative to other experimental groups.

3.2 Microbial diversity in vitro

Based on the results of the in vitro rumen fermentation 
parameters, the low-dose inositol treatments were selected for rumen 
microbial diversity analysis at 12 and 48 h. A total of 3,813,300 original 
sequences were identified in all rumen samples, and 2,258,127 high-
quality sequences were obtained.

In all groups, the four most abundant phyla were Bacteroidetes, 
Firmicutes, Actinobacteria, and Proteobacteria, and the seven most 
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TABLE 2 In vitro rumen fermentation parameters at different inositol doses1.

Dose (Inositol mg/kg DM) p-value

Items
Time 

(h)
0 50 100 200 400 800 1,600 Sem Dose Time D  ×  T

IVDMD, % 6 24.27c 38.66a 33.01ab 31.94b 17.55d 17.42d 20.11cd 0.01 <0.01 <0.01 0.93

24 37.76ab 45.23a 44.49a 40.08ab 31.41cd 29.4d 32.6bcd 0.01

48 44.59bc 57.56a 54.77a 50.18ab 37.24c 38.28c 40.75c 0.01

IVCPD, % 6 18cd 26.04a 19.15bcd 25ab 14.55d 19.49bcd 23.22abc 0.009 <0.01 <0.01 <0.01

24 36.95a 32.03ab 37.08a 31.53b 25.94b 32.42ab 29.6ab 0.009

48 45.33a 49.42a 52.72a 52.6a 32.84b 36.76b 32.77b 0.011

Gas PROD, 

mL

3 43.81ab 47.41ab 35.23bc 49.57a 43.49ab 24.93c 34.81bc 1.82 <0.01 <0.01 <0.01

6 84.02ab 78.25abc 71.08bc 75.31bc 94.45a 50.34d 61.78cd 2.49

12 126.6ab 149.91a 110.73b 122.37ab 147.88a 73.91c 106.44b 4.3

24 134.9cd 246.66a 174.61bc 188.98b 200.71b 127.59d 124d 6.99

48 192.36bc 312.59a 259.39ab 257.35ab 272.65b 147.04d 142.7d 11.33

NH3-N, mg/

dL

3 16.14a 16.69a 18.02a 16.3a 13.06b 10.9b 12.27b 0.47 <0.01 <0.01 <0.01

6 19.14a 19.9a 19.89a 16.77a 13.22b 12.55b 11.77b 0.58

12 27.28a 26.32a 28.12a 25.5a 17.67b 14.5b 13.9b 0.94

24 36.35a 31.48ab 30.89abc 35.56a 22.92c 25.78bc 26.61bc 1.11

48 65.1a 65.37a 63.12a 63.53a 41.24b 41.58b 44.53b 1.91

pH value 3 7.19ab 6.97cd 6.88d 7.07bc 7.09bc 7.25a 7.23a 0.02 <0.01 <0.01 <0.01

6 7.13ab 6.86c 6.80c 7.04b 7.09b 7.21a 7.19a 0.02

12 7.09ab 6.58c 6.61c 6.98b 6.98b 7.18a 7.13a 0.03

24 6.29b 6.39b 6.47b 6.26b 6.86a 6.79a 6.81a 0.04

48 6.22b 6.25b 6.27b 6.14b 6.34ab 6.52a 6.53a 0.03

TVFA, 

mmol/L

3 24.70bc 38.91a 41.19a 29.61b 29.33b 17.94c 21.84c 1.24 <0.01 <0.01 <0.01

6 33.06cd 42.65abc 48.65a 46.01ab 37.89bc 22.37e 25.71de 1.58

12 37.96c 59.15ab 65.11a 64.01ab 52.97b 30.67c 35.96c 2.06

24 65.08b 85.17a 79.45a 74.70b 69.82a 73.87a 77.59a 4.2

48 120.1bc 126.18bc 125.41bc 115.21c 177.58a 154.18ab 137.09bc 4.63

Acetate acid, 

mmol/L

3 14.85cd 19.67ab 21.09a 15.34c 16.67bc 11.66d 13.81cd 0.55 <0.01 <0.01 <0.01

6 19.53bc 21.22ab 24.34a 22.67ab 20.88ab 14.33d 16.25cd 0.66

12 22.51b 28.68a 31.24a 32.06a 29.41a 18.96b 21.76b 0.87

24 32.32b 50.54a 48.47a 34.85b 44.29a 45.53a 47.70a 1.24

48 61.57cd 63.6cd 63.39cd 55.95d 97.76a 87.22ab 77.63bc 2.64

Propionate 

acid, 

mmol/L

3 5.46cd 11.86a 12.62a 8.53b 6.57bc 3.69d 4.92cd 0.48 <0.01 <0.01 <0.01

6 7.61bc 13.21a 15.34a 14.57a 8.81b 4.87c 5.90bc 0.62

12 8.74bc 18.64a 21.22a 18.88a 11.85b 7.37c 9.00bc 0.79

24 18.81ab 21.20ab 18.64ab 23.69a 16.36b 16.78b 18.17b 0.66

48 32.00b 33.92ab 35.36ab 34.52ab 43.33a 36.46ab 32.30b 3.88

Isobutyric 

acid, 

mmol/L

3 0.49abc 0.59a 0.61a 0.61a 0.57ab 0.41c 0.44bc 0.02 <0.01 <0.01 <0.01

6 0.66ab 0.66ab 0.78a 0.79a 0.76a 0.48b 0.49b 0.03

12 0.75bc 1.00ab 1.14a 1.23a 1.09ab 0.60c 0.65c 0.05

24 1.00b 1.15ab 1.30ab 1.34a 1.24ab 1.37a 1.40a 0.04

48 1.96b 2.32ab 2.26ab 2.04ab 2.73a 2.35ab 2.23ab 0.08

(Continued)
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abundant genera were Prevotella, Olsenella, Succiniclasticum, 
Pseudomonadaceae_Pseudomonas, Selenomonas, Bulleidia, and 
Desulfovibrio (Figures 2A,B). At the phylum level, different inositol 
doses significantly affected the abundance of Firmicutes and 
Spirochaetes (p < 0.05) and Proteobacteria, Tenericutes, and TM7 
(p < 0.01). Different fermentation times significantly affected the 
abundance of Firmicutes, Actinobacteria, and TM7 (p < 0.05) and 
Proteobacteria, Synergistetes, Verrucomicrobia, Tenericutes, and 
Lentisphaerae (p < 0.01). The abundance of Bacteroidetes, 
Proteobacteria, and Synergistetes was significantly affected by the 
reciprocal effect between the inositol dose and fermentation time 
(p < 0.01). At the genus level, different inositol doses significantly 
affected the abundance of Ruminococcus (p < 0.05) and Prevotella, 
Succiniclasticum, and Butyrivibrio (p < 0.01). Different fermentation 
times significantly affected the abundance of Prevotella, 
Succiniclasticum, Pseudomonadaceae_Pseudomonas, Selenomonas, 
Bulleidia, Desulfovibrio, Butyrivibrio, and Oscillospira (p < 0.01). The 
abundance of Selenomonas and Butyrivibrio was significantly affected 
by the reciprocal effect between the inositol dose and fermentation 
time (p < 0.01).

The results for the rumen microbial alpha diversity indices showed 
that different inositol doses significantly affected the Chao1, 
Observed_species, Shannon, Simpson, and Goods_coverage indices 
in vitro at 12 h (p < 0.05; Figure 2C) and the Shannon indices at 48 h 

(p < 0.01; Figure 2D). In the principal coordinate analysis (PCoA), 
clustering was distinct between different groups, and there was a clear 
tendency for dispersion between groups, suggesting that the addition 
of inositol affected the structure of the rumen microbial communities 
(Figures 2E,F).

3.3 Rumen metabolites in vitro

Rumen metabolite analysis was performed in the low-dose 
inositol groups at 12 and 48 h. A total of 162 metabolites were 
identified, of which organic acids and their derivatives accounted for 
the highest proportion (29.012%) of the total metabolites, lipids and 
lipid molecules; organic oxygen compounds; benzene ring 
compounds; polyketones of phenylpropane; nucleosides, nucleotides, 
and their analogs; organic nitrogen compounds; homogeneous 
non-metallic compounds; and hydrocarbons accounted for 15.432, 
15.432, 8.642, 8.025, 2.469%; 1.235, 0.617, and 0.617%, respectively 
(Figure 3A).

Principal component analysis (PCA) was performed on all 
experimental groups. The first principal component (PC1) could 
explain 12.1% of the variance in the original data set. The PC1 results 
showed that groups with different fermentation times were separated, 
indicating that treatment time causes significant changes in 

TABLE 2 (Continued)

Dose (Inositol mg/kg DM) p-value

Items
Time 

(h)
0 50 100 200 400 800 1,600 Sem Dose Time D  ×  T

Butyric acid, 

mmol/L

3 2.78cd 4.85a 4.64a 3.42bc 4.10ab 1.40e 1.79de 0.2 <0.01 <0.01 <0.01

6 3.70b 5.39a 5.40a 5.25a 5.47a 1.71c 2.05c 0.26

12 4.06b 7.36a 7.12a 7.76a 7.59a 2.41b 3.07b 0.33

24 8.09a 8.13a 7.24ab 8.30a 4.96b 6.19ab 6.33ab 0.32

48 14.75b 15.76b 13.83b 12.61b 21.16a 16.74ab 15.52b 0.69

Isovaleric 

acid, 

mmol/L

3 0.74ab 0.87a 0.89a 0.85a 0.89a 0.55c 0.58bc 0.03 <0.01 <0.01 <0.01

6 1.02ab 0.99ab 1.17a 1.16a 1.27a 0.68b 0.67b 0.05

12 1.21bc 1.68ab 1.83a 1.99a 1.97a 0.90c 0.95c 0.08

24 1.99 2.24 2.32 2.37 1.79 2.42 2.2 0.11

48 4.15b 4.92ab 4.38ab 3.74b 6.03a 5.17ab 4.55ab 0.22

Valerate 

acid, 

mmol/L

3 0.40d 1.07ab 1.34a 0.85bc 0.52cd 0.23d 0.29d 0.06 <0.01 <0.01 <0.01

6 0.53c 1.17b 1.63a 1.57ab 0.69c 0.30c 0.35c 0.08

12 0.69c 1.8b 2.57a 2.09ab 1.07c 0.44c 0.53c 0.12

24 2.86b 1.91c 1.48c 3.72a 1.19c 1.58c 1.79c 0.15

48 5.69 5.66 6.19 6.36 6.57 6.23 4.86 0.25

A/P ratio 3 3.01a 1.73b 1.66b 2.23b 3.06a 3.20a 2.81a 0.1 <0.01 <0.01 <0.01

6 2.82a 1.68b 1.67b 1.74b 2.89a 2.99a 2.76a 0.09

12 2.74a 1.63b 1.56b 1.84b 2.85a 2.65a 2.40a 0.08

24 0.85c 2.40b 2.63a 0.74c 2.72a 2.72a 2.64a 0.1

48 1.97bc 1.97bc 1.86c 1.63c 2.29ab 2.42a 2.49a 0.06

Gas PROD = gas production; A/P ratio = acetate-to-propionate ratio; SEM = standard error of mean; Dose = different inositol doses; Time = In vitro rumen fermentation time; D × T = interaction 
of different inositol doses and in vitro rumen fermentation time. 10 mg/kg DM represents basal diet; 50 mg/kg DM, 100 mg/kg DM, 200 mg/kg DM, 400 mg/kg DM, 800 mg/kg DM and 
1,600 mg/kg DM represent basal diet supplemented with 50, 100, 200, 400, 800, and 1,600 mg/kg DM inositol, respectively. a, b, c, d Means in the same row with different superscripts are 
significantly different (p < 0.05).
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metabolites in the samples. Samples in the different regions exhibited 
unique metabolic profiles. The second principal component explained 
8.2% of the variance, and there was a clear separation between the 
control and the inositol addition groups at 12 h, indicating that the 
inositol addition treatment had an impact on the metabolites at this 
time point (Figure 3B).

Volcano plots were used to visualize the differential metabolite 
data between the inositol-supplemented and control groups at 
different fermentation times (Figures 3C–H). Multiple differential 
metabolite screening criteria, such as fold change, p-value, and 
variable importance in the projection (VIP) obtained using the 
OPLS-DA analysis model, were integrated and analyzed in multiple 
dimensions to obtain the most accurate differential metabolite analysis.

3.4 Rumen fermentation parameters and 
blood indices in vivo

Based on the results of the in vitro experiment, inositol doses of 0, 
50, and 100 mg/kg DM were selected for the feeding experiment. The 
experimental results showed that different concentrations of inositol 
had no significant effect on volatile fatty acids (VFA) and NH3-N in 
the rumen, and none of the rumen fermentation parameters were 
affected by the interaction between inositol and experimental time 
points (p > 0.05; Supplementary Table S1).

The blood indices showed that there were no significant 
differences in total protein, albumin, globulin, total cholesterol, blood 
glucose, high-density lipoprotein, low-density lipoprotein, 
triglyceride, urea, free fatty acid, and β-hydroxybutyrate after inositol 

supplementation (p > 0.05). On day four, blood insulin levels in the 
inositol-supplemented group were significantly higher than those in 
the control (p < 0.05; p < 0.01; Table 3). Blood immune and oxidative 
stress indices showed no significant difference between the different 
doses of inositol, but IL-10, and superoxide varied after inositol 
supplementation and showed an increasing trend with the increasing 
days of treatment (Table 4). At each sampling time, blood HDL levels 
in the 50 mg/kg DM inositol group showed an increase compared to 
the control (Table 4). The addition of inositol increased glutathione 
peroxidase (GSH-Px) and decreased MDA (Table 4).

3.5 Microbial diversity in the rumen of 
sheep

A total of 3,102,488 original sequences were identified, and after 
removing low-quality sequences 2,690,978 valid sequences were 
obtained. After clustering and removing chimeras, a total of 2,513,273 
high-quality sequences were analyzed. Bacteroidetes, Firmicutes, 
Actinobacteria, TM7, Tenericutes, Spirochaetes, Proteobacteria, and 
Verrucomicrobia were the most abundant phyla; and Prevotella, 
RFN20, Butyrivibrio, Ruminococcus, CF231, BF311, Treponema, 
Clostridium, and Succiniclasticum were the nine most abundant 
bacterial genera (Figures 4A,B).

The interaction between the inositol dose and the time of addition 
had significant effects on each phylum, except for Spirochaetes. The 
abundance of Bacteroidetes in the control was significantly higher 
than that in the 50 mg/kg DM (p < 0.05) and 100 mg/kg DM groups 
(p < 0.01). The abundance of Firmicutes in the 100 mg/kg DM group 

FIGURE 2

Effect of inositol supplementation on ruminal bacterial community in vitro. At the (A) phylum and (B) genus levels. Control-12  h, basal diet. Ins50-12  h, 
Ins100-12  h, and Ins200-12  h represent basal diet supplemented with 50, 100, and 200  mg/kg DM inositol, respectively, fermented in vitro for 12  h; 
Control-48  h, basal diet; Ins50-48  h, Ins100-48  h, and Ins200-48  h represent basal diet supplemented with 50, 100, and 200  mg/kg DM inositol, 
respectively, fermented in vitro for 48  h. The alpha diversity indices of the ruminal bacterial community. At (C) 12 and (D) 48  h. The beta diversity was 
estimated by principal coordinate analysis at (E) 12 and (F) 48  h. Control represents basal diet. Ins50, Ins100, and Ins200 represent basal diets 
supplemented with 50, 100, and 200  mg/kg DM inositol, respectively.
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TABLE 3 Blood biochemical indicators at different levels of inositol supplementation on different experimental days1.

Treatments (inositol mg/kg DM) p-value

Item D1-I0
D1-
I50

D1-
I100

D4-
I0

D4-
I50

D4-
I100

D7-I0
D7-
I50

D7-
I100

SEM Ins Day I  ×  D

TP, g/L 73.04 75.38 72.63 73.63 72.80 72.60 71.23 73.93 72.43 0.71 0.67 0.82 0.93

ALB, g/L 21.99 23.66 23.58 23.47 24.33 23.23 22.98 23.48 23.32 0.39 0.61 0.83 0.95

GLB, g/L 51.06 51.71 49.05 50.17 48.47 49.37 48.25 50.45 49.12 0.70 0.85 0.69 0.87

TC, mmol/L 1.68 1.85 1.63 1.76 1.94 1.61 1.62 1.74 1.60 0.06 0.37 0.79 0.99

GLU, mmol/L 3.28 3.23 3.38 2.95 3.13 3.07 3.06 3.18 3.14 0.07 0.84 0.36 0.98

HDL-C, mmol/L 0.92 0.97 0.85 0.95 1.02 0.83 0.88 0.96 0.89 0.04 0.40 0.97 0.99

LDL-C, mmol/L 0.45 0.56 0.46 0.53 0.54 0.46 0.47 0.46 0.46 0.02 0.56 0.69 0.87

TG, mmol/L 0.34 0.29 0.32 0.31 0.31 0.35 0.35 0.33 0.34 0.01 0.64 0.67 0.89

Urea, mmol/L 4.49 4.23 4.33 4.49 4.21 4.46 4.20 4.20 4.43 0.13 0.83 0.95 0.99

NEFA, mmol/L 0.13 0.33 0.24 0.22 0.28 0.15 0.21 0.18 0.17 0.02 0.33 0.77 0.51

BHBA, mmol/L 0.44 0.40 0.41 0.46 0.42 0.48 0.43 0.48 0.49 0.01 0.60 0.19 0.52

INS, μIU/mL 12.74 13.08 13.04 13.17b 14.92a 14.34a 14.04 13.77 15.18 0.22 0.21 <0.05 0.38

TP = total Protein; ALB = albumin; GLB = globulin; TC = total cholesterol; GLU = glucose; HDL-C = high density lipoprotein; LDL-C = low density lipoprotein; TG = triglyceride; NEFA = non-
esterified fatty acid; BHBA = β- Hydroxybutyric acid; INS = insulin. SEM = standard error of mean; Ins = different inositol doses; Day = different sampling days; D × T = interaction of different 
inositol doses and different sampling days. 1D1, 4, and 7 represent the first, fourth, and seventh days of the sampling period, respectively; I0, basal diet. I50, I100 represent basal diet 
supplemented with 50, 100 mg/kg DM inositol, respectively. a, b Means in the same sampling day with different superscripts are significantly different (p < 0.05).

FIGURE 3

Rumen metabolites in vitro. Classification statistics of rumen metabolites in vitro (A). Principal component analysis of rumen metabolites in vitro (B). 
0  h, rumen fluid not fermented in vitro. Con-12  h, basal diet. Ins50-12  h, Ins100-12  h, and Ins200-12  h represent basal diets supplemented with 50, 100, 
and 200  mg/kg DM inositol, respectively, fermented in vitro for 12  h. Con-48  h, basal diet. Ins50-48  h, Ins100-48  h, and Ins200-48  h represent basal 
diet supplemented with 50, 100, and 200  mg/kg DM inositol, respectively, fermented in vitro for 48  h. (C–H) Rumen differential metabolites in the in 
vitro experiment. Differential metabolites identified between control and (C) 50  mg/kg DM, (D) 100  mg/kg DM, and (E) 200  mg/kg DM groups at 12  h. 
Differential metabolites identified between control and (F) 50  mg/kg DM, (G) 100  mg/kg DM, and (H) 200  mg/kg DM groups at 48  h. Each dot 
represents a single metabolite. Red and blue scatter points represent significant upregulation and downregulation, respectively. Gray points represent 
no significant differences. Unnamed scatter points with significance represent substances that were not matched in the current database.
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was significantly higher than that of the 50 mg/kg DM (p < 0.05) and 
control groups (p < 0.01). The abundance of Actinobacteria in the 
50 mg/kg DM group was significantly higher than that of the 100 mg/
kg DM (p < 0.05) and control groups (p < 0.01).

The abundance of Prevotella, RFN20, and Succiniclasticum in the 
50 mg/kg DM group was significantly higher than that in the control 
(p < 0.05) and 100 mg/kg DM groups (p < 0.01). The abundance of 
Butyrivibrio in the 100 mg/kg DM group was significantly lower than 
in the other experimental groups (p < 0.05). The abundance of 
Ruminococcus in the 100 mg/kg DM group was significantly higher 
than that in the 50 mg/kg DM (p < 0.05) and control groups (p < 0.01). 
The abundance of BF311 in the 50 mg/kg DM group was significantly 
higher than that in the 100 mg/kg DM (p < 0.05) and control groups 
(p < 0.01). CF231, BF311, Treponema, and Succiniclasticum had 
significantly lower abundances on day one than the other time points 
(p < 0.05). The abundance of Clostridium on day seven was significantly 
higher than that on day one (p < 0.05) and day four (p < 0.01).

Significant differences in alpha diversity were observed at different 
inositol concentrations, sampling times, and their interactions 
(Figures 4C–E). The Chao1 index of the 50 mg/kg DM group was 
significantly lower than that of the control group (p < 0.05) and was 
significantly higher on the first and fourth days of sampling compared 
to that on the seventh day (p < 0.05). The Shannon and Simpson 
indices in the 100 mg/kg DM group were significantly higher than 
those in the control (p < 0.05) and 50 mg/kg DM groups (p < 0.01).

The results of the beta diversity PCoA analysis showed that groups 
with the same inositol dose were clustered. PCoA1 explained 24% of 
the features, and groups with different doses of inositol addition had 

significant separation (Figure 4F). PCoA2 explained 21.2% of the 
features, and there was a significant separation between the control 
and other experimental groups, indicating differences in the microbial 
diversity between these groups.

3.6 Rumen metabolites of sheep

A total of 63 metabolites were identified (Figure 5A). Among the 
secondary classifications in the HMDB (Human Metabolome 
Database), organic acids and their derivatives accounted for the 
highest proportion (30.159%) of the total metabolites.

On day one, the expression of proline and D-α-glycerol 
1-phosphate was downregulated in the 50 mg/kg DM group compared 
to the control (Figure 5B). No differential metabolites were identified 
in the 100 mg/kg DM group. On the fourth day of inositol 
supplementation, lysine and L-tyrosine 1 were downregulated in the 
100 mg/kg DM compared to the control group (Figure  5C). No 
differential metabolites were identified in the 50 mg/kg DM group. On 
day seven of inositol supplementation, the expression of phenylacetic 
acid in the 100 mg/kg DM group was upregulated compared to the 
control group (Figure 5D). No differential metabolites were identified 
in the 50 mg/kg DM group.

KEGG enrichment analysis of the differential metabolites showed 
that on the first day of inositol supplementation, the choline 
metabolism in the cancer pathway was most enriched in the 50 mg/kg 
DM vs. control comparison, and enrichment in the ABC transporter 
pathway was the most significant (Figure 5E). On the fourth day of 

TABLE 4 Blood immune and oxidative stress indicators at different levels of inositol supplementation on different experimental days1.

Treatments (inositol mg/kg DM) p-value

Item D1-I0
D1-
I50

D1-
I100

D4-
I0

D4-
I50

D4-
I100

D7-I0
D7-
I50

D7-
I100

SEM Ins Day I  ×  D

IgA, μg/mL 244.48 242.07 242.26 251.21 244.48 242.70 255.92 244.86 245.40 2.31 0.41 0.62 0.98

IgG, mg/mL 75.12 74.83 76.19 72.28 79.84 78.82 79.40 79.79 83.18 0.96 0.26 0.06 0.62

IgM, μg/mL 2428.13 2550.51 2267.21 2553.66 2734.14 2697.90 2510.39 2616.23 2945.10 57.36 0.53 0.12 0.39

IL-2, pg./mL 1009.96 1027.10 1008.24 1094.32 1087.96 1016.86 1072.56 1135.95 1081.11 13.93 0.36 0.07 0.80

IL-4, pg./mL 54.48 51.89 51.44 48.77 47.13 52.93 49.36 53.86 52.64 1.60 0.92 0.74 0.88

IL-6, pg./mL 149.62 140.39 142.14 139.64 144.97 147.19 143.48 149.82 147.17 1.86 0.97 0.78 0.60

IL-10, pg./mL 141.61 138.38 140.50 152.74 146.78 150.30 151.33 153.54 155.34 1.70 0.79 <0.01 0.94

sCD14, ng/mL 21.65 20.75 21.17 23.15 21.11 21.31 20.29 21.27 21.55 0.24 0.54 0.32 0.19

TOS, U/mL 38.23 42.01 43.34 38.89 41.27 38.73 40.01 40.54 40.28 0.59 0.30 0.58 0.57

GSH-Px, pg./mL 1885.00 1948.50 1761.57 1716.87 1785.54 1769.20 1752.78 1927.63 1946.81 33.52 0.47 0.28 0.64

TAS, mmol/L 2.11 1.96 2.09 2.10 2.05 2.02 1.91 2.17 2.22 0.04 0.72 0.85 0.28

CAT, ng/mL 183.91 177.74 190.98 195.01 188.72 190.31 194.59 191.38 195.41 2.16 0.46 0.21 0.89

TNF-α, pg./mL 193.89 216.07 194.05 204.15 199.42 209.52 196.31 209.61 203.47 2.67 0.31 0.90 0.33

SOD, ng/mL 16.21 16.77 15.00 17.30 15.95 16.25 17.61 17.22 17.64 0.19 0.26 <0.01 0.20

MDA, nmol/mL 3.69 3.79 3.91 3.87 3.76 3.98 4.39 4.11 4.20 0.06 0.55 <0.01 0.74

T-AOC, U/mL 8.73 8.75 8.87 9.74 9.79 9.54 8.44 8.42 9.22 0.14 0.70 <0.01 0.65

IgA = immunoglobulin A; IgG = immunoglobulin G; IgM = immunoglobulin M; IL-2 = interleukin 2; IL-4 = interleukin 4; IL-6 = interleukin 6; IL-10 = interleukin 10; sCD14 = soluble cluster of 
differentiation14; TOS = total oxidant state; GSH-Px = glutathione peroxidase; TAS = total antioxidant status; CAT = catalase; TNF-α = tumor necrosis factor alpha; SOD = superoxide dismutase; 
MDA = malondialdehyde; T-AOC = total antioxidant capacity; SEM = standard error of mean; Ins = different inositol doses; Day = different sampling days; D × T = interaction of different inositol 
doses and different sampling days. 1D1, 4, and 7 represent the first, fourth, and seventh days of the sampling period, respectively; I0, basal diet. I50, I100 represent basal diet supplemented with 
50, 100 mg/kg DM inositol, respectively.
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FIGURE 4

Effect of inositol supplementation on ruminal bacterial community. At the (A) phylum and (B) genus levels. D1-Con, basal diet. D1-50 and D1-100 
represent basal diet supplemented with 50 and 100  mg/kg DM inositol, respectively, on the first day of sampling. D4-Con, basal diet. D4-50 and D4-
100 represent basal diet supplemented with 50 and 100  mg/kg DM inositol, respectively, on the fourth day of sampling. D7-Con, basal diet. D7-50 and 
D7-100 represent basal diet supplemented with 50 and 100  mg/kg DM inositol, respectively, on the seventh day of sampling. The alpha diversity of the 
ruminal bacterial community. Estimated on the (C) first, (D) fourth, and (E) seventh day of the sampling period. (F) The beta diversity was estimated by 
principal coordinate analysis on the first, fourth, and seventh days of the sampling period.

inositol supplementation, the biotin metabolism pathway showed the 
highest enrichment and was the most significant in the 100 mg/kg DM 
vs. control comparison (Figure 5F). On the seventh day of inositol 
supplementation, only the phenylalanine metabolism pathway was 
enriched in the 100 mg/kg DM vs. control comparison (Figure 5G).

3.7 Blood metabolites

A total of 454 blood metabolites were identified after sampling on 
days one, four, and seven. Among the secondary classifications in the 
HMDB database, lipids and lipid-like molecules constituted the 
highest proportions (Figure 6A).

On day one of sampling, 5Z-Dodecenoic acid (10E,12Z)-(9S)-9-
hydroperoxyoctadeca-10,12-dienoic acid, and palmitoleic acid were 
significantly upregulated in the 50 mg/kg DM (Figure 6B) compared 
to the control group (p < 0.05), whereas 9,10-DHOME was significantly 
upregulated in the 100 mg/kg DM (Figure  6C) compared to the 
control group (p < 0.05). On day four of sampling, 3-Butyl-1(3H)-
isobenzofuranone and inosine were significantly upregulated in the 
50 mg/kg DM (Figure 6D) compared to the control group (p < 0.05). 
No significant differential metabolites were found on day four in the 
100 mg/kg DM vs. control group comparison. On day seven of 
sampling, glycohyocholic acid was significantly downregulated in the 
50 mg/kg DM (Figure 6E) compared to the control group (p < 0.05), 
and 4-Hydroxy-3-methoxymandelic acid, glycohyocholic acid, 

3,4-Dihydroxymandelic acid, and acadesine were significantly 
downregulated in the 100 mg/kg DM (Figure 6F) compared with the 
control group (p < 0.05).

KEGG enrichment analysis of the blood differential metabolites 
showed that on day one of sampling, the 50 mg/kg DM group was 
enriched in the biosynthesis of secondary metabolites compared to the 
control group (Figure 6G), with the highest number of metabolites in 
metabolic pathways and the most significant enrichment in fatty acid 
biosynthesis. The 100 mg/kg DM group was mainly enriched in 
metabolic pathways compared to the control group (Figure 6H), with 
the most significant enrichment in arginine biosynthesis. On day four, 
the 50 mg/kg DM group was mainly enriched in the biosynthesis of 
secondary metabolites compared to the control group (Figure 6I), 
with the most significant enrichment in glutathione metabolism. No 
differential metabolites were identified in the 100 mg/kg DM group 
compared with the control. On day seven, no differential metabolic 
pathways were identified in the 50 mg/kg DM group compared to the 
control. The 100 mg/kg DM group was mainly enriched in metabolic 
pathways compared with the control and was significantly enriched in 
tyrosine metabolism (Figure 6J).

4 Discussion

The rumen is a natural fermenter in which a variety of rumen 
microorganisms live in symbiosis with the host and produce VFAs, 
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microbial proteins, and vitamins for host growth and development 
(19). Rumen function is reflected by its fermentation parameters and 
is closely related to its microbial diversity. In this experiment, IVDMD, 
IVCPD, and NH3-N concentrations were higher in the low-dose than 
the high-dose inositol group. IVDMD and IVCPD reflect the 
simulated rumen utilization of feed in vitro, and the higher levels in 
the low-dose group indicate that a low dose of inositol in ruminant 
diets can promote the decomposition of feed carbohydrates and 
proteins by rumen microorganisms and the enrichment and 
colonization of the corresponding microbial community. NH3-N and 

free amino acids in the rumen are the primary precursors of microbial 
protein synthesis. A lower concentration of NH3-N affects the 
synthesis of microbial proteins, whereas a higher concentration leads 
to nitrogen loss. The higher concentration of NH3-N in the low-dose 
group may be  due to an increase in the abundance of bacteria 
associated with protein decomposition, which converts feed proteins 
into oligopeptides and amino acids, with further degradation 
producing ammonia nitrogen. Gas production can be used to evaluate 
the ruminal fermentation efficiency and microbial activity. The 50 mg/
kg DM group had the highest gas production, indicating that this dose 

FIGURE 5

Rumen metabolites of sheep. Classification statistics of rumen metabolites (A). Rumen differential metabolites after different lengths of inositol 
supplementation, first (B), fourth (C), and seventh (D) day of sampling. KEGG enrichment analysis of rumen differentiated metabolites in the feeding 
experiment (E–G). Each point in the diagram represents a metabolic pathway; red and blue scatter points represent significant upregulation and 
downregulation, respectively. The horizontal coordinate where the points are located and the point size indicate the influence factor size of the path in 
topology analysis. The larger the size, the larger the influence factor.
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FIGURE 6

Blood metabolites of sheep. Classification statistics of blood metabolites (A). Blood differential metabolites in the feeding experiment (B–F). Differential 
metabolites between control and (B) 50  mg/kg DM and (C) 100  mg/kg DM groups on the first day of sampling. Differential metabolites between 
control and (D) 50  mg/kg DM groups on the fourth day of sampling. Differential metabolites between control and (E) 50  mg/kg DM and (F) 100  mg/kg 
DM groups on the seventh day of sampling. (G–J) KEGG enrichment analysis of blood differential metabolites in the feeding experiment. Enriched 
pathways in the control and (G) 50  mg/kg DM and (H) 100  mg/kg DM group comparisons on the first day of sampling. Enriched pathways in the 
control and (I) 50  mg/kg DM group comparison on the fourth day of sampling. Enriched pathways in the control and (J) 100  mg/kg DM group 
comparison on the seventh day of sampling.

is most efficient in regulating microbial activity in the rumen and 
promoting the fermentation of carbohydrates. VFAs, such as acetic 
acid, propionic acid, and butyric acid, are the main source of energy 

for ruminants and are the end products of feed carbohydrates. In vitro, 
the low-dose group had a higher concentration of TVFA at 3, 6, and 
12 h. The concentrations of acetic acid, propionic acid, and butyric 
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acid were significantly higher than those in the control and high-dose 
groups, and they also had a lower acetic acid/propionic acid (A/P) 
ratio. Acetic acid is produced by the degradation of cellulose and 
hemicellulose and is one of the main products of rumen 
microorganisms. It has the highest proportion in the rumen and can 
be used to synthesize milk fat together with butyric acid. Propionic 
acid can synthesize glucose, which is essential for the physiological 
activities of ruminants, by participating in the gluconeogenesis 
pathway and can be  utilized by the mammary glands to produce 
lactose. The A/P ratio reflects the fermentation pattern of the rumen, 
and a decrease in this ratio indicates an increase in the efficiency of 
energy utilization in the animals’ diet. The 100 mg/kg DM dose 
significantly increased the production efficiency of valeric acid, a type 
of branched-chain volatile fatty acid; promoted the growth of fiber-
degrading bacteria; and increased the efficiency of feed fiber 
degradation (20).

The rumen environment is a complex microbial system that is 
highly adaptive and competitive. Various microbial communities in 
the rumen produce enzymes involved in the breakdown of 
carbohydrates, nitrogenous compounds, and lipid compounds. 
Inositol addition influenced both the abundance and diversity of 
microorganisms in the rumen. Bacteroidetes and Firmicutes were the 
most abundant phyla, demonstrating the stability of the rumen’s 
internal environment. The bacteroidetes promote structural 
polysaccharide catabolism, and Firmicutes contain a large number of 
fiber-decomposing genera (21). In vitro, the level of Bacteroidetes in 
the inositol-supplemented group was significantly lower compared to 
the control at 48 h. This may be attributed to the higher accumulation 
of VFAs, resulting in a lower pH, leading to the death of some 
microorganisms intolerant of acid. Similar results were observed in 
the feeding experiment, where Bacteroidetes were significantly lower 
in abundance compared to the control group, whereas Firmicutes were 
all significantly higher than the control group. This suggests that in the 
inositol-supplemented group, the proportion of Firmicutes: 
Bacteroidetes increased relative to the control and that this represented 
an increase in the number of bacterial species that can ferment 
carbohydrates. Studies have shown that improving the ratio of 
Firmicutes: Bacteroidetes in the gut enables animals to absorb more 
energy from their diets (21).

Our results showed that the inositol supplementation increased 
the abundance of Prevotella, which is an important feed protein- and 
carbohydrate-degrading bacteria (22) that can improve branched-
chain amino acid synthesis (23). Its abundance is affected by the 
composition of the diet and nutrition level (24) and positively 
correlates with dietary concentrate and protein levels (25). Inositol 
may promote the catabolic efficiency of feed proteins and enhance 
feed utilization in ruminants. Inositol increased the abundance of 
Pseudomonadaceae_Pseudomonas in  vitro, a genus of uratolytic 
bacteria capable of hydrolysing urea to ammonia by producing urease, 
which is used for the synthesis of amino acids and microbial proteins 
(26). In the feeding experiment, inositol also increased the abundance 
of RFN20, BF311, Treponema, Succiniclasticum, and Ruminococcus. 
RFN20 is a rumen-specific genus that is more closely associated with 
average daily gain in beef cattle (27). There are limited studies on the 
genus BF311, but its metabolic capacity may be  similar to that of 
Prevotella spp. and it is involved in VFA-related metabolism (28). 
Treponema is a soluble fiber-degrading bacterium commonly found 
in the rumen that is capable of degrading plant polysaccharides (29). 

Succinic acid is an intermediate metabolite of the tricarboxylic acid 
cycle which can be produced or utilized by rumen microorganisms. 
Succiniclasticum is a Gram-negative genus that produces propionic 
acid by decarboxylation of succinate acid (30, 31) and is important in 
rumen microbial fermentation. Ruminococcus is an important 
intestinal commensal genus that helps the host degrade dietary 
phytopolysaccharides and has a great impact on both host health and 
the development of potential biological functions (32).

Inositol supplementation affected rumen metabolites, including 
those that regulate rumen function and maintain the health of its 
internal environment. Organic acids and their derivatives were the 
major metabolites detected. In vitro, the pathways of differential 
metabolites at 12 h were enriched in valine, leucine, and isoleucine 
metabolism and significantly enriched in the glycerol ester metabolism 
pathway. Inositol significantly upregulated the levels of succinic acid, 
hydrocinnamic acid, 4-Hydroxyphenylethanol, quinic acid, and 
azelaic acid metabolites. Studies have shown that 3-phenylpropionic 
acid and quinic acid inhibit bacterial virulence (33, 34), and azelaic 
acid can reduce intestinal inflammation (35). Inositol may improve 
the internal rumen environment by regulating these metabolites. 
Sucrose metabolism was significantly downregulated, suggesting that 
inositol may promote the efficiency of sucrose catabolism and enhance 
the efficiency of carbohydrate utilization in the rumen. After 48 h, the 
differential metabolic pathways were mainly enriched in the alanine, 
aspartic acid, and glutamic acid, and the differential metabolites were 
those that provide substrates for rumen microbial synthesis.

In the feeding experiment, 50 mg/kg DM inositol addition on day 
one resulted in the downregulation of proline and D-(glycerol 
1-phosphate). Proline is an amino acid with complex biological 
functions, including cellular osmoregulation and protein synthesis. As 
a nutrient, it can promote the pathogenicity of different organisms, 
and disruption of proline metabolism can significantly attenuate the 
damage caused by some pathogens. For example, host restriction of 
nutrient supply is an important defense mechanism against Brucella, 
which is an important pathogenic bacterium in ruminants that 
requires proline to be  supplied by the host for its activity (36). 
Inhibition of proline metabolism may be an effective strategy for the 
treatment of damage caused by some pathogens (37). The tumor-
suppressive effect of inositol and its derivatives may be  due to 
inhibition of the ERK–MAPK or P13K–Akt pathways (38), but the 
validation of the ability of inositol addition to modulate the levels of 
choline compounds is still lacking. On the fourth day of inositol 
supplementation, lysine and tyrosine expression were downregulated 
in the 100 mg/kg DM inositol group compared to the control; mass 
spectrometry results from previous experiments indicate that 
organophosphorus agents can form covalent bonds with lysines and 
tyrosines in proteins without a serine active site (39), inositol is 
metabolized in animals to form inositol phosphates, and further 
experiments are required to investigate whether inositol binds these 
two amino acids during metabolism. On day seven of inositol 
supplementation, phenylacetic acid metabolism was significantly 
upregulated in the phenylalanine metabolic pathway in the 100 mg/kg 
DM inositol group compared to the control. Phenylacetic acid is a 
metabolite of phenylbutyric acid that is further metabolized to 
phenylacylglutamine and phenylbutyrylglutamine, which are excreted 
through the urine (40). Phenylacetic acid modulates endoplasmic 
reticulum chemical stress and plays a protective role in a variety of 
diseases (41). In rumen microorganisms, phenylacetic acid can 
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be  formed by the conversion of phenylalanine (42) and exerts a 
stimulatory effect on the fiber digestion of Ruminococcus (43). The 
rumen fluid metabolite results indicated that inositol addition 
produced some variation in sheep rumen metabolites and may 
improve animal health.

The addition of inositol only had a small effect on the blood 
biochemical indices, but there were some clear trends. The 50 mg/
kg DM inositol supplementation promoted an increase in total 
blood cholesterol levels, and an upregulation of blood high-
density lipoprotein was observed with increasing treatment time. 
Cholesterol is an important regulatory molecule in the body, and 
its excess or deficiency leads to the development of diseases. It can 
be distributed in various parts of the body as a plasma protein 
carrier of the fat-soluble vitamins K and E and can be used as a 
carrier for cellular drugs. Regulation of cholesterol levels is of 
great importance to animal health. High-density lipoproteins 
remove excess cholesterol and prevent diseases caused by high 
cholesterol levels, such as atherosclerosis (44). In previous studies, 
the addition of inositol reduced cholesterol levels (45), which 
differs from the increase observed after the addition of inositol in 
this study, which may be related to the increase in HDL levels. On 
the fourth day of inositol supplementation, the insulin level was 
significantly higher than that of the control group. Insulin is the 
only hormone that can reduce blood glucose concentration, and 
an increase in its synthesis can reduce the blood glucose 
concentration in animals after feeding, increase feed intake, and 
promote nutrient deposition, which is beneficial to the growth 
and development of animals (46).

Increasing inositol supplementation time increased the levels of 
IgG, IgM, and IL-4. IL-4 can promote B cell differentiation into 
antibody-secreting cells and enhance humoral immunity (47), and 
IgG and IgM can mediate humoral immune responses. An increase 
in the levels of both can promote specific immune functions, and the 
continuous addition of inositol may enhance the immune ability of 
animals. The blood GSH-Px level significantly increased with 
increasing treatment time, and the MDA levels decreased. GSH-Px 
is an important cellular antioxidant enzyme that removes free 
radicals (48). MDA is one of the final products of the peroxidation 
of polyunsaturated fatty acids in cells, and an increase in free radicals 
in cells increases the level of MDA (49); therefore, the level of MDA 
is used as a marker for oxidative stress and antioxidant status in 
animals. Changes in these levels after inositol supplementation may 
indicate the potential antioxidant capacity of inositol in ruminant 
nutrition. Current studies on the antioxidant capacity of inositol, 
focusing on aquatic animals, have shown that inositol can improve 
antioxidant and immune capacities (13, 50, 51). However, there are 
few studies on inositol in ruminants, and the mechanism by which 
inositol affects their immunity and antioxidant activity requires 
further investigation.

The addition of inositol promoted the production of lipid or lipid-
like molecules, such as palmitoleic acid and the nucleotide metabolite 
inosine, and inhibited the metabolism of glycohyocholic acid. 
Palmitoleic acid is capable of regulating different metabolic processes, 
and studies have shown that phospholipid levels of palmitoleic acid in 
the blood are associated with elevated high-density lipoproteins (52). 
Palmitoleic acid inhibits steatosis in the liver and improves insulin 
sensitivity by modulating GLUT-4 and AMPK phosphorylation (53). 

Downregulation of SIRT3 gene expression by palmitoleic acid 
regulates the gluconeogenesis pathway and maintains normal blood 
sugar levels in the body (54). Palmitoleic acid can also inhibit 
inflammation and reduce systolic blood pressure to prevent 
hypertensive diseases (55), thereby playing an important role in 
maintaining the health of the body.

Inosine is an important secondary metabolite of purine 
metabolism that participates in a variety of biochemical processes. 
Intracellularly, it can act as a molecular messenger to participate in 
physiological activities related to cellular signaling pathways, as well 
as having immunomodulatory and neuroprotective effects. 
Extracellularly, inosine can inhibit the production of pro-inflammatory 
factors, such as TNF-α and IL-1, and slow down the macrophage-
mediated endotoxin inflammatory response (56), blocking the 
production of superoxide induced by formyl peptides (57). The 
exogenous addition of inosine also mitigates cellular damage and 
protects body tissues (58), and an increase in the metabolic level of 
inosine indirectly enhances the immune capacity of the body.

Glycohyocholic acid is the glycine-bound form of primary bile acid 
and has been implicated in the regulation of intestinal flora activity 
(59). Bile acids are synthesized from cholesterol by hepatocytes and are 
involved in many biological functions. Free bile acids in the blood can 
be removed by transporter proteins located on the basement membrane 
of hepatocytes (60). Blood concentrations of bile acids are elevated in 
patients with non-alcoholic fatty liver disease (NAFLD) who exhibit 
insulin resistance (61), and inositol, with its insulin-mimetic properties, 
can play a role in diseases associated with insulin resistance and has the 
potential to modulate NAFLD (62). Glycohyocholic acid metabolism 
was significantly downregulated in the inositol-supplemented group 
compared to the control, suggesting that inositol is involved in lipid 
metabolism and regulates the level of sterols in ruminants.

There are still some shortcomings in this study. The gas 
composition in total gas production, especially CH4, was not analyzed 
in the in vitro experiment. Further classification of the gas produced 
by fermentation can further explore the effects of different inositol 
dosages on rumen nutrient digestion, microbial diversity, and 
environmental pollution of sheep. The role of inositol in the growth 
performance of sheep should be further studied in the future, and the 
mechanism of inositol’s influence on sheep’s bodies should 
be discussed in more detail at the molecular level according to the 
results obtained in the experiment.

5 Conclusion

Inositol was found to improve rumen fermentation and affect its 
microbial diversity and metabolism in vitro. These results were 
validated in the feeding experiment, indicating the potential of inositol 
to reduce inflammation and improve animal health.
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Yili horses
Xiaobin Li 1,2, Jun Ma 3, Haiying Li 1,2, Hai Li 1,2, Yuhui Ma 1,2, 
Haifeng Deng 1,2 and Kailun Yang 1,2*
1 Xinjiang Key Laboratory of Herbivore Nutrition for Meat and Milk Production, College of Animal 
Science, Xinjiang Agricultural University, Ürümqi, China, 2 Xinjiang Key Laboratory of Horse Breeding 
and Exercise Physiology, College of Animal Science, Xinjiang Agricultural University, Ürümqi, China, 
3 General Animal Husbandry Station of Ili Kazakh Autonomous Prefecture, Yining, China

The objective of this study was to examine the effects of supplemental β-alanine 
feeding on the athletic performance of Yili horses involved in speed racing, 
focusing on alterations in plasma free amino acid patterns pre and post exercise. 
Additionally, the research aimed to evaluate the effects of carnosine on the 
plasma acid–base buffering capacity and antioxidant levels in these horses. 
Twelve Yili horse stallions, averaging 3  years in age and 346.50  ±  21.39  kg in 
weight, were chosen and randomly divided into two groups: a control group 
and a test group, each comprising six horses. The control group received a 
supplementation of 300  mg/kg BW/day of α-alanine, while the test group 
received 300  mg/kg BW/day of β-alanine. This supplementation regimen was 
maintained for a 30-day supplementation trial period, under identical feeding 
and management conditions. Throughout the trial, the horses participated 
in the 1,000 Speed Race, and three distinct blood samples were gathered for 
assessing plasma free amino acids, blood gases, biochemical parameters, and 
antioxidant parameters. The outcomes indicated a considerable enhancement 
in the 1,000  m exercise performance of the speed racing Yili horses in the test 
group compared to the control group, showcasing a noteworthy improvement 
of 12.01%, with the test group completing the race 13.29  s faster. Notably, the 
α-alanine content in the plasma of the control group Yili horses remained higher 
than that of the test group, demonstrating a consistent increasing trend. By 
contrast, the plasma β-alanine content was notably higher in the test group than 
in the control group. Over the course of the supplementation period, plasma 
β-alanine exhibited an escalating and then stabilizing trend in the test group, 
whereas in the control group, although β-alanine content also increased, the 
trend was less pronounced. The plasma levels of histidine and carnosine showed 
minimal variance between the two groups. Overall, the test group of Yili horses 
exhibited slightly higher plasma levels of histidine and carnosine compared 
to the control group. The addition of β-alanine to their diet for a duration of 
30  days notably affected the plasma levels of amino acids both pre- and post-
exercise in speed-racing Yili horses. Furthermore, β-alanine demonstrated 
an inhibitory effect on the catabolism of these horses’ bodies during high-
intensity exercise. Ten marker amino acids, including valine, leucine, β-alanine, 
isoleucine, carnosine, 3-methyl-histidine, lysine, ethanolamine, argnine, and 
taurine, displayed statistically significant changes. β-alanine notably increased 
the blood glucose levels of Yili horses and played a role in expediting the 
restoration of blood gas levels post-exercise. Moreover, in the test group of Yili 
horses, the levels of superoxide dismutase, glutathione peroxidase, and total 
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antioxidant capacity significantly increased both before and after the race, while 
the content of malondialdehyde, an oxidation product, exhibited an extremely 
significant decrease immediately after the race. These outcomes suggest that 
the addition of β-alanine significantly augmented antioxidant levels during high-
intensity exercise in Yili horses. Consequently, it reduced post-exercise injuries 
and accelerated the recovery process after exercise.

KEYWORDS

β-alanine, carnosine, Yili horse, free amino acids, athletic performance

1 Introduction

Carnosine, an endogenous water-soluble dipeptide, was 
discovered in 1900 by Guiotto and others. It is widely present in 
mammalian skeletal muscle, brain, nerves, and various tissues (1–3). 
The synthesis of carnosine in skeletal muscle is catalyzed by myostatin 
synthetase, which begins with the pre-activation of β-alanine under 
ATP-energy conditions to produce the “enzyme-β-alanyl adenosine” 
complex, followed by the binding of the β-alanyl portion of the 
enzyme to L-histidine, and the final release of carnosine from the 
enzyme (4). Carnosine demonstrates strong amphoteric electrolyte 
characteristics and effective acid–base buffering capacity (5, 6). The 
molecular structure of carnosine, particularly the imidazole ring and 
amino residue, grants it robust antioxidant properties (7, 8). In 
research by Huang et al., β-alanine supplementation was found to 
increase myostatin content in skeletal muscle. Myostatin, primarily 
located in myocytes, contributes to maintaining myocytes’ internal 
stability, regulating physiological pH, chelating metal ions, scavenging 
free radicals, and managing glucose metabolism during intense 
physical activity. Elevated myostatin levels in skeletal muscle can 
enhance exercise performance, owing to its exceptional antioxidant 
properties that shield mitochondria from oxidative damage caused by 
free radicals, ensuring a continuous energy supply (9). In summary, 
β-alanine can improve mitochondrial damage, promote mitochondrial 
integrity, improve energy metabolism and the body’s ability to resist 
oxidative stress during exercise and thus promote exercise 
performance. Thus, increasing the body’s carnosine levels improves 
the body’s exercise capacity (10, 11). Despite its physiological 
significance, carnosine is inadequately present and utilized in food or 
feed. Studies indicate that supplementing with β-alanine, which is 
deficient in common dietary sources, significantly elevates carnosine 
levels in the body (12–14). The Yili Horse 1,000 m Speed Race is a 
high-intensity event that requires a high level of energy supply and 
resistance to exercise stress. Therefore, in the present study, 
we supplemented β-alanine to 1,000 m speed horses, and investigated 
whether the level of 1,000 m speed race and the ability of resistance to 
exercise stress could be improved by increasing the level of myostatin 
in the body of the horses through detecting the changes in the exercise 

level of the horses, the concentration of amino acids in the blood, and 
the indexes of antioxidant and blood gases before and after the race.

2 Materials and methods

2.1 Ethical considerations

This study protocol received approval from the Animal Care and 
Utilization Committee of the College of Animal Science, Xinjiang 
Agricultural University (Urumqi, China). The research was conducted 
at Zhaosu Horse Farm in Yili Kazakh Autonomous Prefecture, 
Xinjiang.

2.2 Animal and experimental design

Twelve Yili horse stallions, aged 3 years and weighing an average 
of (346.50 ± 21.39 kg), with similar 1,000-m speed race performances 
(135.24 ± 15.75 s) from Zhaosu stable, were selected for this study. 
They were randomly divided into two groups of six stallions each: the 
control group and the test group. In accordance with Dunnet (15), the 
supplemental feeding dose was designed as 300 mg/kg BW/day 
α-alanine for the control group and 300 mg/kg BW/day β-alanine for 
the test group. Throughout the test period, each horse received a daily 
diet comprising 4 kg of high-quality mountain grass and 4 kg of alfalfa 
hay, along with a concentrate supplement of 3 kg in three divided 
doses per day, and had free access to water. Table 1 displays the diet 
composition and nutrient levels. The test horses were individually 
housed in single stalls, and their bedding was cleaned and replaced 
every 2 days. Feeding occurred at 07:00, 10:00, 13:00, 16:00, and 19:00 
daily. Before feeding concentrate, a small amount of roughage was 
provided appropriately, and after finishing the roughage, the horse was 
allowed to move freely in the outdoor activity field. Initially, 
supplementation was approximately 10 g per horse, mixed with the 
concentrate supplement to prevent anorexia caused by the additive. 
The dose was gradually increased to normal levels. Table 2 outlines the 
training program for Yili horses in speed racing. The test horses 
underwent speed training once a day, scheduled during 10:00–12:00 
or 14:00–16:00. The training involved the rider leading the horse to 
the training ground, commencing with a warm-up where the jockey 
slowly walked the test horse in the grass in a circular motion, then 
transitioned to the sand and gradually increased speed, followed by 
two laps of warm-up training before starting the formal speed 
training. Formal training utilized the interval training method, with 

Abbreviations: β-ala, β-alanine; Val, Valine; Leu, Leucine; Ile, Isoleucine; Car, 

Carnosine; 3MHis, 3-methyl-histidine; Lys, Lysine; Eth, Ethanolamine; Arg, Argnine; 

Tau, Taurine; MDA, Malondialdehyde; T-AOC, Total antioxidant capacity; GSH-px, 

Glutathione peroxidase; SOD, Superoxide dismutase; CAT, Catalase; Glu, Glucose.

166

https://doi.org/10.3389/fvets.2024.1339940
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org


Li et al. 10.3389/fvets.2024.1339940

Frontiers in Veterinary Science 03 frontiersin.org

intervals lasting 1–2 min. The volume of formal training remained 
constant throughout the trial period, while the training intensity 
gradually increased. The training intensity was gauged by the speed 
horses’ 1,000-m performance, with the rider controlling the horses’ 
speed. The intensity was progressively reduced from 1.25 times the 
time taken to complete the 1,000 m at maximum speed in the initial 
stages of training to 1.11 times in the later stages.

2.3 Sample collection and analysis

A 1,000-m speed simulation test race took place at the Westfield 
Racecourse on the day before the commencement of the trial, on the 
15th day, and on the 30th day. Professional riders were invited to 
participate in the race. The event involved four start/finish judges, four 
timekeepers, and one data recorder. During the race, the timekeepers 

were responsible for accurately determining the test horses’ simulated 
race score. The average of the valid data was considered as the horses’ 
test race score after validation by the judges, and the scores from the 
three simulated test race competitions were recorded.

In this trial, three types of blood samples were collected to 
determine plasma free amino acids, blood gases, biochemical indexes, 
and antioxidant indexes. To determine plasma free amino acids, blood 
samples were collected from the horses’ jugular veins using EDTA 
anticoagulant tubes. These samples, measuring 5 mL each, were 
collected 1 h before, immediately after, and 2 h after the simulated test 
match on the 30th day of the trial. The collected blood samples were 
centrifuged at 1,500 × g for 15 min immediately after collection, and 
the resulting plasma was stored at −80°C.

Blood samples for measuring blood gases and biochemical 
analyses were obtained from the jugular vein of the horses using 
regular blood collection tubes at a rate of 3 mL per test. For analysis, 
100 μL of whole blood, not exposed to air below the liquid level, was 
aspirated. Sampling times were 1 h before, immediately after, 20 min 
after, and 2 h after the simulated test match on the 30th day of the 
trial period.

Blood gas parameters were measured immediately after the 
collection of blood samples. For the determination of antioxidant 
indices, blood samples were collected in sodium heparin anticoagulant 
tubes from the jugular vein of the horses. These samples, measuring 
5 mL each, were collected 1 h before the simulated test match on the 
30th day of the trial and immediately after, 20 min after, and 2 h after 
the match. Similar to the previous samples, these were centrifuged at 
1,500 × g for 15 min immediately after collection, and the resulting 
plasma was stored at −80°C.

2.4 Sample determination

2.4.1 Determination of β-alanine-based indicators 
in plasma

Plasma β-alanines were analyzed by Beijing Purui Huasheng 
Biological Co., Ltd., using high-performance liquid chromatography–
tandem mass spectrometry (HPLC-MS/MS).

2.4.1.1 Sample processing
For the analysis, 50 μL of plasma was mixed with 50 μL of protein 

precipitant (containing NVL), frozen, and centrifuged at 13,200 rpm 
for 4 min. Then, 10 μL of the supernatant was mixed with 50 μL of 
labeling buffer, followed by the addition of 20 μL of derivatization 
solution. This mixture was subjected to constant temperature 
derivatization at 55°C for 15 min. After cooling in the refrigerator, the 
samples were dissociated, and 50 μL of the samples were used for 
testing in the machine.

TABLE 1 Diet composition and nutrient levels (DM basis).

Items Content (%)

Ingredients %

Alfalfa hay 72.73

Corn 15.00

Bran 3.27

Soybean meal 7.36

CaHPO4 0.82

NaCl 0.55

Premixes1 0.27

Total 100

Nutrient levels2

DM (%) 92.10

OM (%) 92.56

CP (%) 12.92

NDF (%) 20.76

ADF (%) 33.12

Ca (%) 0.86

P (%) 0.09

DM (%) 92.10

1The premix provided the following per kg of diets: VA 4.09 mg, VB1 5.80 mg, VB2 2.84 mg, 
VB6 0.33. Mg, VB12 0.0027 mg, VC 5.68 mg, VD 0.60 mg, VE 218.12 mg. Calcium 
Pantothenate 1.39 mg, Nicotinamide 3.31 mg, Biotin 2.73 mg, Choline chloride 32.73 mg, 
Swell soil 1.94 g, Cu (as copper sulfate) 45.09 mg, Fe (as ferrous sulfate) 151.52 mg, Mn (as 
manganese sulfate) 142.94 mg, Zn (as zinc sulfate) 131.75 mg, I (as potassium iodide) 
10.53 mg, Se (as sodium selenite) 25.25 mg and Co (as cobalt chloride) 4.55 mg. 2The nutrient 
levels are all measured values.

TABLE 2 Training program for speed racing Yili horses.

Train 
time(d)

Warm-up before treatment Training intensity Distance Intermissive 
time

Repetitional 
times

1–14 days
The test horses were warmed up first at a slow trot on the 

grass track and the sand track respectively, and gradually 

increased their speed, and after two warm-up laps they 

officially started interval training

1.25 times the time of the 

1,000 m speed event
1,000 m 1–2 min 3

15–30 days
1.11 times the time of the 

1,000 m speed event
1,000 m 1–2 min 3
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2.4.1.2 Instrument model
HPLC-MS/MS (Ultimate3000-API 3200 Q TRAP).

2.4.1.3 Amino acid kit
MSLAB-45 + AA (batch no.: MSLAB451561#; Beijing Mass 

Spectrometry Medical Research Co.), methanol, and hadronitrile were 
purchased from Fisher.

The chromatographic conditions were as follows: column, MSLab 
45 + AA − C18 (150 × 4.6 mm, 5 μm); mobile phase A, 0.1% formic 
acid aqueous solution; mobile phase B, acetonitrile; flow rate, 1 mL/
min; column temperature, 50°C; injection volume, 5 μL; 
chromatographic run time, 20 min. The mass spectrometry conditions 
were as follows: the ion source was an +ESI electrospray ion source; 
MRM multi-reaction monitoring was used; the curtain gas (CUR) was 
20 psi; spray voltage (ESI) was +5,500 V; collision gas (CAD) was 
medium; collision chamber ejection voltage (CXP) was 2.0; nebulizer 
(GAS1) was 55 psi; auxiliary gas (GAS2) was 60 psi; nebulization 
temperature (TEM) is 500°C; and ingress voltage was 10 V. Amino 
acid standard curves and peak times are shown in Table 3.

2.4.2 Measurement of blood gases and 
biochemical indicators

Blood gas analysis is a crucial method to rapidly and accurately 
assess changes and trends in the body’s acid–base balance. It involves 
the determination of O2 and CO2 levels in the blood for gas exchange, 
along with measuring relevant acid–base balance parameters. This 
analysis aids in understanding the body’s ventilation, gas exchange 
function, and various acid–base imbalance conditions. In domestic 
animals, blood gas analysis helps comprehend the internal environment’s 
state concerning gas exchange, acid–base balance, and oxygenation. It 
is closely associated with electrolytes, essential for maintaining osmotic 
pressure and regulating acid–base balance and metabolism, including 
cardiac and muscle function regulation. The blood gas and biochemical 
indices were measured using an i-SATA portable blood gas analyzer. 
Electrochemical methods were used to determine Na+ and K+ levels, 
galvanometry for Glu and PO2, voltammetry for pH and PCO2, selective 
electrode voltammetry for iCa2+, and electroconductivity for Hct.

2.4.3 Measurement of plasma antioxidant 
capacity

Plasma levels of malondialdehyde (MDA), total antioxidant 
capacity (T-AOC), glutathione peroxidase (GSH-px), superoxide 
dismutase (SOD), and catalase (CAT) activities were assessed using 
commercially available kits (Nanjing Jianjian Bioengineering Research 
Institute, Nanjing, China). The antioxidant enzyme activities were 
determined according to the provided kit manual. Measurements were 
conducted colorimetrically using a 7230G spectrophotometer for 
T-AOC, SOD, GSH-Px, CAT, and MDA in plasma.

2.5 Statistical analysis

Data of free amino acids and blood gas/biochemical indices were 
extracted and normalized using EZinfo2 2.0 software. Free amino 
acids PCA analyses were performed using the FactoMineR package in 
R software and the ggplot2 package (version 2.15.3). The PCoA 
analysis was performed using the WGCNA package, stat packages, 
and ggplot2 package in R software (Version 2.15.3).

Preliminary analysis of the experimental data was conducted 
using Excel 2010. The normality (Shapiro–Wilk) test was performed 
before statistical analysis. The Shapiro–Wilk test determined 
normality for athletic performance and plasma antioxidant indexes. 
Further statistical analysis was conducted using SPSS 20.0 software 
(SPSS Statistics 20, IBM Japan, Ltd., Tokyo, Japan) with independent-
samples t-tests. Data were expressed as mean ± standard deviation, 
with p < 0.05 indicating significant differences and 0.05 < p < 0.10 
indicating a significant trend of differences.

3 Results

3.1 Effect of supplemental feeding of 
β-alanine on the athletic performance of 
speed-racing Yili horses

Figure 1 depicts the effect of β-alanine supplementation on the 
athletic performance of Yili horses in speed racing. Initially, the 
1,000-m exercise times for the control and test groups of speed racing 
Yili horses were 135.76 and 134.73 s, respectively. After 15 days, the 
performance of the test group improved by 2.47%, clocking in 2.97 s 
faster than the control group, although this difference was not 
statistically significant (p > 0.05). By day 30, the test group’s 
performance significantly improved by 12.01%, completing the 
1,000-m race in 13.29 s less than that in the control group (p < 0.05).

3.2 Effect of supplemental feeding of 
β-alanine on β-alanine-like indices in the 
plasma of speed-racing Yili horses

Figure  2 shows the effect of β-alanine supplementation on 
β-alanine-related parameters in the plasma of Yili horses during 
1,000-m speed races. In Figure 2A, the plasma α-alanine content of 
the control group exhibited a steady increase, with a slower rising 
trend after 18:00 (i.e., the 4th supplemental feeding). Conversely, 
Figure 2B shows higher β-alanine content in the plasma of the test 
group than in the control group. The plasma β-alanine content 
remained stable from 9:00 to 15:00 (i.e., 2 h after the initial three 
supplemental feedings) and displayed a noticeable upward trend from 
15:00 onward, with the most significant increase observed from 15:00 
to 18:00 (i.e., 2 h after the third and fourth supplemental feedings). The 
upward trend had slowed down, and the concentration of α-alanine 
also increased, but the trend was not obvious. The control group also 
displayed an increase, but the trend was not obvious. Figures 2C,D 
indicate marginal differences in the plasma levels of histidine and 
carnosine between the test and control groups. Overall, the test group 
of Yili horses exhibited slightly higher plasma levels of histidine and 
carnosine than the control group.

3.3 Effect of supplemental feeding of 
β-alanine on amino acid metabolism in the 
plasma of speed-racing Yili horses

Figure  3 illustrates the effect of β-alanine supplementation on 
amino acid metabolism in plasma both before and after speed racing 
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TABLE 3 Amino acid standard curve and peak time.

Item Molecular weight Peak time (minutes) Standard curve R2

3-Aib 103.12 7.38 y = 0.0126x + 0.00251 0.9994

3-MHis 169.18 3.78 y = 0.000406x − 3.12e − 005 0.9983

5Ava 117.15 7.93 y = 0.0189x + 0.000875 0.9997

5-HT 176.20 10.70 y = 0.0154x − 0.0021 0.9997

5-HTP 220.22 9.31 y = 0.00294x − 0.000907 0.9969

Aad 161.16 6.40 y = 0.00389x + 0.00708 0.9996

Abu 103.12 8.47 y = 0.0145x + 0.000688 0.9986

Ala 89.09 6.51 y = 0.00567x + 0.022 0.9965

Ans 240.26 3.82 y = 0.000176x − 3.58e − 005 0.9941

Arg 174.20 5.31 y = 0.00113x − 0.000548 0.9938

Asa 290.27 3.79 y = 0.00018x + 3.42e − 005 0.9932

Asn 132.12 3.26 y = 0.0101x + 0.00632 0.9974

Asp 133.10 4.63 y = 0.00221x + 0.000114 0.9949

β-Ala 89.09 5.64 y = 0.0108x + 0.023 0.9997

Car 226.23 3.80 y = 0.0108x + 0.023 0.9995

Cit 175.19 4.41 y = 0.000445x + 4.32e − 005 0.9974

Cth 222.26 7.95 y = 0.000603x + 0.000133 0.9997

Cys1 121.16 8.56 y = 0.000178x − 4.94e − 005 0.9974

EtN 61.08 4.56 y = 0.00188x-0.000229 0.9956

GABA 103.12 6.44 y = 0.0107x + 0.00522 0.9966

Gln 146.15 3.55 y = 0.00314x + 0.00217 0.9998

Glu 147.13 4.95 y = 0.00465x + 0.00118 0.9991

Gly 75.07 4.69 y = 0.00285x + 0.000531 0.9969

Harg 188.20 6.26 y = 0.000947x-6.12e − 005 0.9845

Hcit 189.20 5.64 y = 0.00107x + 0.000149 0.9988

His 155.15 3.76 y = 0.000377x − 9.31e − 005 0.9993

Hpro 129.16 10.00 y = 0.00436x − 0.000308 0.9990

Hser 119.10 3.73 y = 0.00276x + 0.00128 0.9917

Hyl 162.20 7.12 y = 0.00106x + 0.000221 0.9993

Hyp 131.13 3.12 y = 0.0274x + 0.00918 0.9927

Ile 131.18 12.70 y = 0.0211x + 0.000765 0.9995

Kyn 208.10 12.60 y = 0.00463x − 0.000324 0.9982

Leu 131.17 13.30 y = 0.0198x + 0.00132 0.9994

Lys 146.19 9.23 y = 0.00126x + 0.000487 0.9984

Met 149.20 10.10 y = 0.00965x + 0.000992 0.9996

Orn 132.16 8.32 y = 0.00133x + 0.000433 0.9991

PEtN 141.06 1.90 y = 0.000234x + 3.93e − 005 0.9973

Phe 165.19 13.9 y = 0.0174x + 0.00579 0.9988

Pro 115.14 7.08 y = 0.0109x + 0.0174 0.9997

Sar 89.09 5.21 y = 0.0118x + 0.00113 0.9997

Ser 105.09 3.74 y = 0.00761x + 0.0235 0.9908

Tau 125.25 2.02 y = 0.000735x-0.000721 0.9938

Thr 119.13 5.44 y = 0.0056x + 0.00018 0.9999

Trp 204.23 14.5 y = 0.0129x + 0.000269 0.9990

Tyr 181.19 9.47 y = 0.00799x + 0.00123 0.9989

Val 117.15 10.30 y = 0.0102x + 0.0145 0.9966
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among Yili horses. In Figure 3A and Table 4, the plasma concentration 
of β-alanine in the Yili horse test group was 10.09 times higher than that 
of the control group 1 h before the race (p < 0.01). Additionally, the 
concentration of valine was notably 14.67% lower than that of the 

control group (p < 0.05), while the concentration of arginine was 
significantly higher by 32.10% (p < 0.01). No other significant differences 
in amino acid concentrations were observed between the two groups. 
The principal coordinate analysis (PCoA) results demonstrated that the 
horizontal coordinate accounted for 39.11% of sample variation, with 
the vertical coordinate contributing 30.03%. Notably, there was no 
substantial similarity observed in amino acid concentrations within the 
pre-race plasma of control and test Yili horses based on the PCoA and 
principal component analysis (PCA). The PCA indicated that the 
horizontal coordinate, contributing 49.18% to sample variance, and the 
vertical coordinate, contributing 34.02%, did not reveal significant 
similarities in amino acid concentrations between the pre-race plasmas 
of control and test Yili horses.

As shown in Figure 3B and Table 5, post-competition plasma 
analysis displayed that the β-alanine concentration in the Yili horse 
test group was 6.12 times higher than that of the control group 
(p < 0.01). Moreover, concentrations of carnosine and 
3-methylhistidine were significantly higher than those of the 
control group by 72.03 and 70.65% (p < 0.05), while valine 
concentrations were notably lower by 23.71% (p < 0.01). Notably, 
ethanolamine and taurine exhibited substantial changes in plasma 
concentrations before and after the race. Ethanolamine and taurine 
concentrations in the test group increased by 3.4 and 1.6 times 
before the race, respectively. Specifically, ethanolamine 
concentration in the test group remained higher than that of the 

FIGURE 2

Effect of supplemental feeding of β-alanine on beta-alanine-like indices in the plasma of speed-racing Yili horses (A–D) (C: α-alanine group; T: 
β-alanine group). * indicates a significant difference between the two groups (p  <  0.05), ** indicates a highly significant difference between the two 
groups (p  <  0.01).

FIGURE 1

Effect of supplemental feeding of β-alanine on the athletic 
performance of speed-racing Yili horses (C: α-alanine group; 
T: β-alanine group). Each bar represents the mean of 6 horses ± 
standard error of the mean (SEM). * indicates a significant difference 
between the two groups (p  <  0.05), ** indicates a highly significant 
difference between the two groups (p  <  0.01).
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control group before and after the race, whereas taurine 
concentration in the test group was lower than that of the control 
group immediately after the race. Regarding PCoA analysis, the 
horizontal coordinate contributed 50.53% to sample variance, 
while the vertical coordinate contributed 23.29%. Interestingly, 
there was high amino acid similarity observed in the plasma of 
control and test Yili horses immediately after the race, as revealed 
by the PCoA analysis. The PCA analysis reveals that the primary 
contributor to sample variance is the horizontal coordinate, 
amounting to 74.22%. Following this, the vertical coordinate 
represents the second principal component, contributing 19.68% 
to the sample variance. It exhibited a notable resemblance in the 
amino acid composition of plasma between control and test Yili 
horses immediately after the race.

This similarity is evident in Figure 3C and Table 6, where the 
plasma concentrations of β-alanine, carnosine, and 
3-methylhistidine in the Yili test group were significantly higher 

than those in the control group (p < 0.05) at the 2-h mark post-
race. Conversely, the plasma concentrations of the major branched-
chain amino acids (BCAAs)—valine, leucine, and isoleucine—were 
31.88% (p < 0.01), 36.75% (p < 0.01), and 36.07% (p < 0.01) lower, 
respectively, in the Yili test group than in the control group at the 
same post-race interval. Plasma lysine levels changed immediately 
after the race, decreasing in both test and control groups, with the 
test group exhibiting significantly lower levels than the control 
group at the 2-h mark post-race (p < 0.05). The PCoA analysis 
results demonstrate that the horizontal coordinate accounts for 
44.65% of sample variation, while the vertical coordinate represents 
other principal components contributing 23.38% to sample 
variation. There was a lack of significant amino acid similarity in 
the plasma of control and test Yili horses 2 h after racing. The PCA 
results showed that the horizontal coordinate is the main 
component, contributing 51.83% to the sample variance. The 
vertical indicates the second principal component, contributing 

FIGURE 3

Effect of supplemental feeding of beta-alanine on amino acid metabolism in the plasma of speed-racing Yili horses (A–C) (C: α-alanine group T: 
β-alanine group).
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TABLE 4 Effect of β-alanine on the metabolic concentration of amino 
acids in the plasma of Yili horses 1  h before the race (μmol/L).

Items Control groups Test groups

Gly 345.00 ± 95.92 441.67 ± 82.43

Ala 378.50 ± 38.68A 244.67 ± 63.75B

Gln 270.67 ± 30.07 324.00 ± 55.97

Val 229.50 ± 18.45a 195.83 ± 29.03b

Ser 172.00 ± 31.70 179.83 ± 33.89

Pro 114.62 ± 20.08 109.00 ± 11.47

Leu 87.63 ± 10.49 84.60 ± 16.22

Arg 70.88 ± 12.21B 93.63 ± 11.21A

Cit 85.70 ± 41.38 71.28 ± 15.53

Lys 74.33 ± 10.24 74.38 ± 14.71

Orn 54.62 ± 9.89b 70.07 ± 10.49a

Ile 62.93 ± 9.58 56.22 ± 9.30

His 53.32 ± 9.52 63.07 ± 11.97

Thr 54.53 ± 8.01 58.35 ± 12.77

Phe 43.32 ± 3.92b 50.42 ± 4.36a

Tyr 40.12 ± 6.96 43.73 ± 4.89

Trp 34.72 ± 1.53 34.8 ± 4.98

Glu 31.7 ± 3.90 34.67 ± 4.59

Tau 25.98 ± 11.01 25.42 ± 7.13

β-Ala 3.95 ± 1.62B 39.88 ± 22.65A

Asn 19.27 ± 4.82 23.08 ± 5.10

Met 19.2 ± 2.42 20.63 ± 4.07

Hyp 14.17 ± 2.55 15.67 ± 3.06

Hpro 15.73 ± 10.60 13.64 ± 3.05

3-MHis 6.80 ± 1.37 11.26 ± 4.89

Asp 7.86 ± 2.57 9.41 ± 3.33

Car 6.50 ± 2.72 8.73 ± 2.11

Abu 2.91 ± 0.47 2.88 ± 0.51

Kyn 2.20 ± 0.52 2.55 ± 0.33

Cys1 2.58 ± 1.11 2.00 ± 0.47

Ans 2.15 ± 1.15 1.67 ± 0.96

EtN 1.40 ± 0.70 1.48 ± 0.53

Harg 1.31 ± 0.43 1.37 ± 0.22

Aad 1.04 ± 0.42 1.11 ± 0.41

Sar 0.83 ± 0.24 0.96 ± 0.22

3-Aib 0.63 ± 0.20 1.00 ± 0.44

5-HT 0.66 ± 0.15A 0.38 ± 0.09B

Asa 0.62 ± 0.54 0.24 ± 0.28

Hcit 0.30 ± 0.19 0.28 ± 0.23

5-HTP 0.25 ± 0.10 0.29 ± 0.14

PEtN 0.53 ± 0.97 --

5-Ava 0.25 ± 0.32 0.18 ± 0.21

Cth 0.14 ± 0.12 0.22 ± 0.11

Hyl 0.10 ± 0.15 0.15 ± 0.29

GABA 0.05 ± 0.06 0.11 ± 0.14

Hser 0.10 ± 0.07 0.05 ± 0.08

a,bValues within a row without common superscripts differ significantly (p < 0.05). A,BValues 
in rows with no common superscript, highly significant (p < 0.01).

TABLE 5 Effect of β-alanine on the metabolic concentration of amino 
acids in the plasma of Yili horses in the immediate post-race period 
(μmol/L).

Items Control groups Test groups

Gly 431.67 ± 254.72 412.33 ± 84.91

Ala 446.17 ± 92.74 358 ± 88.14

Gln 305.33 ± 43.27 308.5 ± 21.68

Val 255.17 ± 36.65A 194.67 ± 24.41B

Ser 177.33 ± 12.64 162.17 ± 22.09

Pro 112.07 ± 19.66 107.35 ± 10.61

Leu 113.33 ± 9.07 99.80 ± 17.63

Arg 80.70 ± 7.78 96.77 ± 18.39

Cit 76.33 ± 41.93 53.28 ± 5.83

Lys 90.9 ± 14.73 82.40 ± 18.00

Orn 61.93 ± 10.09 72.52 ± 15.70

Ile 68.52 ± 11.04 58.82 ± 8.56

His 53.67 ± 6.82 54.10 ± 10.43

Thr 61.73 ± 7.68 61.3 ± 10.94

Phe 48.5 ± 4.31 53.4 ± 5.22

Tyr 42.72 ± 4.69 47.83 ± 5.37

Trp 34.15 ± 3.27 29.9 ± 6.44

Glu 41.1 ± 6.53 46.03 ± 15.91

Tau 45.92 ± 14.79 40.5 ± 23.12

β-Ala 4.45 ± 0.81B 27.22 ± 13.51A

Asn 17.65 ± 7.54 17.02 ± 5.84

Met 18.78 ± 1.73 21.57 ± 5.19

Hyp 12.37 ± 2.17 13.43 ± 2.92

Hpro 10.46 ± 5.53 10.63 ± 2.37

3-MHis 7.60 ± 2.14b 12.97 ± 5.34a

Asp 10.86 ± 4.60 8.79 ± 4.71

Car 6.65 ± 2.96B 11.44 ± 1.22A

Abu 2.83 ± 0.88 2.45 ± 0.40

Kyn 2.15 ± 0.45 2.53 ± 0.15

Cys1 1.99 ± 1.73 0.78 ± 0.18

Ans 0.96 ± 0.6 0.83 ± 0.63

EtN 4.54 ± 3.18 5.00 ± 4.53

Harg 1.18 ± 0.4 0.76 ± 0.46

Aad 1.69 ± 2.00 0.76 ± 0.57

Sar 0.69 ± 0.26 0.98 ± 0.29

3-Aib 0.91 ± 0.26 0.84 ± 0.44

5-HT 1.63 ± 1.38 1.60 ± 2.01

Asa 0.18 ± 0.24 0.57 ± 0.41

Hcit 0.19 ± 0.25 0.35 ± 0.35

5-HTP 0.23 ± 0.18 0.36 ± 0.22

PEtN 2.21 ± 3.28 1.11 ± 1.24

5-Ava 0.35 ± 0.40 0.28 ± 0.20

Cth 0.30 ± 0.50 0.13 ± 0.12

Hyl 0.15 ± 0.11 0.09 ± 0.13

GABA 0.25 ± 0.24 0.07 ± 0.11

Hser 0.04 ± 0.06 0.05 ± 0.07

a,bValues within a row without common superscripts differ significantly (p < 0.05). A,BValues 
in rows with no common superscript, highly significant (p < 0.01).
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31.59% to the sample variance, showing a high similarity of amino 
acids in the plasma of horses in the control group and Yili horses 
of the test group 2 h after the race.

3.4 Effect of β-alanine supplementation on 
blood gas indices before and after a 
1,000  m speed race in Yili horses

Figure 4 shows the effect of β-alanine on blood gas indices 
before and after the 1,000-m speed race in Yili horses. Notably, the 
VIP blood gas indexes of Glu and Lac in the control group were 
significantly lower than those in the test group by 24.58% (p < 0.01) 
and 72.48% (p < 0.01), respectively, in the immediate post-
competition period. Among the non-VIP indicators, TCO2 and 
SO2 were 57.30% (p < 0.01) and 16.22% (p < 0.05) higher in the 
control group than in the test group, respectively. The differences 
in Glu and Lac levels between the two groups persisted at 20 min 
after the race, while PO2 was significantly higher in the test group 
than in the control group. Two hours after the race, the blood 
indexes had largely recovered, with the Hct of the control group 
remaining significantly higher than that of the test group. Figure 5 
illustrates the effect of supplemental β-alanine feeding on 
antioxidant levels in Yili horses before and after a 1,000-m 
speed race.

3.5 Effect of supplemental feeding of 
β-alanine on plasma antioxidant capacity 
before and after 1,000  m speed races in Yili 
horses

In Figure 5A, the CAT activity in the plasma of the Yili horse 
test group was 11.70% higher than that of control group 1 h before 
the race (p < 0.01). There was no significant difference immediately 
after and 20 min after the race, but 2 h after the plasma CAT activity 
in the test group was notably higher than that of the control 
group 2 h after the race by 9.39% (p < 0.05). In Figure 5B, SOD 
activity in the plasma of Yili horses in the test group was 9.28%, 
15.45%, and 8.66% higher than that of the control group 1 h before 
the race, immediately after, and 20 min after the race, respectively 
(p < 0.05). However, no significant difference was observed between 
the two groups 2 h after the race. Figure 5C displays no significant 
difference in GSH-PX activity in the plasma of Yili horses in the 
test group 1 h before and immediately after the race. Yet, 20 min 
and 2 h after the race, the test group showed significantly higher 
levels by 16.39% (p < 0.01) and 3.70% (p < 0.05), respectively, 
compared with the control group. In Figure 5D, T-AOC viability 
in the plasma of Yili horses in the test group showed no significant 
difference 1 h before and immediately after the race. However, it 
was significantly higher than that in the control group 20 min after 
(p < 0.01) and 2 h after the race (p < 0.05), by 15.40% (p < 0.01) and 
9.84% (p < 0.05), respectively. Figure 5E indicates no significant 
difference in MDA activity in the plasma of Yili horses in the test 
group  1 h before, 20 min after, and 2 h after the race. Yet, 
immediately after the race, the test group exhibited a significant 
26.46% reduction in MDA activity compared with the control 
group (p < 0.01).

TABLE 6 Effect of β-alanine on the metabolic concentration of amino 
acids in the plasma of Yili horses 2  h after the race (μmol/L).

Items Control groups Test groups

Gly 316.00 ± 72.16 403.17 ± 99.20

Ala 371.67 ± 137.26 335.33 ± 113.53

Gln 283.67 ± 36.97 298.83 ± 49.09

Val 232.67 ± 23.85A 158.50 ± 15.31B

Ser 165.50 ± 24.44 148.00 ± 32.85

Pro 117.28 ± 42.71 118.10 ± 22.59

Leu 99.65 ± 15.01A 63.03 ± 9.94B

Arg 75.68 ± 14.87 79.50 ± 16.83

Cit 78.07 ± 35.72 66.48 ± 26.47

Lys 78.72 ± 16.69a 58.77 ± 10.97b

Orn 56.78 ± 12.45 50.62 ± 13.64

Ile 65.23 ± 11.36A 41.70 ± 6.28B

His 62.17 ± 11.05 56.40 ± 10.81

Thr 63.82 ± 7.22a 53.05 ± 7.57b

Phe 48.62 ± 6.07 49.53 ± 6.16

Tyr 43.95 ± 8.67 41.13 ± 6.02

Trp 39.08 ± 4.43 36.62 ± 4.25

Glu 32.38 ± 6.58 35.8 ± 13.17

Tau 23.66 ± 10.50 26.17 ± 12.96

β-Ala 4.13 ± 1.05B 27.47 ± 17.83A

Asn 22.90 ± 5.38 18.1 ± 5.00

Met 19.97 ± 2.80 21.78 ± 4.80

Hyp 15.73 ± 2.23 15.70 ± 3.89

Hpro 12.02 ± 7.67 10.76 ± 2.33

3MHis 8.43 ± 0.97b 13.52 ± 5.41a

Asp 6.93 ± 2.94 8.74 ± 4.59

Car 7.77 ± 2.06b 11.12 ± 2.79a

Abu 2.76 ± 0.70 2.38 ± 0.41

Kyn 2.09 ± 0.47b 2.62 ± 0.28a

Cys1 1.91 ± 1.24 1.50 ± 0.52

Ans 1.33 ± 0.37 1.59 ± 0.53

EtN 1.59 ± 0.90 1.68 ± 1.09

Harg 1.04 ± 0.19 1.01 ± 0.18

Aad 0.97 ± 0.26 1.00 ± 0.58

Sar 0.75 ± 0.12 0.8 ± 0.32

3-Aib 0.71 ± 0.15 0.90 ± 0.29

5-HT 0.8 ± 0.31 1.66 ± 2.46

Asa 0.25 ± 0.15 0.36 ± 0.46

Hcit 0.28 ± 0.17 0.3 ± 0.31

5-HTP 0.18 ± 0.19 0.06 ± 0.15

PEtN 0.27 ± 0.35 --

5-Ava 0.26 ± 0.22 0.29 ± 0.22

Cth 0.04 ± 0.10b 0.24 ± 0.16a

Hyl 0.20 ± 0.15 0.18 ± 0.19

GABA 0.24 ± 0.09 0.28 ± 0.11

Hser 0.02 ± 0.03 0.04 ± 0.07

a,bValues within a row without common superscripts differ significantly (p < 0.05). A,BValues 
in rows with no common superscript, highly significant (p < 0.01).
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3.6 Pearson’s correlation analysis of the 
top 10 amino acids in the plasma with 
blood gas indices and antioxidant capacity 
of 1,000  m speed-racing Yili horses 
supplemented with β-alanine before and 
after racing

This study conducted an analysis of the Pearson’s correlation 
between the top  10 amino acids in plasma, blood gas indices, and 
antioxidant capacity before and after 1,000-m speed races involving Yili 

horses supplemented with β-alanine. Figure 6A demonstrates that 1 h 
before the race, T-AOC exhibited a significant positive correlation with 
3MHis concerning antioxidant capacity. Moreover, pH was positively 
correlated with 3MHis, while TCO2 showed a negative correlation with 
3MHis among the blood gas indexes. Additionally, Na+ exhibited a 
positive correlation with Leu and Tau, while K+ showed a positive 
correlation with β-alanine. Following the race, as shown in Figure 6B, 
there was a significant positive correlation in antioxidant capacity 
between MDA and Tau, and a significant negative correlation between 
GSH-PX and Car. Regarding blood gas indices, pH displayed a 

FIGURE 4

Effect of β-alanine supplementation on blood gas indices before and after a 1,000 m speed race in Yili horses (A–L) (C: α-alanine group T: 
β-alanine group). Each bar represents the mean of 6 horses ± standard error of the mean (SEM). * indicates a significant difference between the 
two groups (p  < 0.05), ** indicates a highly significant difference between the two groups (p  < 0.01).

FIGURE 5

Effect of supplemental feeding of β-alanine on plasma antioxidant capacity before and after 1,000  m speed races in Yili horses. (A–E) Each bar 
represents the mean of 6 horses ± standard error of the mean (SEM). * indicates a significant difference between the two groups (p  <  0.05), ** indicates 
a highly significant difference between the two groups (p  <  0.01).
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significant positive correlation with 3MHis, Leu, and Arg. Conversely, 
PO2 exhibited a significant negative correlation with Lys, while TCO2 
showed either a significant or highly significant positive correlation with 
3MHis and Arg. Moreover, K+ demonstrated a significant positive 
correlation with 3MHis, while Lac exhibited a significant negative 
correlation with Eth. The relationship between 3-MHis and β-alanine 
metabolism is direct, with 3MHis being a product of goose carnosine 
methylation. Elevated plasma levels of β-alanine in speed-racing 
Erythroxylon horses, subsequent to β-alanine supplementation, 
stimulate goose carnosine synthesis, leading to increased 
3-methylhistidine. In vivo, 3-MHis exists in myofibrillar proteins and 
skeletal muscle myosin, releasing energy during myosin catabolism 
through oxidation. Notably, plasma 3MHis content displayed significant 
or highly significant positive correlation with blood gas indexes TCO2, 
K+, and pH immediately after the race. This suggests that Yili horses 
supplemented with β-alanine experienced heightened anaerobic 
respiration during the 1,000-m test race, resulting in increased lactate 
accumulation (Lac) and subsequently elevated blood gas indexes TCO2, 
K+, and pH. Figure  6C depicts that CAT in antioxidant capacity 
displayed a significant positive correlation with Leu and Lys at the 2-h 
mark after the race. Among the blood gas indices, TCO2 exhibited a 
significant negative correlation with Car, while SO2 showed a significant 
positive correlation with Lys. Furthermore, Na+ exhibited a significant 
positive correlation with Val, Leu, and Ile, whereas iCa displayed a 
significant positive correlation with Val. Glu, by contrast, demonstrated 
a significant negative correlation with Car, and Hct exhibited a 
significant negative correlation with β-alanine.

4 Discussion

Many studies have suggested the notable increase in skeletal muscle 
carnosine content through oral administration of β-alanine (12–14). 
Unlike direct carnosine administration, oral intake of β-alanine is 
readily absorbed by the intestines, entering the body’s circulation and 
reaching the myocytes to participate in carnosine synthesis within the 
myocytes (5, 16, 17). Dunnet’s study showed that supplemental with 
β-alanine 300 mg/kg BW/day to untrained pure blood horses gave the 
peak β-alanine concentration in the blood 6 h after the first dose (15). 
In our study, Yili horses supplemented with β-alanine showed a notably 
higher plasma β-alanine level compared with those supplemented with 
α-alanine 2 h, specifically at 9:00 post-supplementation. This level 
exhibited an upward trend during 15:00–18:00, gradually declining 
during 18:00–21:00. Unlike Dunnet’s study, our research observed a 
delayed peak and lacked a plateau (15). Dunnett previously established 
that blood carnosine predominantly originates from myocyte spillover 
after injury (15). However, in this study, no strenuous exercise occurred 
during the period of supplemental feeding, consequently resulting in no 
significant increase in plasma carnosine levels on the day of 
supplementation. Nevertheless, the present study conducted a follow-up 
assessment of β-alanine and carnosine levels in the blood of both groups 
on the 30th day of the trial. This analysis revealed a significant elevation 
in plasma β-alanine and carnosine levels among speed-raced 
Erythroxylon horses that were supplemented with β-alanine for 30 days.

Carnosine’s physicochemical properties render it beneficial for 
enhancing athletic performance. It can mitigate and buffer excessive 

FIGURE 6

Pearson’s correlation analysis of the top 10 amino acids in the plasma with blood gas indices and antioxidant capacity of 1,000  m speed-racing Yili 
horses supplemented with β-alanine before and after racing (A–C) (C: α-alanine group T: β-alanine group). The intensity of the colors represents the 
degree of association. Red represents a significant positive correlation (p  <  0.05), blue represents significantly negative correlation (p  <  0.05), and white 
shows that the correlation was not significant (p  >  0.05). * indicates a significant difference between the two groups (p  <  0.05), ** indicates a highly 
significant difference between the two groups (p  <  0.01).
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acid production by reducing proteolytic metabolism, thereby 
contributing to muscle toning and strengthening (18–21). Muscle 
carnosine content plays a pivotal role in high-intensity and long-
distance exercise (10). For instance, Wim et  al. observed a 
performance improvement of 0.75 s among 400-m track and field 
athletes after a 4-week β-alanine supplementation compared with the 
control group (22). Similarly, Baguet et  al. reported a 4.3-s 
improvement in race performance among 2,000 m professional 
rowers following a 7-week supplementation of 5 g/day β-alanine 
compared to the control group, which, prior to the trial, had a 0.3 s 
faster race time than the supplemented group (4). In our study, at the 
experiment’s outset, the 1,000-m exercise performance for both 
groups of speed racing Yili horses was recorded at 135.76 s and 
134.73 s, respectively. After 30 days, the group of speed-racing Yili 
horses supplemented with β-alanine exhibited a decrease in their 
1,000-m exercise performance by 13.29 s compared with the control 
group in terms of race time. This marked a significant performance 
improvement of 12.01%, consistent with the findings of Wim et al. 
and Baguet et al. This suggests that β-alanine supplementation can 
increase skeletal muscle carnosine content, mitigate physiological 
declines and energy depletion due to cellular acidification, and 
enhance the post-race recovery capability of speed-racing Yili horses, 
thereby improving their overall performance.

During exercise, the body undergoes changes in energy and 
substance metabolism, reflected in metabolite concentrations. 
Amino acids, integral to body metabolites, not only signify protein 
metabolism but also monitor pre- and post-exercise bodily changes. 
Studying amino acid variations pre- and post-exercise can offer 
insights into internal metabolism. In our research, speed-racing Yili 
horses supplemented with β-alanine exhibited notably higher plasma 
levels of β-alanine compared with those supplemented with 
α-alanine. Additionally, β-alanine supplementation resulted in 
significantly elevated plasma levels of carnosine in these horses. 
Dunnett et al. inferred that carnosine in plasma primarily stemmed 
from myocyte overflow post-injury (23). The plasma carnosine 
content in Yili horses supplemented with β-alanine notably increased 
immediately after and 2 h post-race. This suggests a substantial 
release of carnosine due to muscle injury during the race, indirectly 
supporting the notion that β-alanine supplementation aids carnosine 
synthesis in the skeletal muscle. Valine, leucine, and isoleucine, 
collectively known as BCAAs, are essential amino acids. BCAAs 
exhibit a rapid transamination and full oxidation capability, 
generating ATP at a higher rate compared to other amino acids (24). 
Consequently, they stand out as a crucial energy source during 
exercise, contributing to 14% of the total oxidative energy supply in 
skeletal muscle, with leucine displaying the highest activity in this 
regard (25). Blomstrand showed that increased utilization of BCAAs 
during high-intensity exercise leads to decreased plasma 
concentrations of BCAAs (26). In the present study, concentrations 
of leucine and isoleucine in the plasma of speed-racing horses were 
notably reduced both 1 h before and immediately after the race. This 
reduction was particularly significant in horses supplemented with 
β-alanine 2 h after the race, aligning with the results of Blomstrand’s 
study. This suggests that the utilization of BCAAs in the skeletal 
muscles of horses supplemented with β-alanine was higher than that 
of the speed-racing horses supplemented with α-alanine during the 
1,000-m test event, resulting in substantial depletion of these amino 

acids. The utilization rate was notably higher in β-alanine 
supplemented speed-racing horses than in α-alanine supplemented. 
Thus, a large amount of BCAAs were consumed, resulting in lower 
plasma levels of BCAAs in β-alanine-supplemented speed racing 
horses 2 h after the race.

During moderate- to high-intensity exercise, the accumulation of 
hydrogen ions causes a decrease in intramuscular pH, influencing the 
muscle’s oxidative energy supply. Increased reliance on glycolysis for 
energy production leads to higher lactate (Lac) and hydrogen ion 
concentrations in the resulting products. Davery and Lily demonstrated 
that carnosine functions as an H+ buffer within the body’s metabolism, 
contributing to nearly 10% of the buffering capacity (24, 27). The 
hypothesis proposed by Blancquaert suggests that carnosine regulates the 
acid–base environment within myocytes by readily binding to Ca2+ and 
H+ within the cell, facilitating the transport of these ions inside the cell 
(10). During anaerobic respiration, myocytes within the sarcolemma 
metabolize glucose to generate ATP, resulting in a significant 
accumulation of H+ ions. These H+ ions competitively bind to the 
carnosine-Ca2+ complex, releasing Ca2+. The released Ca2+ near the 
sarcolemma immediately participates in muscle contraction. 
Subsequently, the carnosine-H+ complex moves toward the sarcoplasmic 
reticulum near the myocyte membrane. Simultaneously, it releases a 
substantial amount of H+ into the bloodstream to regulate the internal 
stability of myocytes. In our study, no significant differences in pH, 
TCO2, PCO2, Na+, K+, and iCa were observed between the two groups 
1 h before the race. However, immediately after the race, β-alanine-
supplemented speed-racing Yili horses exhibited notably higher blood 
levels of Glu, Lac, and Na+ compared to α-alanine-supplemented speed-
racing Yili horses. Additionally, the pH was lower in the β-alanine-
supplemented group. These differences could be  attributed to their 
performance during the 1,000-m exercise. The anaerobic respiratory 
work performed by speed-racing Yili horses supplemented with 
β-alanine during the 1,000-m test race was greater than that of horses 
supplemented with α-alanine. Consequently, this led to increased 
production of Lac and H+, resulting in substantial Lac accumulation 
post-race. However, after two subsequent speed races, the Lac content in 
the whole blood of speed-racing Yili horses decreased from elevated 
levels to within the normal range. Additionally, other blood gas levels, 
such as pH, TCO2, PCO2, Na+, K+, and iCa, were restored to normal 
levels. This suggests that carnosine potentially enhances the myocytes’ 
acid–base environment by interacting with H+ and Ca2+ within the 
myocyte, leading to the normalization of Lac and pH levels. Hematocrit 
(Hct) demonstrates a positive correlation with blood viscosity during 
exercise, while blood viscosity shows a negative correlation with blood 
mobility. Higher blood viscosity adversely affects the perfusion of tissues 
and organs, leading to more pronounced tissue hypoxia. Conversely, 
lower blood viscosity enhances oxygen transport through the blood, 
augmenting oxygen supply to the tissues. This facilitates improved 
exercise levels and accelerates post-exercise recovery (28). In our study, 
pre- and post-race Hct levels, measured 2 h after racing, were notably 
lower in speed-racing Yili horses supplemented with β-alanine than in 
those supplemented with α-alanine. This suggests that β-alanine 
supplementation in speed-racing Yili horses enhances their resting blood 
oxygen supply capacity.

Several recent studies have illustrated carnosine’s extensive 
antioxidant properties, showcasing its ability to interact with various 
free radicals. Carnosine regulates the content of reactive oxygen 
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species, effectively scavenges oxygen radicals, and serves as an 
antioxidant (2, 29). Additionally, carnosine directly interacts with 
peroxidation products of lipids and superoxide anion radicals, thereby 
improving the oxidative stability of skeletal muscle (30). High-intensity 
exercise generates substantial free radicals within skeletal muscle cells. 
Carnosine’s antioxidant mechanism involves neutralizing and binding 
to carbonyl groups on cell membrane proteins. This process produces 
relatively stable carbonylated proteins, preventing damaging cross-
linking with other proteins and their expulsion from the cell. Guo’s 
research demonstrated that carnosine can effectively inhibit lipid 
oxidation in liver homogenates, reduce peroxidation-associated MDA, 
and decrease the accumulation of lipid oxidation products and then 
concluded that carnosine not only scavenges free radicals but also 
inhibits lipid peroxidation by reacting with lipid oxidation products 
and eliminating the accumulation of lipid oxidation products (31). 
Huang’s study revealed that administering β-alanine to SD rats for 
4 weeks increased SOD and GSH-px activity in the gastrocnemius 
muscle in the high-dose group. Additionally, MDA content decreased 
significantly in the medium-dose group, substantially enhancing the 
skeletal muscle’s antioxidant capacity in SD rats (32). Wang’s findings 
showed that supplementing fattening pigs’ diet with 600 mg/kg 
β-alanine increased the activities of glutathione peroxidase and catalase 
while decreasing malondialdehyde concentration (33). In our study, 
plasma SOD activity in speed-racing horses supplemented with 
β-alanine was significantly higher than that of speed-racing horses 
supplemented with α-alanine, observed from 1 h before the race to 
20 min after. GSH-px and T-AOC were notably higher in the β-alanine 
group at 20 min after the race, and MDA levels immediately post-race 
were significantly lower compared to horses supplemented with 
α-alanine. The enhanced antioxidant capacity in the plasma of speed-
racing Yili horses corresponded to an increase in plasma taurine 
content. Taurine aids in neutralizing free radicals produced during 
exercise, minimizing oxidative stress damage to myocytes. This enables 
sustained energy supply to the myocytes and contributes to the 
improvement observed in the 1,000-m speed races of the β-alanine 
supplementation group (34).

5 Conclusion

In conclusion, supplementing with β-alanine enhances post-race 
acid–base recovery ability by elevating plasma levels of β-alanine and 
carnosine. This supplementation also improves the antioxidant status 
of speed-racing Yili horses, reducing post-exercise injuries and 
bolstering their post-race recovery ability. Consequently, it enhances 
the performance of Yili horses in 1,000-m races.
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Benefits of heat-killed 
Lactobacillus acidophilus on 
growth performance, nutrient 
digestibility, antioxidant status, 
immunity, and cecal microbiota 
of rabbits
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Introduction: Heat-killed probiotics, as a type of inactivated beneficial 
microorganisms, possess an extended shelf life and broader adaptability 
compared to their live counterparts. This study aimed to investigate the impact 
of heat-killed Lactobacillus acidophilus (L. acidophilus, LA) - a deactivated 
probiotic on the growth performance, digestibility, antioxidant status, immunity 
and cecal microbiota of rabbits.

Methods: Two hundred weaned Hyla rabbits were randomly allocated into five 
equal groups (CON, L200, L400, L600, and L800). Over a 28-day period, the rabbits 
were fed basal diets supplemented with 0, 200, 400, 600, and 800 mg/kg of 
heat-killed LA, respectively.

Results: Results revealed a significant reduction in the feed-to-gain ratio (F/G) 
in the L600 and L800 groups (p  <  0.05). Additionally, the L800 group exhibited 
significantly higher apparent digestibility of crude fiber (CF) and crude protein (CP) 
(p  <  0.05). Regarding digestive enzyme activities, enhanced trypsin and fibrinase 
activities were observed in the L600 and L800 groups (p  <  0.05). Concerning the 
regulation of the body’s antioxidant status, the L800 group demonstrated elevated 
levels of superoxide dismutase (SOD) and total antioxidant capacity (T-AOC) in 
both serum and ileal tissue (p  <  0.05). In terms of immune capacity modulation, 
serum tumor necrosis factor-α (TNF-α) levels were significantly lower in the L600 
and L800 groups (p  <  0.05), while immunoglobulin A (IgA) and immunoglobulin 
M (IgM) levels were higher (p  <  0.05). Additionally, the L800 group exhibited a 
substantial increase in secretory immunoglobulin A (SIgA) levels in the intestinal 
mucosa (p  <  0.05). In comparison to the CON group, the L800 group exhibited 
a significant increase in the relative abundance of Phascolarctobacterium and 
Alistipes in the cecum (p  <  0.05). Phascolarctobacterium demonstrated a positive 
correlation with SIgA (p  <  0.05), IgM (p  <  0.01), and Glutathione peroxidase (GSH-
Px) (p  <  0.05), while displaying a negative correlation with TNF-α levels (p  <  0.05). 
Concurrently, Alistipes exhibited positive correlations with IgA (p  <  0.05), IgM 
(p  <  0.05), SIgA (p  <  0.01), GSH-Px (p  <  0.05), SOD (p  <  0.05), and T-AOC (p  <  0.01), 
and a negative correlation with TNF-α (p  <  0.05).
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Discussion: In conclusion, the dietary incorporation of 600 mg/kg and 800 mg/
kg of heat-killed LA positively influenced the growth performance, nutrient 
digestibility, antioxidant status, immune capacity and cecal microbiota of 
rabbits. This highlights the potential benefits of utilizing heat-killed probiotics 
in animal nutrition.

KEYWORDS

heat-killed Lactobacillus acidophilus, rabbit, growth performance, antioxidant status, 
immune capacity, cecum microbiology

1 Introduction

Probiotics, defined as living microorganisms with proven health 
benefits upon proper administration, have been extensively studied 
for their capacity to enhance host immunity, optimize gut health, and 
improve overall animal growth performance (1, 2). Commonly 
employed probiotic strains encompass Lactobacillus acidophilus, 
Lactobacillus plantarum, Bacillus subtilis, and Saccharomyces cerevisiae 
(3–5). However, the widespread utilization of live probiotics has 
unveiled associated risks, including variable colonization patterns, 
instability of live bacteria, and potential strain transfer across the 
intestinal barrier (6). Consequently, concerns regarding these risks 
have led to an increased adoption of paraprobiotics, specifically 
inactivated probiotics (7). Various methods, including heat, high 
pressure, and ultraviolet light, have been explored for probiotic 
deactivation, with heat treatment often preferred. This choice is due 
to its effectiveness, cost-efficiency, and ability to preserve probiotic 
integrity, ensuring prolonged functionality and stability. Heat 
treatment stands as a widely adopted approach for preserving 
probiotic attributes across different contexts (8). Recent studies have 
substantiated that non-viable bacteria, notably inactivated probiotics, 
can confer health benefits akin to their living counterparts. These 
benefits encompass the modulation of immunity, pathogen 
suppression, and the enhancement of gut microbes to uphold overall 
animal health. Notably, these functional attributes of inactivated 
probiotics are attributed to their release of lipophosphatidic acid 
(LTA), peptidoglycan, and extracellular polysaccharide (EPS) 
components (9, 10). Additionally, the ease of storage and 
transportation of inactivated probiotics, compared to live bacteria, 
further underscores their practical advantages (7, 11, 12).

The weaning period poses a critical juncture for rabbits, 
characterized by an underdeveloped digestive tract and exposure to 
multiple stressors, including dietary transitions and relocation to new 
enclosures, potentially impacting their overall growth and 
developmental trajectories (13). Post-weaning, the abrupt cessation of 
breast milk antigen supply results in a rapid decline in intestinal 
immunity (14). Consequently, rabbits become more susceptible to 
environmental variations, eliciting stress responses that can manifest 
as diarrhea and, in severe cases, culminate in death (15).

Prior research has demonstrated the positive impact of dietary 
supplementation with alive LA on enhancing the dietary conversion 
rate, promoting growth performance, and augmenting beneficial 
intestinal flora in rabbits (4). Moreover, LA has been shown to fortify 
immunity, improve the integrity of the intestinal barrier, diminish the 
occurrence of diarrhea, and reduce mortality rates (4, 5, 16). Despite 
these established benefits, there remains a scarcity of literature 
addressing the utilization of heat-killed LA in rabbit production. This 
study aims to bridge this knowledge gap by investigating the 

repercussions of incorporating heat-killed LA into rabbit diets. The 
investigation also encompasses an in-depth analysis of its effects on 
growth performance, digestibility, digestive enzymes, antioxidant 
status, and immune capacity in rabbits. The results of this research will 
provide valuable scientific insights and provide a powerful reference 
for the rational application of heat-killed LA in rabbit production.

2 Materials and methods

2.1 Animals and management

A total of 200 healthy Hyla meat rabbits, uniform in weight at 
35 days of age, were selected and randomly allocated into 5 groups, 
each comprising 8 replicates, with 5 rabbits in each replicate. Rabbits 
in the control group (CON) were exclusively fed a basal diet without 
any supplementation. In contrast, rabbits in the 4 treated groups, 
namely L200, L400, L600, and L800, received basal diets enriched with 
200, 400, 600, and 800 mg/kg of heat-killed LA, respectively, for a 
duration of 28 days. The heat-killed LA was sourced from Biosource 
Biotechnology Co., Ltd. (Shenzhen, China) and contained 
1 × 109 cfu/g of LA in a dried product stored at room temperature 
(the main ingredients in this product include inactivated 
Lactobacillus acidophilus and silica). The formulation of the base diet 
adhered to the nutritional recommendations for rabbits as outlined 
by De Blas (17). The composition and nutritional levels of the base 
diet are detailed in Table 1. Both feeding and digestion experiments 
were carried out at the rabbit farm located within the Animal 
Husbandry Teaching Base of Hebei Agricultural University. Prior to 
the commencement of the experiments, meticulous cleaning and 
disinfection procedures were implemented for all rabbit cages. The 
feeding trial spanned a duration of 35 days, encompassing a 
pre-feeding phase of 7 days and a subsequent standard trial period 
of 28 days. Throughout the trial, all rabbits were afforded ad libitum 
access to both feed and water.

2.2 Growth performance

The composition and nutritional levels of the base diet are detailed 
in Table 1. Initial body weight (IBW) and final body weight (FBW) 
were recorded at the beginning and at the end of the experiment 
(70 days of age) by weighing on an empty stomach. Record the feeding 
amount and remaining feed amount of each group of rabbits, calculate 
the average daily feed intake (ADFI), average daily weight gain (ADG) 
and feed-to-weight ratio (F/G). ADFI, ADG and F/G were calculated 
as follows: ADFI = total feed intake/experimental days; 
ADG = (FBW − IBW)/experimental days; F/G = ADFI/ADG.
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2.3 Nutrient digestibility

At the end of the experiment, a 7 days digestibility test was 
conducted. During the trial, feces from each replicate were collected, 
weighed, and frozen at −20°C to be prepared for chemical analysis. 
Crude protein (CP), crude fat (EE), crude fiber (CF), acid detergent 
fiber (ADF), and neutral detergent fiber (NDF) and other nutrients in 
feed and feces were determined using the Association of Official 
Analytical Chemists (AOAC) method (18). Calculation of the 
digestibility of rabbits according to the total manure collection 
method. The digestibility of nutrients was calculated according to the 
following formula:

 Nutrient digestibility% /= −( )  ×t f t 100

where t is the nutrient intake [g] during collection and f is the 
amount of nutrients excreted in the feces [g].

2.4 Samples collection

Upon completion of the experimental period, rabbits underwent 
a 12 h fasting period. Subsequently, one rabbit was randomly chosen 
from each replicate, and a blood volume of 10 mL was collected from 
the marginal ear vein. Blood samples were collected in vacuum 
containers and subjected to centrifugation at 3,000 × g for 10 min at 
4°C to isolate the serum. The serum samples were preserved at −20°C 
until further analysis. Following blood collection, rabbits were 
humanely euthanized using the pentobarbital method. Tissue samples 
from the jejunum, ileum, and cecum were obtained using meticulously 

sterilized surgical instruments. The jejunum, ileum, and cecal chyme 
were carefully stored in sterile lyophilized test tubes. The 5 cm jejunum 
and ileum segments were placed on an ice tray and the mucosa was 
gently scraped off with a slide (the mucosa volume was 3–3.5 mL). The 
scraped mucous membranes were stored in sterile lyophilized test 
tubes at −80°C for subsequent analysis.

2.5 Immune capacity

The quantification of IgA, IgG, IgM, IFN-γ, TNF-α, IL-4, and 
IL-6 levels was conducted using enzyme-linked immunosorbent 
assay (ELISA). Similarly, intestinal mucosal Secretory SIgA and 
MUC2 were also assessed via ELISA kits. All ELISA kits utilized in 
the study were procured from Beijing Borealis Technology Co 
(Beijing, China), and specific procedural guidelines outlined in the 
respective kit instructions were followed for 
accurate implementation.

2.6 Digestive enzyme activity and 
antioxidant status

The α-amylase, trypsin, lipase activity, and cellulase activity of 
intestinal contents, as well as the total antioxidant capacity (T-AOC), 
glutathione peroxidase (GSH-Px), superoxide dismutase (SOD) 
activities and malondialdehyde (MDA) content in serum, jejunal and 
ileal tissues were measured using ELISA kits (Beijing Borui Long 
Term Technology Co (Beijing, China)).

2.7 16S rRNA gene sequencing and analysis

The cecum contents, approximately 5 mL, were collected in sterile 
cryopreservation tubes and stored at −80°C. Total genomic DNA was 
extracted from cecal digesta using the OMEGA Soil DNA Kit (M5635-
02; Omega Bio-Tek, Norcross, GA, United  States) following the 
manufacturer’s instructions. The quantity and quality of the extracted 
DNA were assessed using a NanoDrop NC2000 spectrophotometer 
(Thermo Fisher Scientific, Waltham, MA, United States) and agarose 
gel electrophoresis, respectively. PCR amplification of the V3–V4 
region of the bacterial 16S rRNA gene was performed using forward 
primer 338F (5′-ACTCCTACGGGAGGCAGCA-3′) and reverse 
primer 806R (5′-GGACTACHVGGGTWTCTAAT-3′). The 
amplification procedure consisted of: 98°C for 5 min, followed by 
25 cycles of 98°C for 30 s, 53°C for 30 s, and 72°C for 45 s, with a final 
extension at 72°C for 5 min. The amplicons were purified with Vazyme 
VAHTSTM DNA Clean Beads (Vazyme, Nanjing, China) and 
quantified using the Quant-iT PicoGreen dsDNA Assay Kit 
(Invitrogen, Carlsbad, CA, United  States). After individual 
quantification, the amplicons were pooled in equal amounts, and 
paired-end sequenced (2 × 250 bp) at Shanghai Personal Biotechnology 
Co., Ltd. (Shanghai, China) on the Illumina NovaSeq Platform using 
the NovaSeq 6,000 SP Reagent Kit (500 cycles). To estimate microbial 
diversity in individual samples, alpha diversity indices, such as the 
Chao1 richness estimator, Shannon diversity index, Simpson index, 
and Goods_coverage. Observed_species at the amplicon sequence 
variant (ASV) level were calculated using the ASV table in QIIME2. 

TABLE 1 Composition and nutrient levels of the basal diet (air-dry basis, %).

Ingredients Content Nutrient levelb Content

Yellow maize grain 12.00 Dry matter 89.23

Wheat bran 15.00 Digestible energy (MJ/kg) 9.83

Chaff 5.00 Crude protein 15.09

Soybean meal 13.00 Ether extract 2.34

Peanut vine 20.00 Crude fiber 16.02

Peanut shell 10.00 Neutral detergent fiber 31.77

Artemisia argyi 

powder
5.00 Acid detergent fiber 18.91

Wheat middlings 6.00 Calcium 1.29

Corn germ meal 10.00 Total phosphorus 0.63

Sodium chloride 0.30

DL-methionine 0.10

L-lysine 0.10

Premixa 3.50

Total 100.00

aThe premix provided the following per kg of diets: Cu (as copper sulfate) 20 mg, Fe (as ferric 
sulfate) 70 mg, Zn (as zinc sulfate) 70 mg, Se (as sodium sulphate) 0.25 mg, Mn (as 
manganese sulfate) 10 mg, Co 0.15 mg, I 0.2 mg, VB1 2 mg, VB2 6 mg, VB12 0.02 mg, 
Pyridoxine 2 mg, Pantothenic acid 50 mg, Nicotinic acid 50 mg, Choline 1,000 mg, Biotin 
0.2 mg, VA 101000 IU, VD 900 IU, VE 50 mg, VK 2 mg.
bDigestible energy was a calculated value, while the others were measured values.
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Principal coordinate analysis (PCOA) was performed based on Bray–
Curtis and UniFrac distance metrics.

2.8 Date analysis

Statistical data analyses were performed using Excel 2020 and 
SPSS 26.0 software. One-way analysis of variance (ANOVA) was used 
to test for significant differences between groups of data, while 
Duncan’s method was used for multiple comparisons. p-value <0.05 
indicated significant differences between groups.

3 Results

3.1 Growth performance

The supplementation of heat-killed LA in the diet did not yield 
statistically significant differences (p > 0.05) in FBW, ADF, and ADG 
among rabbits, as indicated in Table  2. Nevertheless, noteworthy 
reductions were observed in the Feed-to-Gain ratio (F/G) within the 
L600 and L800 groups, and these reductions were statistically significant 
(p < 0.05).

3.2 Nutrient digestibility

As presented in Table 3, the digestibility of CP exhibited a notable 
increase in the L800 group, achieving statistical significance (p < 0.05). 
Moreover, the digestibility of CF and NDF in the L600 and L800 groups 
demonstrated a significant improvement when compared to the CON 
group (p < 0.05). Conversely, the digestibility of GE and other 
nutrients, including DM, ADF, EE, Ash, Ca, and P, did not manifest 
significant differences in rabbits when compared to the CON group 
(p > 0.05).

3.3 Digestive enzyme activity

The effects of the different treatments on intestinal digestive 
enzyme levels are presented in Figure 1. Compared with CON group, 
the activities of jejunum and ileum trypsin and cecum cellulase in L600 
and L800 groups were significantly increased (p < 0.05) (Figures 1B,E,G), 
and the jejunum lipase activity in L800 group was also significantly 
higher (p < 0.05) (Figure 1C). Compared with CON group, α-amylase 

activity in jejunum and ileum and lipase in ileum of rabbits in 
experimental groups were not significantly different (p > 0.05).

3.4 Antioxidant indexes

In comparison to the CON group, the SOD activity in the serum 
and intestine tissue of the L600 and L800 groups exhibited a significant 
increase (p < 0.05) (Figures 2B,F,J). Additionally, the serum T-AOC 
activity was significantly elevated in the L800 group (p < 0.05, 
Figure 2D). Furthermore, the T-AOC activity in the ileum of rabbits 
in the L600 and L800 groups demonstrated a noteworthy increase in 
comparison to the CON group (p < 0.05) (Figure 2L). However, there 
were no statistically significant differences observed in MDA content 
and GSH-Px activity within the serum, jejunum, and ileum between 
the experimental groups and the CON group (p > 0.05).

3.5 Serum immune capacity

In Figure  3, it was shown that serum TNF-α levels were 
significantly reduced in the L600 and L800 groups compared with the 
CON group (p < 0.05) (Figure 3D). The serum IgA levels in the L800 
group were significantly increased (p < 0.05) (Figure 3E). In addition, 
serum IgM levels were significantly higher in the L600 and L800 groups 
compared with the CON group (p < 0.05) (Figure 3G). And IFN-γ, 
IL-4, IL-6, and IgG levels were not significantly different compared 
with the CON group (p > 0.05).

3.6 Intestinal mucosal immune capacity

The findings presented in Figure 4 indicate a substantial increase 
in SigA content in the jejunal mucosa of rabbits within the L800 group 
compared to the CON group (p < 0.05) (Figure 4A). Similarly, ileum 
mucosa was significantly increased in the L600 and L800 groups 
(Figure 4C). However, there were no significant differences observed 
in mucosal MUC2 content in the jejunum and ileum between the 
experimental groups and the CON group (p > 0.05).

3.7 Cecum microflora

The operational taxonomic unit (OTU) analysis revealed varying 
numbers of identified OTUs across the experimental groups, with 

TABLE 2 Effect of heat-killed Lactobacillus acidophilus on the growth performance of rabbits.

Item
Groups

SEM p-value
CON L200 L400 L600 L800

IBW, g 1257.71 1247.10 1248.39 1249.52 1233.99 8.426 0.943

FBW, g 2274.07 2270.25 2295.53 2312.49 2287.48 9.917 0.689

ADG, g/d 36.30 36.54 37.40 37.96 37.62 0.264 0.209

ADFI, g/d 158.17 155.00 158.85 156.67 155.46 0.535 0.215

F/G 4.38a 4.30a 4.26a 4.15b 4.15b 0.028 0.027

IBW, initial body weight; FBW, final body weight; ADFI, average daily feed intake; ADG, average daily gain; F/G, ratio of feed and gain. Data are means for 8 replicates of 5 rabbits per replicate. 
SEM, total standard error of the means (n = 8). a,bMeans with different superscripts in the same row are significantly different (p < 0.05).
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4,605, 4,085, 4,421, 3,890, and 4,446 OTUs in the CON, L200, L400, L600, 
and L800 groups, respectively. Notably, 1,116 OTUs were shared among 
the four groups, as illustrated in Figure 5. The microbial diversity 
within an individual sample was assessed by the Chao1, Goods_
coverage, Shannon, Simpson indices, and Observed_species but no 
significant differences between all groups were observed (Figure 6). 
Principal component analysis of OTUs was performed to evaluate the 
similarities and differences between the control group and the 

experimental group (Figure 7), and the results showed that the cecal 
microbiota of CON group was significantly separated from that of L400, 
L600, and L800 groups. Taxonomic profiling indicated that Firmicutes 
and Bacteroidetes accounted for most of the intestinal bacteria of 
rabbits (Figure  8). At the phylum level, there were no significant 
differences in the relative bacterial abundance among all groups 
(p > 0.05) (Table 4). The relative abundance of the 20 dominant genera 
in each group at the genus level was also analyzed. Ruminococcus and 
Oscillospira were found to be  the main genera in the 4 treatment 
groups (Figure 9). As shown in Table 5, compared with the CON 
group, the relative abundance of Phascolarctobacterium in L600 and L800 
groups was significantly increased, Subdoligranulum in L200 group was 
significantly increased, and Dehalobacterium in L400, L600, and L800 
groups was significantly decreased. The relative abundance of Alistipes 
in group L800 was significantly increased (p < 0.05).

3.8 Association of cecum microflora with 
immunity and antioxidant capacity

In order to further understand the potential relationship between 
gut microbes and immunity and antioxidant capacity, Spearman 
correlation analysis was used to analyze the relationship. As shown in 
Figure  10, Phascolarctobacterium was positively correlated with 
jejumum SIgA (p < 0.05) and serum IgM (p < 0.01), and negatively 
correlated with serum TNF-α level (p < 0.05). Serum IgA (p < 0.05), 
serum IgM (p < 0.05), and jejunum SIgA (p < 0.01) were positively 
correlated with Alistipes, and serum TNF-α (p < 0.05) was negatively 
correlated with Alistipes. Parabacteroides was negatively correlated 
with serum IgG (p < 0.01). Clostridiaceae_Clostridium was positively 

TABLE 3 Effect of heat-killed Lactobacillus acidophilus on apparent 
digestibility (%) of energy and nutrients in rabbits.

Item
Groups

SEM
p-

valueCON L200 L400 L600 L800

DM 52.12 51.39 52.71 50.14 51.03 0.550 0.646

GE 57.26 57.46 58.05 54.16 57.36 0.543 0.166

CP 76.70b 76.60b 76.67b 77.27b 79.99a 0.373 0.010

CF 19.43c 18.70c 20.90bc 26.04ab 29.91a 1.059 0.001

NDF 29.56c 30.80bc 29.34c 34.84ab 36.40a 0.781 0.004

ADF 20.41 20.96 25.00 26.68 25.59 1.256 0.403

EE 87.07 87.11 87.94 88.03 88.33 0.194 0.095

Ash 35.49 29.13 40.67 34.12 33.92 1.246 0.057

Ca 56.25 65.43 60.88 55.38 61.21 1.266 0.070

P 16.55 13.65 17.62 18.24 17.74 0.918 0.539

DM, dry matter; GE, gross energy; CP, crude protein; EE, ether extract; CF, crude fiber; NDF, 
neutral detergent fiber; ADF, acid detergent fiber; Ca, calcium; P, total phosphorus. SEM, 
total standard error of the means (n = 8). a,b,cMeans with different superscripts in the same 
row are significantly different (p < 0.05).

FIGURE 1

Effect of heat-killed Lactobacillus acidophilus on intestinal digestive enzymes in rabbits. Values are means  ±  standard error (n  =  8). (A–C) α-Amylase, 
trypsin, lipase in jejunum; (D–F) α-Amylase, trypsin, lipase in ileum; (G) Cellulase in cecum. a,b,cMeans among the experimental groups with different 
letters are significantly different (p  <  0.05).
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correlated with serum TNF-α (p < 0.05), and negatively correlated with 
serum IgG (p < 0.05), serum IgM (p < 0.01), and ileum SIgA (p < 0.01). 
Dehalobacterium was positively correlated with serum TNF-α 
(p < 0.05) and negatively correlated with serum IL-6 (p < 0.05), and 
jejunum SIgA (p < 0.05). Subdoligranulum was negatively correlated 
with serum IgA (p < 0.01). Bilophila was positively correlated with 
serum IgG (p < 0.05). Akkermansia was negatively correlated with 
serum TNF-α (p < 0.01), and positively correlated with serum IgM 
(p < 0.05), and ileum SIgA (p < 0.01). Bacteroides was negatively 
correlated with serum TNF-α (p < 0.05) and positively correlated with 
jejunum SIgA (p < 0.01).

Microorganisms associated with antioxidant results as shown in 
Figure 11, Phascolarctobacterium was positively correlated with ileum 
GSH-Px (p < 0.05). Alistipes was positively correlated with jejunum 
GSH-Px (p < 0.05), ileum SOD (p < 0.05), and serum T-AOC (p < 0.01). 
Rikenella was positively correlated with jejunum GSH-Px (p < 0.01). 
Bacteroides was positively correlated with jejunum SOD (p < 0.05) and 
ileum GSH-Px (p < 0.05). Akkermansia was positively correlated with 

ileum SOD (p < 0.05), serum T-AOC (p < 0.05), and jejunum T-AOC 
(p < 0.01). Clostridiaceae_Clostridium was positively correlated with 
serum SOD (p < 0.05) and jejunum GSH-Px (p < 0.05), and negatively 
correlated with ileum MDA (p < 0.05). Subdoligranulum was positively 
correlated with jejunum MDA (p < 0.01) and negatively correlated 
with ileum GSH-Px (p < 0.05). Campylobacter was negatively 
correlated with serum SOD (p < 0.05).

4 Discussion

The weaning stage poses a critical period for rabbits, susceptible 
to external stimuli such as dietary changes and environmental shifts, 
potentially leading to appetite loss, and even an increase in mortality 
and diarrhea rates (19). Zhu et  al. (20) observed that the 
supplementation of 500 mg/kg of inactivated complex probiotics in 
the diet positively influenced cecum microbiota, consequently 
improving diet conversion and growth performance in yellow-finned 

FIGURE 2

Effect of heat-killed Lactobacillus acidophilus on antioxidant status of rabbits. Values are means  ±  standard error (n  =  8). (A–D) MDA, SOD, GSH-Px, 
TAOC in serum; (E–H) MDA, SOD, GSH-Px, TAOC in jejunum; (I–L) MDA, SOD, GSH-Px, TAOC in ileum. MDA, malondialdehyde; SOD, superoxide 
dismutase; GSH-Px, glutathione peroxidase; T-AOC, total antioxidant capacity. a,b,cMeans among the experimental groups with different letters are 
significantly different (p  <  0.05).
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broilers. Noteworthy findings by Tartrakoon et al. (21) demonstrated 
enhanced feed efficiency and ADG in pigs through the utilization of 
20 mg/kg of heat-killed L. plantarum. Consistent with prior studies, 
the current research underscores that the addition of 600 mg/kg and 
800 mg/kg of heat-killed LA significantly reduces F/G and enhances 
the growth performance of rabbits. This improvement in feed 
efficiency correlates with the observed elevation in the activity of 
digestive enzymes (lipase, protease, cellulase) within the intestinal 
tract of rabbits (22). Notably, the potential role of heat-killed LA in 
regulating gut microflora and diminishing the incidence of diarrhea 
aligns with the findings of Moal et al., who observed a reduction in 
harmful bacterial adhesion in the intestine through the use of 

inactivated probiotics (23), resulting in a decreased frequency of 
diarrhea in piglets (24). In summary, we  hypothesize that the 
improved growth performance may also be related to heat-killed LA 
by modulating gut microflora and mitigating the occurrence 
of diarrhea.

Apparent digestibility serves as a key indicator of an animal’s 
proficiency in nutrient digestion within the diet, and this is intricately 
linked to digestive enzyme activity, contributing positively to growth 
performance (25, 26). Mammalian food nutrients primarily undergo 
digestion orchestrated by various digestive enzymes, with a minor 
portion being subject to digestion by intestinal bacteria (27, 28). 
Palamidi et  al. (29) reported an elevation in lipase activity and 

FIGURE 3

Effect of heat-killed Lactobacillus acidophilus on serum immunity in rabbits. Values are means  ±  standard error (n  =  8). (A–G) serum immunological 
index. IFN-γ, interferon-γ; IL-4, interleukin-4; IL-6, interleukin-6; TNF-α, tumor necrosis factor-α; IgA, immunoglobulin A; IgG, immunoglobulin G; IgM, 
immunoglobulin M. a,b,cMeans among the experimental groups with different letters are significantly different (p  <  0.05).

FIGURE 4

Effect of heat-killed Lactobacillus acidophilus on intestinal mucosal immunity in rabbits. Values are means  ±  standard error (n  =  8). (A,B) SigA, Muc2 in 
jejunum; (C,D) SigA, Muc2 in ileum. SigA, Secretory immunoglobulin A; Muc2, Mucin 2. a,b,cMeans among the experimental groups with different letters 
are significantly different (p  <  0.05).
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improved digestibility in broilers when fed heat-killed complex 
probiotics. Similarly, Dawood et al. (30) observed a significant increase 
in amylase, protease, and lipase activities following the inactivation of 
L. plantarum, leading to enhanced nutrient digestion. In concordance 
with these findings, the current study demonstrated a substantial 
increase in trypsin, lipase, and cellulase activities upon supplementing 
diets with 600 mg/kg and 800 mg/kg of heat-killed LA. This trend 
aligned with the concurrent increase in the apparent digestibility of 
CP and CF in rabbits. Furthermore, the inactivation of LA was found 
to enhance the intestinal microbial composition, favoring an increased 
relative abundance of beneficial bacteria such as Lactobacillus and 
Bacillus in the intestine (31, 32). This augmentation in beneficial 
microbial communities within the gut can potentiate their ability to 
induce the production of endogenous enzymes (33, 34). Consequently, 
the inactivation of LA appears to contribute to the enhancement of 
digestive enzyme activity, ultimately improving digestibility and, 
consequently, the growth performance of rabbits.

Oxidation reactions, yielding ROS, are constant processes within 
organisms. Under normal physiological conditions, animal cells 
maintain a delicate equilibrium between ROS production and 
clearance (35). Excessive accumulation of free radicals poses a 
significant threat to tissues, leading to intestinal damage, nutrient 
malabsorption, and severe diarrhea (36, 37). Antioxidant defense 
enzymes, including SOD and GSH-Px, play pivotal roles in 

FIGURE 6

Alpha diversity indices of cecum microbiota. Chao 1 and Observed_otus indices mainly reflect the richness of the species in the sample; Goods_
coverage reflects the low abundance feature coverage of the sample; Simpson and Shannon reflect the richness and evenness of the species together.

FIGURE 5

Venn diagram showing common and unique operational taxonomic 
units (OTUs) in the cecal digest of rabbits. According to the feature 
abundance table, the number of features in each group was 
calculated, and the number of common and unique features in each 
group was visualized by Venn diagram, if the feature existed in only 
one group, it was unique to that group.
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FIGURE 7

Principal co-ordinates analysis diagram of cecum microflora composition. Principal Coordinate Analysis (PCoA) is based on a sample distance matrix 
for ranking. The PCoA analysis allows the difference among the groups to be observed. The different colours in the results represent the different 
groupings and the closer the distance, the more similar the structure of the microbial composition and the less difference.

FIGURE 8

Relative abundance of cecum microbiota at phylum level.

TABLE 4 Relative abundance of caecal microbiota at phylum level.

Item Groups SEM p-value

CON L200 L400 L600 L800

Firmicutes 70.81 68.79 68.25 64.08 60.97 1.668 0.360

Bacteroidetes 19.30 18.66 23.23 22.19 26.75 1.714 0.621

Verrucomicrobia 1.48 3.63 1.30 5.69 4.12 0.651 0.153

Proteobacteria 3.06 2.42 3.19 3.00 3.68 0.174 0.265

Actinobacteria 0.65 0.80 0.71 0.90 0.77 0.061 0.790

Tenericutes 0.88 0.82 0.57 0.51 0.65 0.078 0.540

TM7 0.24 0.27 0.16 0.19 0.30 0.032 0.647

Cyanobacteria 0.32 0.13 0.26 0.16 0.13 0.034 0.321

Firmicutes 0.00 0.13 0.04 0.02 0.06 0.029 0.710

Bacteroidetes 0.00 0.00 0.00 0.00 0.01 0.001 0.324

SEM, total standard error of the means (n = 4). a,b,cMeans with different superscripts in the same row are significantly different (p < 0.05).
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counteracting oxidative stress (38). SOD, functioning as the primary 
defense against free radicals, not only exhibits superb antioxidant 
effects but also inhibits the synthesis and release of inflammatory 
factors (39). T-AOC, encompassing both enzymatic and 
non-enzymatic antioxidant activities, provides a comprehensive 
assessment of the organism’s antioxidant status (40). Previous research, 

such as Liu et al. (41) and Dawood et al. (30) has highlighted the 
antioxidant properties of heat-killed LA and heat-killed L. plantarum, 
respectively. In this experiment, supplementation with heat-killed LA 
demonstrated a notable increase in SOD activity and T-AOC capacity 
in rabbits, with the most pronounced effects observed at 
supplementation doses of 600 mg/kg and 800 mg/kg. This 

FIGURE 9

Relative abundance of cecum microbiota at genus level.

TABLE 5 Relative abundance of caecal microbiota at genus level.

Item Groups SEM p-value

CON L200 L400 L600 L800

Ruminococcus 6.78 5.51 6.76 6.38 6.39 0.316 0.756

Oscillospira 4.90 5.42 5.55 5.90 4.67 0.319 0.788

Akkermansia 1.48 3.63 1.30 5.68 4.12 0.650 0.154

Coprococcus 1.43 1.47 1.28 0.72 1.68 0.200 0.668

Lachnospiraceae-Clostridium 1.16 1.50 1.33 1.22 1.10 0.103 0.798

Phascolarctobacterium 0.00c 0.32c 0.88bc 2.47a 1.43b 0.235 <0.001

Bacteroides 0.44 0.79 0.50 1.24 1.55 0.177 0.204

Clostridiaceae-Clostridium 1.10 0.78 0.88 0.66 0.66 0.057 0.066

Parabacteroides 0.99 0.95 0.23 0.24 0.36 0.206 0.640

Sutterella 0.61 0.59 0.23 0.49 0.55 0.080 0.618

Subdoligranulum 0.45bc 0.71a 0.25c 0.52ab 0.32bc 0.048 0.004

Rikenella 0.97 0.07 0.52 0.03 0.62 0.160 0.315

Campylobacter 0.22 0.18 0.42 0.06 0.32 0.061 0.442

Dehalobacterium 0.54a 0.40ab 0.05c 0.01c 0.18bc 0.061 0.008

Desulfovibrio 0.24 0.29 0.45 0.09 0.10 0.074 0.567

Blautia 0.19 0.24 0.18 0.16 0.23 0.015 0.437

Alistipes 0.06b 0.10b 0.12b 0.11b 0.32a 0.023 <0.001

rc4-4 0.11 0.16 0.12 0.10 0.10 0.011 0.610

Anaeroplasma 0.18 0.14 0.05 0.09 0.14 0.039 0.901

Bilophila 0.10 0.10 0.12 0.12 0.08 0.020 0.966

SEM, total standard error of the means (n = 4). a,b,cMeans with different superscripts in the same row are significantly different (p < 0.05).
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augmentation in antioxidant-related enzyme activity may be attributed 
to the ability of heat-killed Lactobacillus to activate the Nrf2 signaling 
pathway (42, 43). Activation of the Nrf2 signaling pathway triggers the 
transcription and translation of downstream antioxidant genes (such 
as SOD and T-AOC), bolstering antioxidant status in response to 
environmental stress and sustaining normal intestinal function (44).

Immunoglobulin (IgA, IgM, and SigA etc.) is one of the 
components of animal immune system and an important parameter 
reflecting the immune capacity of animal body (45). IgA plays a 
crucial role in protecting the mucosal surface by preventing the entry, 
binding, and colonization of toxins and pathogens (46). IgM is the 
immunoglobulin with the strongest initial immune effect, and is an 
important barrier against pathogenic invasion (47). In this study, 
supplementation with heat-killed LA significantly increased the levels 
of IgA and IgM in serum, which reflected that heat-killed LA could 
improve the immune capacity of rabbits. As the main immune defense 
line of intestinal mucosa, SigA has the function of neutralizing 
pathogens and bacterial exotoxins in intestinal mucosa and 
maintaining the stability of intestinal flora (48). Danladi et al. found 
that supplementation of feed with inactivated Lactobacillus plantarum 
significantly increased the intestinal SigA content of broiler chickens 

and improved immunity (49). Consistent with the results of previous 
studies, we  found that feed supplementation with 600 mg/kg and 
800 mg/kg of heat-killed LA significantly enhanced the secretion of 
intestinal SigA, protected the intestinal immune barrier, and reduced 
the occurrence of intestinal diseases. TNF-α is a pro-inflammatory 
cytokine produced mainly by macrophages and monocytes, which is 
involved in the inflammatory response, and when its level is too high, 
it increases intestinal permeability and causes an enteritis response 
(50). It was found that LTA isolated from Lactobacillus can block the 
phosphorylation of NF-κB and the phosphorylation degradation of 
IkB, thereby inhibiting the expression of TNF-α (51). In this 
experiment, we  found that supplementation with heat-killed LA 
reduced the serum levels of TNF-α. This may be related to the blocking 
of NF-κB phosphorylation by heat-killed LA. It was also shown that 
heat inactivation of LA does not cause an inflammatory response in 
the meat rabbit organism and has no adverse effect on its health.

There are a large number of microorganisms in the intestinal tract 
of animals, and their species composition and activity play an 
important role in the immune and inflammatory responses of animals 
(52, 53). Therefore, the balance of intestinal flora is related to the 
health of animals. Under normal conditions, the composition of the 

FIGURE 10

Heatmap of the correlation between cecum microbiota and immunity. The correlations were significant (*p  <  0.05 and **p  <  0.01), positive in green and 
negative in brown.
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intestinal flora is relatively stable, but at the same time it can 
be disturbed by external factors (54). In the current study, probiotic 
supplements or probiotic products were found to be  one of the 
effective ways to maintain a healthy balance of gut microbiota (55–58). 
In addition, species-rich communities enhance intestinal 
microecological stability and reduce susceptibility to bacterial invasion 
and intestinal inflammation (59). In this study, dietary heat-killed LA 
can regulate the cecal microflora structure of rabbits and increase the 
relative abundance of Phascolarctobacterium and Alistipes. 
Phascolarctobacterium and Alistipes are probiotics that promote 
intestinal health. Their main function is to produce short chain fatty 
acid (SCFAs), which play a vital role in maintaining nutrient 
metabolism and microbial homeostasis (60, 61). Acetic acid is not 
only the most abundant SCFAs in the gut, but also inhibits the NF-κB 
signaling pathway by down-regulating the expression of TLR gene, 
thereby reducing the content of TNF-α in the body and reducing the 
inflammatory response (62). In addition, SCFAs can also accelerate 
the activation, differentiation and antibody production of B cells by 
promoting the synthesis of acetyl-CoA, 5‘-adenosine triphosphate and 
fatty acids in B cells, thus promoting the secretion of SigA, IgA, and 

IgM (63, 64). SCFAs can also act as an activator of Keap1-Nrf2 
signaling pathway (65, 66), and the activation of Nrf2 is positively 
correlated with SOD, GSH-Px, and T-AOC (44, 67). The above results 
showed that heat-killed LA can promote the proliferation of 
Phascolarctobacterium and Alistipes, thereby reducing serum TNF-α 
level, and increasing jejunum SigA, serum IgM, serum IgA, ileum 
GSH-Px, jejunum GSH-Px, ileum SOD and serum T-AOC levels, 
which may be due to the regulation of SCFAs by Phascolarctobacterium 
and Alistipes. These results provide a theoretical basis for 
understanding heat-killed LA-mediated microbial promotion of 
immunity and antioxidant capacity in rabbits. However, further 
microbiome-based studies are needed to elucidate the mechanisms by 
which Phascolarctobacterium and Alistipes promote immunity and 
antioxidant capacity in rabbits.

5 Conclusion

In conclusion, the incorporation of heat-killed LA into the diet 
demonstrates a capacity to enhance intestinal digestive enzyme 

FIGURE 11

Heatmap of the correlation between cecum microbiota and antioxidant capacity. The correlations were significant (*p  <  0.05 and **p  <  0.01), positive in 
green and negative in brown.
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activity, bolster antioxidant status, modulate the immune capacity, 
increase the relative abundance of beneficial bacteria in the cecum and 
foster overall organismal health in rabbits. This ultimately translates 
into improved growth performance. Upon comprehensive analysis, 
the recommended additive levels of heat-killed LA in rabbit diets 
appear to be 600 and 800 mg/kg.
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