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Editorial on the Research Topic

Natural feed additives in animal nutrition—Their potential as

functional feed

In recent years, natural products have become of great importance as growth-

promoting agents to replace antibiotics. There is a social pressure on animal production

industries to improve animal production performances, minimize economic losses, and

ensure the safety of products for human consumption (1).

The potential negative consequences of the removal of antibiotics as growth

promoters on gut health and growth performance have increased interest in finding

alternatives to reduce the prevalence of bacterial infections and improve the quality

of food products and animal performance by promoting gut health. In general, the

term “gut health” represents the interaction between the microbiome, the intestinal wall

barrier, and physiological and immune components, which allow different animals to

cope with internal and external stressors (2).

Natural additives in animal feed are able to improve productivity and performance

by enhancing digestibility and maintaining and stabilizing beneficial microflora in

the gut; improving the quality of animal products can also positively influence the

environment (3).

Natural feed additives such as prebiotics, beneficial microorganisms, bacteriocins,

phytogenic compounds, and organic acids have potential as a research area for human

or animal nutrition and health, and can satisfy the increasing consumer demand for

natural substances. Since they are seen as novel valuable substances, their research is

an ongoing discipline. Moreover, pharmacokinetics and the mechanism of action of

phytogenic bioactive compounds are discussed and represent a novel approach (4).

Due to current restrictions on the use of antibiotics, particularly as feed additives, the

objective of this Research Topic is to produce novel research results focused on the use

of herbs, essential oils, prebiotics, probiotics, and postbiotics as alternative feed additives

in animal nutrition.
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This Research Topic aims to collect the latest research on

the natural feed additives in animal nutrition. It covers a total of

21 articles (three reviews and 18 original researches) focused on

three main topics: phytoadditives, probiotics/beneficial bacteria,

and other natural additives as an alternative to antibiotic growth

promoters with a beneficial impact on animal health. Most of the

articles are related to monogastric animals, with more than half

of the submissions focusing on poultry, while only two articles

are related to ruminants.

Yang et al. examined in their study the effect of in

ovo injection of Astragalus polysaccharide (APS) in broiler

chickens and their results indicated that APS administered

in this form did not affect hatchability but had the potential

of promoting intestinal development and enhancing intestinal

mucosal immunity in the early stage after hatching, which

provides timely and effective protection for chickens.

Ghavipanje et al. determined the effect of pre- and post-

partum supplementation of berberin (BBR) administrated in

encapsulated form orally to goats. Taking all obtained results

together, this study showed the potential of BBR as a novel

strategy to mitigate oxidative stress and inflammation in dairy

goats during the transition period.

To date, there have been few research studies on dietary

supplementation with Elephantopus scaber L., used as a

traditional herbal medicine in duck production. The authors

of this study, Hu et al., provided basic knowledge on E.

scaber addition to produce high-quality duck meat for human

consumption. Based on their study, which contributes to a better

understanding of the role of E. scaber as a feed additive in ducks,

they recommended E. scaber as an effective supplement with

beneficial impact on meat quality and intestinal development.

Phesatcha et al. investigated liquid-containing

phytonutrients in dairy cows as dietary additives to reduce

rumen protein degradation and confirmed their hypothesis

that mangosteen peel liquid-protected soybean meal is able to

improve milk yield and milk quality in lactating dairy cows.

Chen et al. showed that the natural polyphenol, chlorogenic

acid (CGA), can attenuate oxidative stress-induced growth

retardation and intestinal mucosa disruption by increasing

antioxidant capacity and improving intestinal barrier integrity

in weaned pigs. The authors explored this effect in pigs who

were exposed to oxidative stress. They investigated the effect on

growth performance, antioxidant activity, and the structure and

functions of intestinal mucosa.

Darvishi et al. found that Licorice (Glycyrrhiza glabra)

in the diet of rainbow trout fingerlings can increase their

resistance to Yersinis ruckeri infection and effectively boost their

immune system.

Microcine C7 is an antimicrobial peptide produced by

Escherichia coli. Dai et al. evaluated its effect on growth

performance, immune functions, intestinal barrier and cecal

microbiota of broiler chickens. Obtained results indicated that

Microcine C7 can be used as a promising alternative to

traditional antibiotics. As an immunomodulator, it can regulate

intestinal immune function and also exhibit antimicrobial

activity against pathogen invasion. The enhancement of gut

health improved the serum index and growth performance.

To verify the specific mechanism responsible for these positive

observations, future studies are needed.

Agradi et al. in their mini-review study evaluated the effects

of Goji berries, the fruit of Lycium barbarum, supplementation

in the diet of rabbits on reproductive and productive

performances, immune system, metabolic homeostasis, and

meat quality. Goji berries could determine health benefits for

animals and consequently for consumers and have a role in

optimizing production as well as in reducing the use of drugs. To

find the correct dosage and period of its administration, further

research is needed.

Recently, the application of soy lecithin has been dominant

in poultry production, and only a few studies have reported the

application of its hydroxylated form. Wu et al. described the

positive effect of hydroxylated lecithin on growth performance,

serum enzyme activity, hormone levels related to lipid

metabolism, and the meat quality of Jiangan White goslings and

recommended this form of lecithin as a safe and reliable additive

in livestock production.

Based on current literature, recommendations for the

addition of Paeoniae radix alba extract in raccoon dog diets are

scarce. Wang et al. decided to obtain more information for its

recommendation as a feed additive for raccoon dogs and they

suggest Paeoniae radix alba extract in a concentration of 1–2

g/kg as optimal to achieve the optimal performance of Ussuri

raccoon dogs.

To improve stability and bioavailability of essential oils

and their compounds, the nanoemulsion as a novel strategy is

recommended. Ibrahim et al. found that formulation of eugenol

into the nanoemulsion form efficiently controlled its release in

the gastrointestinal tract and thus boosted its bioavailability and

broilers’ response to avian pathogenic Escherichia coli (APEC)

strains, especially O78, which causes colibacillosis with major

economic losses. Obtained results could provide new insights for

controlling colisepticemia induced by APEC.

The objective of the study by Luo et al. was to confirm

the hypothesis that dietary supplementation of yucca powder

may alleviate heat stress and improve growth performance in

growing broilers. They confirmed that yucca could attenuate

the heat stress and improve antioxidant status and feed intake

probably by down-regulating the cholecystokinin in plasma

and hypothalamus.

Chang et al. compared the effect of various oligosaccharides

like isomaltooligosaccharide, raffinose oligosaccharide, and

chitooligosaccharide on growth performance, immune

and antioxidant functions, intestinal morphology, and

microbiota in broiler chickens, and they concluded

that oligosaccharides represent a very strong alternative

to antibiotics.
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The study by Danladi et al. demonstrates positive

effects of postbiotics and paraprobiotics produced from

Lactiplantibacillus plantarum supplementation in the broiler

chicken diet on the intestinal microbiota. Administered

additives increased concentration of beneficial microbes

like Firmicutes while they decreased harmful microbes

like Proteobacteria. To achieve a healthier gut, the authors

recommended postbiotics and paraprobiotics for modification

of the microbiota in the intestine.

Numerous studies have investigated the potential of

probiotics, prebiotics, synbiotics, and medicinal herbs as

alternatives to antibiotics for the health management of

aquaculture species. Wei et al. in their mini-review discuss the

potential use of combinations of probiotics and medicinal herbs

as prophylactic agents in aquaculture.

Ogbuewu et al. in their review indicated that Bacillus

probiotics currently used in the broiler chicken industry are

isolated from the gut, food, soil, and ponds. Probiotics may

have achieved beneficial effects through various mechanisms

of action. They are able to decrease pathogen proliferation

in the gastrointestinal tract, increase production of organic

acids leading to a decline in gut pH, improve production of

antimicrobial compounds, improve oxidative stability and the

immune system, and support the production and release of

digestive enzymes. However, the potential of Bacillus probiotics

in broiler chicken nutrition depends on a variety of factors such

as Bacillus strain, species, dose level, and age of chicken. Further

research is required to determine the optimum dose level

before Bacillus probiotics could be considered as a substitute

for antibiotics.

Chang et al. evaluated the potential of postbiotics originated

from Lactiplantibacillus plantarum to modulate gut microbiota,

mucin dynamics, and immune response in broiler chickens and

recommended postbiotics as a good alternative to substitute

antibiotic growth promoters in poultry.

The review by Damato et al. focuses on the characteristics

and properties of clays as feed additives. It must be considered

that clay minerals are not completely inert additives and

can interfere with intestinal/ruminal metabolism with possible

consequences on animal health. Further studies are needed,

particularly on ruminants, to verify possible interferences of

clays with rumen fermentations and metabolite uptake, which

may affect animal metabolism and, possibly, milk characteristics.

In particular, future studies should consider the effects of

long-term administration or accumulation of clay minerals

in organisms.

Azad et al. determined a beneficial replacement of corn-

soybean meal with agricultural by-product cassava residue or

fermented cassava residue, which could be a cost-effective

dietary supplemental strategy for livestock production. These

supplements increased the gut barrier function and beneficially

altered gut microbiota composition.

Bai et al. confirmed that Dimethylglycine sodium salt

(DMG-Na) can improve the redox status and relieve oxidative

damage by scavenging the excessive generated free radicals in

suckling piglets. They found that DMG- Na can act as a health-

promoting additive in treating hepatic dysfunction in suckling

piglets and is beneficial in improving their performance during

the suckling period.

Guanidine acetic acid (GAA) is increasingly being

considered as a nutritional growth promoter in monogastric

animals. Whether or not such a response would exist in

rapid-growing lambs is as yet unclear. Under a high-concentrate

feed lotting pattern, the feed results obtained in the study of

Li et al. indicated that daily gain presented a greater increase

response to not only uncoated (GAA) but also coated (GAA)

supplementation in young lambs with body weight from 13 to

30 kg, and such positive responses were more pronounced in

oaten hay fed lambs in comparison with oaten hay plus wheat

silage fed lambs.

In summary, the results of the above-mentioned research

studies and reviews represent and summarize new relevant data

on application of natural feed additives in animals. Despite

all the existing research papers on this extremely important

topic, the obtained information show that many aspects of

bioavailability and beneficial doses of natural feed additives

should be clarified. The presented and recommended future

data on biological activity of natural substances in animal

organisms could be suitable for pharmaceutical industries and

the veterinary sectors.
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Effects of in ovo Injection of
Astragalus Polysaccharide on the
Intestinal Development and Mucosal
Immunity in Broiler Chickens
Shu-bao Yang 1,2†, Yan-jun Qin 2†, Xin Ma 2, Wei-min Luan 2, Peng Sun 2, An-qi Ju 2,

Ao-yi Duan 2, Ying-nan Zhang 3,4* and Dong-hai Zhao 1*

1 Basic Medical College, Jilin Medical University, Jilin, China, 2College of Animal Science and Technology, Jilin Agricultural

University, Changchun, China, 3 School of Public Health, Jilin Medical University, Jilin, China, 4College of Life Science,

Changchun Sci-Tech University, Changchun, China

The purpose of this study was to examine the effects of in ovo injection of Astragalus

polysaccharide (APS) on hatchability, body weight (BW), intestinal histomorphology, the

number of IgA+ cells and sIgA content in intestine, and the expression of intestinal

immune-related genes in broiler chickens. On day 18 of the incubation, a total of 960

live embryo eggs were weighed and randomly divided into 4 treatment groups: a control

group and three APS groups. The eggs in the control group were injected with 0.5mL

physiological saline. The eggs in the APS groups were injected with 3 different amounts

of APS in 0.5mL physiological saline: 1mg (APSL), 2mg (APSM) and 4mg (APSH). The

solution was injected into the amnion of each egg. The results showed that in ovo injection

of APS did not affect the hatchability but increased the body weight of the 14 d and 21

d chickens, with a significant increase observed in the APSM group (P < 0.05). At most

time points, the villus height (VH) was increased (P < 0.05) and the crypt depth (CD) was

decreased (P < 0.05) in the small intestine of the broilers, with higher VH/CD ratios in the

APSL and APSM groups comparedwith the control group. The number of IgA+ cells in the

mucosa and the secretory immunoglobulin A (sIgA) levels in the intestinal washings were

higher in the APSM and APSH groups than in the APSL and control groups. The gene

expression levels of interleukin (IL)-2, interleukin (IL)-4, interferon gamma (IFN-γ), and

Toll-like receptor (TLR)-4 were significantly enhanced by APS stimulation at most time

points (P < 0.05). These results indicated that in ovo injection of APS has the potential of

promoting intestinal development and enhancing intestinal mucosal immunity of broiler

chickens in the early stage after hatching.

Keywords: Astragalus polysaccharide, in ovo injection, intestinal development, intestinal mucosal immunity,

broilers

INTRODUCTION

In comparison to mammals, the growth and development of the avian embryo and hatchling
are dependent on the nutrients in the fertile eggs. Due to avian embryos’ rapid growth and
high metabolism, they have a great demand for energy and nutrients during late embryonic
development, resulting in an imbalance between the consumption and retention of nutrients within
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the eggs (1). In recent years, in ovo feeding during incubation
is regarded as a way to correct this imbalance by providing
additional nutrients to meet the developmental needs of embryos
and post-hatch chickens during fasting (2, 3).

Newly hatched chickens have limited maternal antibodies and
immature immune and digestion systems, which make them
susceptible to infections. Early research showed that intestinal
mucosa is a vital tissue that maintains nutrition and immunity in
the body (4, 5). Therefore, strengthening the intestinal immune
function to improve resistance against external pathogens plays
a key role in the survival and development of young chickens
(6). Newly hatched chicks are restricted in their access to feed
for∼48–72 h in commercial poultry rearing. As studies indicated
the fasting may lead to retardation in development of the
gastrointestinal tract and even the entire body (7, 8). Studies have
shown that in ovo injection of various biologics into the amnion,
such as prebiotics and synbiotics, may rapidly promote small
intestinal growth and development by establishing a healthy and
balanced gastrointestinal tract (GIT) microbiome in the early
stage of its formation (9, 10).

Astragalus is a kind of Chinese medicinal herb that has
been used in oriental medicine for thousands of years.
Astragalus polysaccharide (APS) is a type of water-soluble
heteropolysaccharide with bioactive effects, which is extracted
from the stems or dried roots of Astragalus. The components
are complex and diverse, and polymeric carbohydrates are
mainly linked by a-type glycosidic bonds between the
monosaccharides (11). Astragalus polysaccharide (APS) is
the main ingredient extracted from Astragalus, which has
multiple biological activities, including immunomodulatory,
anti-viral, anti-tumor, and anti-oxidant properties (12).
Previous studies indicated that APS possesses the effect of
promoting intestinal development and modulating intestinal
mucosal immunity of chicks when taken orally or as a feed
additive (13, 14). The modulatory effect of APS on intestinal
mucosal immunity in broilers is considerably dependent on
the interaction with various immunoglobulins (e.g., IgA, IgG)
and cytokines (e.g., IL-2, IL-4, and IL-6) when foreign antigen
is present in the body of the broilers (15–17). However, little
is known about the effect of in ovo injection of APS on the
intestinal development and intestinal mucosal immunity in
broiler chicks.

Therefore, the aim of the present study was to evaluate
the effect of in ovo injection with 3 different amounts of
APS on the intestinal development and mucosal immunity in
broilers by determinations of hatchability, body weight, intestinal
histomorphology, the distribution and number of IgA+ cells,
sIgA levels, and the expression of intestinal immune-related
genes. The information obtained in this study can therefore be
useful for understanding effects of in ovo injection of APS on
growth and immunity adjustment in poultry industry.

Abbreviations: APS, Astragalus polysaccharide; BW, body weight; AA+ broilers,

Arbor Acres broilers; VH, villus height; CD, depth of crypt; HE staining,

hematoxylin-eosin staining; DAB, diaminobenzidine.

MATERIALS AND METHODS

Experimental Design and Egg Incubation
This study was conducted following the Jilin Agriculture
University Institutional Animal Care and Use Committee
(JLAU08201409), and the experimental procedures were
performed in compliance with the National Institutes of Health
Guide for the Care and Use of Laboratory Animals (NIH
Publications No. 8,023).

Fertilized Arbor Acres (AA+) broiler eggs were obtained
from a broiler breeder farm (Runcheng Broiler Breeding Factory,
Changchun, China). All eggs with a similar weight (60.27 ±

0.15 g) were incubated under standard conditions in a Hongtai
incubator (Hongtai Incubation Equipment Factory, China). On
days 12 and 18 of incubation, the eggs were candled and the
unfertilized eggs and dead embryos were discarded. A total of
960 live embryo eggs were weighed and randomly allocated to
4 treatment groups (a control group and three APS groups),
consisting of 3 replicates of 80 eggs each on day 18 of incubation.
APS (net content 91.9%) was purchased from Sihai Plant Extracts
Co., Ltd. (Nantong, China). The control group was injected with
0.5mL physiological saline, while the three experimental groups
(APSL, APSM, and APSH group) were injected with 0.5mL of
3 different concentrations of APS solution (1, 2, and 4mg APS
in 0.5mL physiological saline), respectively. The saline and APS
solutions were injected into the amnion of each egg vertically
from the top of the larger end of the eggshell to a depth of
2.49 cm using a 22-gauge needle. A new needle was used for each
injection. After in ovo injection, the holes were sealed with sterile
paraffin and the eggs were returned to the incubator. Each tray of
eggs of each treatment group remained outside the incubator for
∼15min during the injection period.

Animal Treatment and Sample
Collection/Data Collection
On the day of hatching, the hatchability of the injected live
embryonated eggs was calculated, and all male hatched chicks
from one treatment were pooled and weighted. A total of 75
male chicks from each of the four experimental treatments with
a similar weight close to the average body weight (BW) of
their pooled group were selected and randomly assigned into 3

TABLE 1 | Specific primers for β-actin, IL-2, IL-6, IFN-γ, and TLR-4.

Gene Primer Sequence Amplicon size (bp)

β-actin Forward TGATATTGCTGCGCTCGTTG 143

Reverse CTTTCTGGCCCATACCAACC

IL-2 Forward CAAGAGTCTTACGGGTCTAAATCAC 100

Reverse GTTGGTCAGTTCATGGAGAAAATC

IL-6 Forward CAAGGTGACGGAGGAGGAC 254

Reverse TGGCGAGGAGGGATTTCT

IFN-γ Forward GACAAGTCAAAGCCGCACA 127

Reverse TCAAGTCGTTCATCGGGAGC

TLR-4 Forward CCACACACCTGCCTACATGAA 190

Reverse GGATGGCAAGAGGACATATCAAA
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replicates of 25 chicks each. A total of 12 cages were provided
for the four treatments, with each replicate allocated to a cage.
Chicks were reared up to 21 d of age and were offered water and
a standard broiler diet ad libitum. On days 1, 7, 14, and 21 post-
hatch, five birds per replicate were weighed and euthanized by
cervical dislocation, and the duodenum, jejunum, and ileumwere
separated. A hematoxylin and eosin (H&E) staining method was
used to observe changes in the intestinal morphological structure,
and the distribution and quantity of IgA+ cells in the intestinal
mucosa were studied by immunohistochemical staining. The
changes in sIgA content in jejunal washing were detected by an
enzyme-linked immunosorbent assay (ELISA). Real-time PCR
was used to detect the expression of IL-2, IL-6, IFN-γ, and TLR-4
mRNA in the ileum.

Histomorphological Measurements
Intestinal segments (duodenum, jejunum, and ileum) were fixed
in 10% formalin, embedded in paraffin, then cut into 6-µm
thick sections (Typ RM 2235, Leica, Germany), and stained
using a hematoxylin and eosin (H&E) method. Five villi and
crypts for 5 sections per sample in each chicken from each
group were measured and analyzed using Image-Pro Plus 6.0
software (Media Cybernetics, USA). The villus height (VH) was
measured from the top of the villus to the crypt mouth, the
depth of the invagination between adjacent crypt mouths was
measured and defined as crypt depth (CD), and the ratio of
VH/CD was calculated.

Analysis of Intestinal IgA+ Cells
The segments of duodenum and jejunum embedded with paraffin
wax were cut into 6-µm thin sections with sledge microtome
(Typ RM 2235, Leica, Germany), the paraffin was removed prior
to staining with xylol, and then the sections were incubated with
citrate-buffered solution (pH 6.0, 0.01M) at 95◦C for 20min.
The distribution and numbers of IgA+ cells in the duodenum
and jejunum were identified with an immunohistochemistry
staining method described previously (14). The reactions were
made visible with metal-enhanced diaminobenzidine (DAB).
After staining, the sections were slightly counterstained with
hematoxylin. The staining sections were observed under 100×
amplification (Olympus CX41 microscope and the Pixera

pro600ES image acquisition unit, Pixera, USA) and measured
using Image-pro plus 6.0 software (Media Cybernetics, USA).
The IgA+ cells of five views from each slice from five sections
per group were counted, and the average numbers of IgA+

cells per view (over areas of 0.01 mm2) for each group
were calculated.

Detection of SIgA Content in Jejunum
As described by Shan et al. (14), 5-cm sections of the jejunum
were removed, infused with 0.5mL PBS (pH 7.4, containing 0.1%
BSA and aprotinin) and washed three times. The washings were
collected and centrifuged at 10,950 × g at 4◦C for 10min. The
supernatants were collected to determine the sIgA levels in the
jejunum mucosa using an ELISA according to the instructions
of the Chicken sIgA Kit-BPE60021 (Lengton Bioscience Co.,
Ltd., Shanghai, China). Optical density was measured using a
microplate reader (Sunrise-Basic, Switzerland) at 450 nm.

Real-Time Quantitative RT-PCR (qRT-PCR)
The ileum samples were removed, and 20–30mg aliquots were
weighed. The total RNA of the ileum was extracted according
to the instruction of the RNA simple Total RNA kit-DP431
(Tiangen Biotechnology Co., Ltd., Beijing, China) and reverse
transcribed into cDNA using the PrimeScript TM Reagent Kit
with gDNA Eraser (DRR047A) (Tiangen Biotechnology Co.,
Ltd., Beijing, China). The amplification and detection were
conducted using the SYBR R© Premix Ex TaqTM II Real-time
RT-PCR (qRT-PCR) kit (Bao Bioengineering Co., Ltd., Dalian,
China) in an Applied Biosystems 7500 FAST Real-Time PCR
System. During the PCR, the samples were subjected to an
initial denaturation phase at 95◦C for 20 s, followed by 40 cycles
of denaturation at 95◦C for 3 s, and annealing and extension
at 60◦C for 30 s. The gene expression of IL-2, IL-6, IFN-
γ, and TLR-4 was analyzed using β-actin as an endogenous
control. The forward and reverse primer sequences are listed
in Table 1. We obtained the relative gene expression level
using the 2−11CT method. All PCR operations were performed
in triplicate.

Statistical Analysis
Data were analyzed using SPSS 22.0 (SPSS Inc., Cary,
NC, USA). One-way analysis of variance (ANOVA) with

TABLE 2 | Effect of in ovo injection of APS on hatchability and BW.

Item Treatment groups P-value

Control APSL APSM APSH

Hatchability (%) 90.0 ± 2.55 88.9 ± 1.89 91.1 ± 2.97 87.8 ± 3.11

BW (g)

d 1 47.21 ± 0.87 46.32 ± 2.68 48.11 ± 1.36 47.32 ± 1.61 0.092

d 7 151.35 ± 2.42 156.72 ± 5.94 150.22 ± 3.67 160.25 ± 3.53 0.072

d 14 415.23 ± 7.85b 420.11 ± 11.46b 435.14 ± 10.80a 411.28 ± 9.45b 0.023

d 21 691.44 ± 12.61b 707.26 ± 18.02b 738.33 ± 15.34a 711.28 ± 19.97b 0.031

Control group, 0.5mL physiological saline; APSL group, low dose of APS group (2 mg/ml); APSM, middle dose of APS group (4 mg/ml); APSH, high dose of APS group (8 mg/ml). The

results are reported as the means ± SEM.
a,bMeans with different superscripts within the same column differ significantly (P < 0.05).
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FIGURE 1 | Representative light microscopic histological views of duodenal morphological structure in different groups (HE staining). Control group, 0.5mL

physiological saline; APSL group, low dose of APS group (2 mg/ml); APSM, middle dose of APS group (4 mg/ml); APSH, high dose of APS group (8 mg/ml). (A,B) The

control and APSM group on d 7; (C–E) the control, APSM and APSH group on d 14; (F–H) the control, APSM and APSH group on d 21.

FIGURE 2 | Representative light microscopic histological views of jejunum morphological structure in different groups (HE staining). Control group, 0.5mL

physiological saline; APSL group, low dose of APS group (2 mg/ml); APSM, middle dose of APS group (4 mg/ml); APSH, high dose of APS group (8 mg/ml). (A–C) The

control, APSL and APSM group on d 7; (D,E) the control and APSL group on d 14; (F–H) the control, APSL and APSM group on d 21.

a Duncan post-hoc test was used for multiple comparisons
among different groups. The overall data are expressed as
the mean ± SEM, and significant differences were considered
at P < 0.05.

RESULTS

Hatchability and Post-hatch BW
There were no significant differences in hatchability among the
four groups (P > 0.05, Table 2). BW were not affected by in
ovo treatment on days 1 and 7 post-hatch, and no significant
differences were observed among the four groups (P > 0.05).

However, on d 14 and d 21, the BW in the APSM group was
significantly higher than those in the other three groups (P <

0.05, Table 2).

Intestinal Histomorphological Analyses
The morphology changes in the duodenum, jejunum, and ileum
are shown in Figures 1–3. Compared to the control group, the
duodenal villi were in a closer and more orderly array on d 7 and
d 14. On d 21, the duodenal glands were better developed in the
three APS groups (Figure 1). With increasing age, the jejunal villi
in the three APS groups grew longer and their arrangement was
closer than those in the control group (Figure 2). The villi of the
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FIGURE 3 | Representative light microscopic histological views of ileum morphological structure in different groups (HE staining). Control group, 0.5mL physiological

saline; APSL group, low dose of APS group (2 mg/ml); APSM, middle dose of APS group (4 mg/ml); APSH, high dose of APS group (8 mg/ml). (A–C) The control,

APSL and APSH group on d 7; (D–F) the control, APSL and APSM group on d 14; (G,H) the control, APSL group on d 21.

TABLE 3 | Effect of in ovo injection of APS on duodenum morphology at different ages.

Item Treatment groups* P-value

Control APSL APSM APSH

Villus height (VH, µm)

d 1 543.76 ± 28.74 537.29 ± 20.16 542.42 ± 47.40 543.31 ± 39.35 0.108

d 7 676.16 ± 30.95c 753.16 ± 13.97b 882.03 ± 36.77a 738.66 ± 27.54b 0.011

d 14 786.23 ± 13.87b 775.16 ± 22.45b 862.36 ± 14.49a 778.53 ± 17.11b 0.013

d 21 866.43 ± 48.76c 901.30 ± 46.8c 1063.76 ± 32.88a 953.40 ± 17.13b 0.025

Crypt depth (CD, µm)

d 1 100.33 ± 10.99a 36.74 ± 3.03c 55.16 ± 6.79b 47.46 ± 3.75bc 0.004

d 7 122.53 ± 21.71 101.00 ± 2.80 102.4333 ± 8.35 105.73 ± 7.28 0.132

d 14 115.2 ± 2.92a 95.06 ± 17.65b 114.3 ± 9.77a 114.23 ± 4.30a 0.018

d 21 103.06 ± 8.48b 100.80 ± 8.60b 144.5 ± 13.71a 140.96 ± 15.16a 0.027

VH/CD

d 1 5.43 ± 0.33c 14.23 ± 0.93a 9.82 ± 1.09b 11.52 ± 1.34ab 0.004

d 7 6.62 ± 0.07b 7.46 ± 0.33ab 8.67 ± 1.04a 7.01 ± 0.73b 0.002

d 14 6.83 ± 0.29 8.34 ± 1.55 7.58 ± 0.70 6.82 ± 0.37 0.112

d 21 6.82 ± 0.75b 7.40 ± 0.80b 8.46 ± 0.65a 8.53 ± 0.89a 0.015

Control group, 0.5mL physiological saline; APSL group, low dose of APS group (2 mg/ml); APSM, middle dose of APS group (4 mg/ml); APSH, high dose of APS group (8 mg/ml). The

results are reported as the means ± SEM.
a−cMeans with different superscripts within the same column differ significantly (P < 0.05). VH/CD, the ratio of VH to CD.

*A total of six replicates were used per treatment.

ileum from the APS groups were longer and wider than those in
the control group (Figure 3).

The VH, CD, and the ratio of VH/CD of duodenum, jejunum,
and ileum are shown in Tables 3–5. In the duodenum, there
were no significant differences in the VH among the 4 treatment
groups on d 1 (P > 0.05, Table 3). The VH of duodenum
significantly increased in the APSM and APSH groups on d 7 and
d 21 when compared to the control group (P < 0.05, Table 3).

However, there was no significant increase in VH, CD, and
VH/CD in the APSL group on d 14 and d 21 in comparison with
the control group (P > 0.05, Table 3). On d 21, the VH and CD
of duodenum were highest in the APSM group among three APS
groups and were significantly higher than those in the control
group (P < 0.05, Table 3).

In the jejunum, no significant differences of the VH, CD,
and the ratio of VH/CD among the 4 treatment groups
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TABLE 4 | Effect of in ovo injection of APS on jejunum morphology at different ages.

Item Treatment groups* P-value

Control APSL APSM APSH

Villus height (VH, µm)

d 1 425.36 ± 47.12 415.70 ± 6.08 417.40 ± 26.70 413.36 ± 4.93 0.086

d 7 524.76 ± 20.54c 668.80 ± 11.70a 575.76 ± 9.11b 567.60 ± 36.07b 0.007

d 14 732.70 ± 65.40b 731.90 ± 18.06b 1079.10 ± 15.92a 740.93 ± 15.89b 0.011

d 21 1007.33 ± 77.01c 1140.96 ± 26.78b 1416.20 ± 72.08a 942.23 ± 13.99c 0.018

Crypt depth (CD, µm)

d 1 48.93 ± 2.72a 49.00 ± 1.60a 47.56 ± 2.12a 38.60 ± 6.50b 0.027

d 7 80.50 ± 8.22 88.86 ± 4.30 89.10 ± 14.00 83.60 ± 11.83 0.098

d 14 126.73 ± 22.56ab 106.73 ± 5.54b 145.43 ± 8.34a 105.96 ± 5.73b 0.009

d 21 163.00 ± 7.66b 188.30 ± 21.27a 171.46 ± 7.24b 162.96 ± 6.18b 0.004

VH/CD

d 1 4.27 ± 0.61 4.00 ± 0.29 4.41 ± 0.46 5.03 ± 0.81 0.135

d 7 5.41 ± 0.54b 5.15 ± 0.57b 5.55 ± 0.85b 6.76 ± 0.16a 0.035

d 14 5.92 ± 0.96b 6.86 ± 0.18ab 7.44 ± 0.46a 6.34 ± 0.44ab 0.027

d 21 6.17 ± 0.17b 6.14 ± 1.13b 8.27 ± 0.62a 5.79 ± 0.31b 0.014

Control group, 0.5mL physiological saline; APSL group, low dose of APS group (2 mg/ml); APSM, middle dose of APS group (4 mg/ml); APSH, high dose of APS group (8 mg/ml). The

results are reported as the means ± SEM.
a−cMeans with different superscripts within the same column differ significantly (P < 0.05). VH/CD, the ratio of VH to CD.

*A total of six replicates were used per treatment.

TABLE 5 | Effect of in ovo injection of APS on ileum morphology at different ages.

Item Treatment groups* P-value

Control APSL APSM APSH

Villus height (VH, µm)

d 1 395.33 ± 8.00b 417.70 ± 25.46b 460.10 ± 13.48a 461.26 ± 10.31a 0.007

d 7 488.86 ± 8.52c 543.70 ± 4.27b 565.76 ± 12.79a 579.66 ± 6.99a 0.021

d 14 429.53 ± 24.15b 492.30 ± 13.78a 449.36 ± 40.19ab 464.36 ± 8.33ab 0.025

d 21 383.26 ± 10.15b 512.60 ± 16.20a 411.50 ± 14.22b 398.10 ± 9.73b 0.017

Crypt depth (CD, µm)

d 1 94.10 ± 9.58 104.40 ± 3.63 105.26 ± 13.98 93.20 ± 14.54 0.109

d 7 90.76 ± 7.43 106.33 ± 11.57 101.86 ± 3.54 85.73 ± 2.70 0.112

d 14 92.46 ± 7.59a 93.56 ± 4.06a 84.00 ± 13.61b 89.83 ± 7.76a 0.019

d 21 66.63 ± 1.66c 75.60 ± 4.99b 95.06 ± 2.70a 83.26 ± 5.46b 0.024

VH/CD

d 1 4.27 ± 0.66 4.00 ± 0.28 4.41 ± 0.46 5.03 ± 0.81 0.103

d 7 5.41 ± 0.54b 5.15 ± 0.57b 5.55 ± 0.08b 6.76 ± 0.16a 0.009

d 14 4.65 ± 0.26bc 5.26 ± 0.20a 5.39 ± 0.45a 4.32 ± 0.36c 0.001

d 21 5.75 ± 0.23b 6.81 ± 0.67a 5.33 ± 0.15b 5.79 ± 0.21b 0.005

Control group, 0.5mL physiological saline; APSL group, low dose of APS group (2 mg/ml); APSM, middle dose of APS group (4 mg/ml); APSH, high dose of APS group (8 mg/ml). The

results are reported as the means ± SEM.
a−cMeans with different superscripts within the same column differ significantly (P < 0.05). VH/CD: the ratio of VH to CD.

*A total of six replicates were used per treatment.

on d 1 were observed (P > 0.05, Table 4). At most time
points, the VHs of the APS groups were significantly higher
than those in the control groups (P < 0.05, Table 4), but
there were no significant differences in the CDs except for
the APSL group on d 21 (P > 0.05, Table 4). The VH/CD
ratios of the APSH group on d 7 and the APSM group on d

21 were significantly higher than those in the control group
(P < 0.05, Table 4).

In the ileum, the VHs in the APSM and APSH group on d 1
and d 7 were significantly higher in comparison with the control
group and APSL group (P < 0.05, Table 5). The CDs of the ileum
significantly increased in the three APS treatment groups when
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FIGURE 4 | Representative light microscopic histological views of IgA+ cells in the duodenal mucosa in different groups (arrow: IgA+ positive cells). Control group,

0.5mL physiological saline; APSL group, low dose of APS group (2 mg/ml); APSM, middle dose of APS group (4 mg/ml); APSH, high dose of APS group (8 mg/ml). (A)

The control group on d 1; (B,C) the control and APSH group on d 7; (D,E) the control and APSH group on d 14; (F–H) the control, APSM and APSL group on d 21.

FIGURE 5 | Representative light microscopic histological view of IgA+ cells in the jejunal mucosa in different groups (arrow: IgA+ positive cells). Control group, 0.5mL

physiological saline; APSL group, low dose of APS group (2 mg/ml); APSM, middle dose of APS group (4 mg/ml); APSH, high dose of APS group (8 mg/ml). (A,B) The

control and APSL group on d 1; (C,D) the control and APSM group on d 7; (E,F) the control and APSM group on d 14; (G,H) the control and APSM group on d 21.

compared to the control group on d 21 (P < 0.05, Table 5). On
d 14 and d 21, the ratios of VH/CD in the APSL group were
significantly higher than those in the control group (P < 0.05,
Table 5).

IgA+ Cells in the Duodenal and Jejunal
Mucosa
The distributions of IgA+ cells in the duodenal and jejunal
mucosa are shown in Figures 4, 5. The numbers of IgA+ cells
in the duodenal and jejunal mucosa are shown in Figures 6A,B.
On d 1, IgA+ cells were scattered in the lamina propria of the

intestinal villi (Figure 4A), and the numbers of IgA+ cells in

the duodenum in all groups showed no significant differences

(P > 0.05; Figure 6A). Moreover, no obvious differences in the

IgA+ cell distribution were observed among the 4 treatment

groups in the duodenal mucosa. On d 7 and d 14, more IgA+

cells were distributed in the lamina propria of the intestinal villi

and around the intestinal glands in the APSH group compared to

the control group (Figures 4B–E). On d 21, more IgA+ cells were
observed in the lower and middle parts of the lamina propria
and at the bottom of the duodenal mucosa in the APSM and
APSH groups (Figures 4F–H). On d 7–21, the numbers of IgA+
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FIGURE 6 | Effects of APS on IgA+ cell development in the duodenal villus (A) and the jejunal villus (B). The results are reported as the means ± SEM. Control group,

0.5mL physiological saline; APSL group, low dose of APS group (2 mg/ml); APSM, middle dose of APS group (4 mg/ml); APSH, high dose of APS group (8 mg/ml).

Different letters within a column indicate significant difference among 4 treatment groups (P < 0.05). d, days post-hatch.

cells in the APSM and APSH groups in the duodenum were
significantly higher than those in the control group (P < 0.05),
but a significant difference was not observed between the APSL
group and the control group on d 7 and d 14 post-hatch (P >

0.05, Figure 6A).
The distribution of IgA+ cells in the jejunal mucosa was

similar to the duodenal mucosa at each time point, but there
were less IgA+ cells in the bottom of the jejunal mucosa and
around the intestinal gland in the jejunal mucosa than those in
the duodenal mucosa (Figures 4D–H, 5A–H). The numbers of
IgA+ cells in the APSM groupwere significantly higher than those
in the APSL, APSH, and control group on d 7 in the jejunum (P <

0.05, Figure 6B). On d 14 and d 21, the IgA+ cell numbers in the
APSM group were significantly higher than those in the control
group and the APSL group (P < 0.05, Figure 6B).

Changes in SIgA Levels
The effects of APS on sIgA levels in jejunum washings are shown
in Figure 7. There were no significant differences in sIgA levels
on d 1 and d 14 among the four groups (P > 0.05). Compared to
the control group, the sIgA levels in the APSM group significantly
increased on d 7 and d 21 (P < 0.05). On d 21, the level of sIgA
in the APSH group was the highest among the four groups and
was significantly higher than that in the control group and APSL
group (P < 0.05).

Expression Levels of Intestinal
Immune-Related Genes
The relative gene expression levels of IL-2, IL-6, IFN-γ, and TLR-
4 in the ileum were examined, and the results are shown in
Figure 8. In comparison with the control group, the expression
levels of IL-2 were significantly upregulated in the APSH group
on d 1, 7, and 14 (P < 0.05, Figure 8A). The IFN-γ expression
levels were significantly upregulated in the APSM group on
d 7 and d 14 and significantly upregulated in the APSL
group at all time points (P < 0.05, Figure 8C). In addition,

FIGURE 7 | Effect of in ovo injection of APS on sIgA levels in jejunum

contents. The results are reported as the means ± SEM. Control group,

0.5mL physiological saline; APSL group, low dose of APS group (2 mg/ml);

APSM, middle dose of APS group (4 mg/ml); APSH, high dose of APS group

(8 mg/ml). Different letters within a column indicate significant difference

among 4 treatment groups (P < 0.05).

there were no significant differences in the expression of IL-
2 on d 1 and d 7 among the three APS groups (P > 0.05,
Figures 8A,C). The expression levels of IL-6 were significantly
higher in the APSM group and APSH group (especially in
the APSH group) than those in the control group at each
time point (P < 0.05, Figure 8B). Compared to the control
group, the relative expression of TLR-4 in the APSL group
was higher than those in the control group on d 7 and d 21
(P < 0.05, Figure 8D).

DISCUSSION

Since the administration by in ovo delivery was first reported
several decades ago, various biologics, such as carbohydrates,
probiotics, and synbiotics, have been injected into embryos
during the incubation period for promoting the health
and productivity of poultry (1, 18). This study aimed to
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FIGURE 8 | Effect of in ovo injection of APS on the relative expression of IL-2, IL-6, IFN-γ, and TLR-4 mRNA in the ileum of different ages. (A) IL-2; (B) IL-6; (C) IFN-γ;

(D) TLR-4. The results are reported as the means ± SEM. Control group, 0.5mL physiological saline; APSL group, low dose of APS group (2 mg/ml); APSM, middle

dose of APS group (4 mg/ml); APSH, high dose of APS group (8 mg/ml). Different letters within a column indicate significant difference among 4 treatment groups

(P < 0.05).

explore the effects of intra-amniotic injection of APS on
growth performance, intestinal development and intestinal
mucosal immunity.

In this experiment, in ovo supplementation of APS increased
the BW without a negative effect of hatchability. These findings
are consistent with the results reported in previous studies
that both the injection of growth hormone into the albumen
and the injection of lactic acid bacteria into the amnion
did not affect hatchability (19, 20). Similarly, the injection of
probiotics and drugs into the amnion did not affect hatchability
or hatching weight (21, 22). However, other researchers have
found that some carbohydrates and amino acids have been
found to lead to a significantly reduced hatchability (23, 24).
Retes et al. (25) believes that the hatchability may depend
on egg size, inoculation, the volume of inoculated solution,
and osmolarity. The findings of this study are suggesting that
the APS can be safely administered in ovo without negatively
affecting hatchability.

The small intestine is highly specialized in the hydrolysis
and absorption of nutrients and constitutes the barrier between
the host’s external and internal environment (26, 27). The
morphological indexes in the small intestine, such as the VH,
CD, and VH/CD ratio, are important indicators of its health
and functional status (28). The results in this experiment

showed that the intra-amniotic injection of APS improved the
morphological development of the small intestine on d 7–d 21,
as indicated by an increase in VH and the ratio of VH/CD.
The promoting effects of APS in the small intestine varied with
the APS concentration, time point evaluated after hatch and
the intestinal segment. However, it was not feasible to compare
the data obtained from this experiment with the data from the
literature, as most of those studies have been focused on the
impact of APS by dietary inclusion that was not administered
in ovo (29). In other studies, the VH and CD of the intestine
were increased due to the intra-amniotic injection of nutrients
(30, 31). Increased VH and CD enhance absorption and digestive
capabilities (32). It was speculated that the early feeding of APS
in the present study could increase the yolk-reserve utilization
to enhance the small intestine growth and development in
the late stage of hatching. Meanwhile, these surplus nutrients
would continue to be utilized by the hatchling chicks during the
fasting period.

Intestinal mucosal immunity is the first barrier against
pathogen invasion in chickens, with more than 70% of
immune cells (T cells, B cells, macrophages) located in the
intestinal mucosa (33). The intestinal lamina propria contains
abundant B lymphocytes, especially IgA+ cells. These IgA+

cells form an important mucosal protective layer on the
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surface of the intestinal mucosal and play an important role
in protecting the intestinal tract from pathogenic infection.
The sIgA produced by activated B cells is the most important
factor in the mucosal adaptive immune system, forming a
protective layer on the intestinal mucosal surface, and requires
cytokines with immunomodulatory activity to guard against
the incursion of harmful pathogens (34). The results of this
study showed that APS delivered in ovo did not influence the
number of IgA+ cells and the sIgA content on d 1 post-
hatch. However, APS could increase the number of IgA+

cells in the intestinal mucosa and the sIgA content in the
intestinal washings from d 7 to d 21. The ideal time period
for injection was late-term avian embryo with delivery to
the amniotic fluid. The embryo consumes the amniotic fluid
and its contents are exposed to the intestines and the enteric
cells that comprise them. Therefore, APS administered to this
region will be consumed along with the amniotic fluid and
presented to enteric tissues, and further enhanced intestinal
mucosal immunity.

This study demonstrates that APS administration could
increase the relative mRNA expression of IL-2, IL-6, IFN-γ, and
TLR-4. As an important member of the Toll-like receptor family,
TLR-4 can recognize microbial-associated molecular patterns of
expression of infectious agents and plays an important role in
the detection of pathogens. Increased TLR-4 is associated with an
enhanced gastroepithelial barrier, which provides defense against
pathogen invasion and infection (35). IL-6 is a key ingredient
in cytokine network, not only participates in the inflammatory
response, but also promotes the production of immune globulin.
IL-2 and IFN-γ are important cytokines that play a fundamental
role in stimulating the proliferation of B lymphocytes and T
lymphocytes by inhibiting the production of pro-inflammatory
modulators (36). The results in this experiment showed that
the three doses of APS could have different effects on the gene
expression of IL-2, IL-6, IFN-γ, and TLR-4. In ovo injection
with APSH had the most obvious positive effect on the gene
expression of IL-2 and IL-6, and the gene expression of TLR-
4 was most significantly increased at d 14 and d 21 in the
APSL group. However, the three doses of APS had different
effects on the increase in IFN-γ gene expression at different
time points. Previous studies have shown that in ovo feeding
is helpful for the early immune response. Humphrey and
Rudrappa (37) reported that in ovo injection of fructose or ribose
could promote cell-mediated immunity genes by enhancing the
expression of IL-2, IL-12, and IFN-γ. Similar results were also
found with the in ovo injection of lysine, threonine, methionine,
and cystine (38). In addition to carbohydrates and amino
acids, El-Senousey et al. (39) have shown that vitamin C could
enhance the immune response by significantly decreasing the
mRNA level of IL-6, IL-1β, and TNF-α. These findings suggested
that in ovo feeding could confer a moderate effect of cellular
immunity by regulating the production of related cytokines and
cellular receptors.

CONCLUSIONS

This study confirmed that the in ovo administration of APS does
not impact hatchability and may increase the BW at 14 d and 21
d post-hatch. In addition, at most time points, in ovo injection
of APS at 1 and 2 mg/egg doses could promote the intestinal
development and increase the IgA+ cells and sIgA content in the
intestinal mucosa. Furthermore, in ovo injection of APS could
alter the expression of several immune-related genes within the
ileum. This study reveals that in ovo administration of APS could
enhance the intestinal development and mucosal immunity in
the early stages post-hatch, which provides timely and effective
protection for chickens.

At most time points, the villus height (VH) was increased
(P < 0.05) and the crypt depth (CD) was decreased (P < 0.05)
in the small intestine of the broilers, with higher VH/CD ratios in
the APSL and APSM groups compared with the control group.
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Didancao (Elephantopus scaber L.) has been used as a traditional herbal medicine and

has exhibited a beneficial role in animal health. This study aimed to investigate the effects

of dietary supplementation with E. scaber on growth performance, meat quality, intestinal

morphology, and microbiota composition in ducks. A total of 480 Jiaji ducks (42 days

old, male:female ratio = 1:1) were randomly assigned to one of four treatments. There

were six replicates per treatment, with 20 ducks per replicate. The ducks in the control

group (Con) were fed a basal diet; the three experimental groups were fed a basal diet

supplementation with 30 (T1), 80 (T2), and 130 mg/kg (T3) of E. scaber. After a 48-day

period of supplementation, growth performance, meat quality, intestinal morphology, and

microbiota composition were evaluated. The results showed that no differences were

observed in the final body weight, average daily feed intake, and average daily gain

among the four groups. Compared with that in the Con group, the feed conversion in

the T1 and T2 groups was increased significantly; the T2 group was shown to decrease

the concentration of alanine aminotransferase in serum; the T3 group was lower than

the Con group in the concentration of aspartate aminotransferase and was higher than

the Con group in the concentration of high-density lipoprotein-cholesterol. The highest

concentration of creatinine was observed in the T1 group. The T2 group was higher

than the Con group in the contents of Phe, Ala, Gly, Glu, Arg, Lys, Tyr, Leu, Ser, Thr,

Asp, and total amino acids in the breast muscle. Moreover, the T2 group was higher

than the Con group in the contents of meat C18:2n−6 and polyunsaturated fatty acid.

The concentration of inosinic acid in the T1, T2, and T3 groups was significantly higher

than that in the Con group. However, the Con group was higher than the T2 or T3

group in the Zn content. The T2 group was lower than the Con group in the jejunal

crypt depth. The T3 group was higher than the Con group in the ileal villus height

and the ratio of villus height to crypt depth. In addition, the T3 group had a trend
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to significantly increase the abundance of Fusobacteria. Compared with the Con group,

the T1 and T2 groups displayed a higher abundance of Subdoligranulum. Collectively,

dietary supplementation with 80 mg/kg of E. scaber improves meat quality and intestinal

development in ducks.

Keywords: Elephantopus scaber L., ducks, feed conversion ratio, growth performance, meat quality

INTRODUCTION

Antibiotics have been widely used as growth promoters in animal
feed. However, the use of antibiotics leads to the development
of antibiotic resistance, which can spread between animals and
humans (1). To reduce the negative effects caused by the abuse
of antibiotics and improve the safety of meat quality, the use of
antibiotics as growth promoters was banned by the European
Union, the United States, Korea, and China. Without the use of
antibiotics in animal feed, animals might suffer from decreased
growth performance and increased enteric disease (2). Therefore,
suitable antibiotic alternatives are needed to enhance the growth
and health status of animal.

Natural products especially the plant-based extracts were
reported to exert an important role in animal health. For
instance, dietary supplementation with plant extracts improved
feed efficiency of pigs challenged with respiratory syndrome virus
(3); and supplementation of 20%Withania somnifera root extract
caused a reduction in the mortality and enhanced the cellular
immune responses in Escherichia coli-infected broilers (4). In
addition, extract from Eucommia ulmoides or eucalyptus leaf was
shown to improve oxidative stability and meat quality of breast
meat in broilers (5, 6). Elephantopus scaber L. (E. scaber) belongs
to Asteraceae family and has been used as herbal medicine for
humans (7). Available evidences showed that E. scaber presents
a multitude of health benefits including anti-diarrheal (7), anti-
inflammatory (8), and anti-bacterial activities (9), suggesting that
dietary supplementation with E. scaber may have the potential to
improve animal growth and health.

Our previous study showed that compounds extracted from
E. scaber exhibited antibacterial activity (10), indicating that
E. scaber could serve as an antibiotic alternative to antibiotic
growth promoters in poultry production. However, to date, there
have few investigations on the application of E. scaber in duck
production. Therefore, we investigated the effects of dietary
supplementation with E. scaber on growth performance, meat
quality, intestine development, and microbiota composition
in ducks.

MATERIALS AND METHODS

Animals and Experimental Treatments
A total of 480 Jiaji ducks (42 days old, male:female ratio = 1:1)
with similar body weight were randomly assigned to one of four
treatment. There were six replicates per treatment, with 20 ducks
per replicate. The leaves of E. scaber were obtained from a local
farm, and dried, and then ground into power. The ducks in the
control group (Con) were fed a basal diet; the three experimental

groups were fed a basal diet supplementation with 30 (T1), 80
(T2), and 130 mg/kg (T3) of E. scaber. The experiment was
conducted from 42 to 90 days of age. The basal diet (Table 1) was
formulated according to the recommendation of the Nutrient
Requirements of Poultry (National Research Council, 1994). All
ducks were reared in raised plastic wire-floor pens with a pen size
of 20 m2 (4m × 5m) and had free access to water and feed. The
duck house (10m × 80m) was equipped with a window. Each
pen was provided with a 20-W incandescent white fluorescent
lamp, and 24-h continuous incandescent lighting was provided.
The temperature was set initially at 30◦C and reduced gradually
to 20◦C at the end of the experiment. The relative humidity in
duck house was 75–65%. The feed intake was recorded daily, and
the final body weight was recorded at 90 days age. Average daily
gain (ADG), average daily feed intake (ADFI), and the ratio of
feed intake to body weight gain (F:G) of ducks for each replicate
were measured. This study was performed in accordance with the
recommendations of the Guide for the Care and Use of Chinese
Academy of Tropical Agricultural Sciences.

Sample Collection
After 12 h of feed deprivation, one duck with a similar
average body weight was selected from each replicate for
sample collection. The animals were stunned electrically, killed
immediately by neck cutting, and eviscerated manually. Blood
samples were collected from the wing vein using 10-ml centrifuge
tubes and centrifuged at 3,000× g and 4◦C for 15min to recover
the serum. The skin with subcutaneous fat, liver, heat, gizzard,
abdominal fat, breast meat (pectoralis muscle), and leg meat
(all thigh muscle) was removed from the right side of carcasses
and weighed; and the percentages relative to live body weight,
eviscerated, and semi-eviscerated were calculated. Breast muscle
samples were collected from the breast and then stored at−80◦C
for further analysis. The anterior jejunum and posterior ileum
segments (∼2 cm in length) were fixed in 4% paraformaldehyde
for analysis of intestinal morphology. The colon was separated,
and the fecal sample was collected into a 10-ml sterile tube and
stored at−80◦C for further analysis.

Biochemical Parameter
The concentrations of albumin (ALB), alanine aminotransferase
(ALT), alkaline phosphatase (ALP), aspartate aminotransferase
(AST), creatinine (CRE), glucose (GLU), high-density
lipoprotein-cholesterol (HDL-C), low-density lipoprotein-
cholesterol (LDL-C), total cholesterol (T-CHO), triglyceride
(TG), total protein (TP), and uric acid (UA) in the serum
were measured using the biochemical analytical instrument
PUZS-600B (Medical Equipment Co., Ltd., Beijing, China) and
respective commercial assay kits.
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TABLE 1 | Composition and nutrition levels of the basal diet.

Ingredient Content (%)

Corn 70.53

Soybean meal 23.50

Wheat bran 1.70

CaHPO4 1.37

Limestone 0.90

l-Lysine 0.14

dl-Methionine 0.18

Premixa 1.68

Total 100

Nutrient levels

ME (MJ/kg) 12.27

Crude protein 16.79

Crude fat 3.05

Crude fiber 2.63

Calcium 0.46

Available P 0.35

l-Lysine 0.95

Methionine 0.45

ME, metabolizable energy.
aOne kilogram of multiple vitamin premix contained: vitamin A, 50,000,000 IU; vitamin B1,

10,000mg; vitamin B2, 20,000mg; vitamin B6, 10,000mg; vitamin B12, 5,000mg; vitamin

C, 4,000mg; vitamin D, 1,000,000 IU; vitamin E, 60,000 IU; vitamin K3, 8,000mg; folic

acid, 2,500mg; niacin, 80,000mg; pantothenic acid, 30,000mg; biotin, 2,200mg; Cu,

5 g; Fe, 50 g; Zn, 55 g; Mn, 55 g; I, 0.3 g; Se, 0.22 g.

Concentration of Inosinic Acid in Muscle
The concentration of inosinic acid (IMP) in the breast muscle
was determined according to the procedure described previously
(11). In brief, breast muscle samples were dried in a vacuum
freeze dryer and ground into powder. Muscle powder (about
0.1 g) was mixed with 10ml of perchloric acid (5%), and then the
mixture was homogenized. The homogenate was centrifuged at
3,000 rpm for 10min at 4◦C to obtain the solution. The solution
was filtered through a 0.45-µmmembrane filter; then the samples
were analyzed using high-performance liquid chromatography
system (Agilent 1200 series, Waldbronn, Germany).

Trace Element Concentration in Muscle
The concentrations of Fe, Se, and Zn in breast muscle sample
were determined according to the method described previously
(12). Muscle sample (0.5 g) was mixed with 5ml of acid solution
(HNO3:HClO4 = 4:1) in 50-ml conical flask for 24 h, and then
the lysate was heated to 180◦C on an electric heating plate.
Ten milliliter of 5M hydrochloric acid solution was added to
the conical flask after the lysate returned to room temperature.
The lysate was then heated until clarification. Then, the solution
was diluted to a volume of 25ml with 2M of hydrochloric
acid and 10% potassium ferricyanide solution. Fe, Se, and Zn
standard solutions were used to construct standard curves. The
concentrations of Fe, Se, and Zn were detected using an atomic
fluorescence spectrometer (AFS-9330; Beijing Titan Instruments
Co., Ltd., Beijing, China).

Amino Acid Composition Analysis
Muscle powder (about 0.1 g) was hydrolyzed in 5ml of 6M
hydrochloric acid solution at 110◦C for 24 h. The suspension was
diluted with water, 1ml of the supernatant was filtered through
a 0.45-µmmembrane, and then the samples were analyzed using
an amino acid (AA) analyzer (L8800, Hitachi, Tokyo, Japan).

Fatty Acid Contents Analysis
Fatty acid contents in the breast muscle were analyzed by gas
chromatography (GC). In detail, total lipids were extracted from
the breast muscles using the chloroform–methanol method.
The lipids were converted to fatty acid methyl esters using
KOH/methanol and analyzed using GC. The GC conditions were
conducted according to our previous publication (13). Each fatty
acid peak was identified by comparing their retention times
with standards. The fatty acid composition was calculated as a
percentage of the total fatty acids.

Intestinal Histomorphological Analysis
Hematoxylin and eosin (H&E) staining was used to
analyze intestinal morphology. Intestine tissues fixed in 4%
paraformaldehyde were paraffin-embedded, sectioned at
5-µm thickness, and stained with H&E. The images were
captured using a light microscope (Olympus Bx51, Tokyo,
Japan). The villus height and crypt depth were measured using
ImageJ software.

DNA Extraction and PCR Amplification
DNA samples were extracted from feces through the HiPure
Stool DNA kit B (Magen, Shanghai, China). The quality and
concentration of DNA were measured using a NanoDrop R© ND-
1000 instrument (NanoDrop Technologies Inc., Wilmington,
DE, USA). The V3–V4 region of the 16S rRNA gene was
amplified using primers 515F (5′-GTGCCAGCMGCCGCGGT
AA-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′) (14).
The amplified PCR products were identified, purified, and
quantified. Equal amounts of purified products were subject
to paired-end sequencing on the Illumina MiSeq platform
(Illumina, Inc., San Diego, CA, USA).

Analyses of Microbial Communities
QIIME and FLASH (v.1.2.11) software package were used to
analyze the Raw Illumina fastq files; then the raw tags were
analyzed using Trimmomatic (v.0.30) and FLASH (v.1.2.11)
software packages to obtain high-quality clean reads. The criteria
for high-quality sequence selection was described in our previous
study (14). The high-quality sequences were clustered into
operational taxonomic units (OTUs) with sequence similarity
of 97% using USEARCH (v7.0.1090). OTU sequences were
taxonomically classified according to the Ribosomal Database
Project (RDP) Classifier based on the Greengene (V201305)
reference database.

Statistical Analysis
Data were statistically analyzed by one-way ANOVA using SPSS
20.0 software (SPPS Inc., Chicago, IL, USA). Homogeneity of
variances was tested using Levene’s test. The differences among
the groups were analyzed using Duncan’s multiple range tests or
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TABLE 2 | Effects of dietary supplementation with Elephantopus scaber on

growth performance of ducks.

Item Con T1 T2 T3 p-value

Initial body

weight (g)

1,670 ± 95 1,603 ± 106 1,586 ± 88 1,616 ± 100 0.94

Final body

weight (g)

3,322 ± 368 3,302 ± 381 3,308 ± 393 3,274 ± 370 1.00

ADG (g/d) 34.4 ± 5.7 35.4 ± 5.8 35.9 ± 6.4 34.5 ± 5.7 0.97

ADFI (g/d) 148.1 ± 0.8 138.7 ± 1.7 143.4 ± 5.5 141.8 ± 4.4 0.38

F:G 4.3 ± 0.1a 3.9 ± 0.1b 4.0 ± 0.1b 4.1 ± 0.1ab 0.02

ADG, average daily gain; ADFI, average daily feed intake; F:G, feed intake/body weight

gain; T1, basal diet with 30 mg/kg of E. scaber supplementation; T2, basal diet

with 80 mg/kg of E. scaber supplementation; T3, basal diet with 130 mg/kg of E.

scaber supplementation.
a,bMeans with different superscripts within a row differ (p < 0.05), n = 6.

Tamhane’s T2 tests. The relative species abundances (at phylum
and genus levels) of gut microbial communities were analyzed
using the Kruskal–Wallis test. Pearson’s correlation coefficient
was conducted to assess the relationships among environmental
factors. Differences were considered statistically at p-value of
<0.05. Data were expressed as the mean± SEM.

RESULTS

Growth Performance
As shown in Table 2, no differences (p > 0.05) were observed in
the final body weight, ADG, or ADFI among the four groups.
Compared with the Con group, the ratio of F:G in the T1 group
was decreased (p < 0.05) by 9.3%; however, no difference (p >

0.05) was observed in the F:G among the Con, T2, and T3 groups.

Carcass Parameters
As shown in Table 3, the T3 group was higher (p < 0.05) than
the Con group in the semi-eviscerated. The rates of carcass yield,
eviscerated, breast muscle, leg muscle, abdominal fat, skin and
subcutaneous fat, heart, liver, and gizzard were not affected (p >

0.05) by dietary supplementation with E. scaber.

Serum Biochemistry
As shown in Figure 1, no differences (p > 0.05) were observed
in the concentrations of ALB, ALP, GLU, LDL-C, T-CHO, TG,
TP, UA, or urea among the four groups (Figures 1A,C,F,H–M).
Compared with the Con group, the T2 group was shown to
decrease (p < 0.05) the concentration of ALT in the serum
(Figure 1B). In addition, the T3 group was lower (p < 0.05)
than the Con group in the concentration of AST (Figure 1D) and
was higher (p < 0.05) than the Con group in the concentration
of HDL-C (Figure 1G). The highest concentration of CRE was
observed in the T1 group (p < 0.05; Figure 1E).

Inosinic Acid Concentration in Breast
Muscle
As shown in Figure 2, the concentration of IMP in the T1, T2,
and T3 groups was higher (p < 0.05) than that in the Con group;

TABLE 3 | Effects of dietary supplementation with Elephantopus scaber on

carcass parameters of ducks.

Item, % Con T1 T2 T3 p-value

Carcass

yield

86.0 ± 0.9 85.2 ± 0.9 84.7 ± 0.7 86.6 ± 0.8 0.43

Semi-

eviscerated

79.1 ± 1.3b 79.9 ± 0.9ab 78.2 ± 1.0b 83.1 ± 1.6a 0.05

Eviscerated 67.8 ± 1.1 68.2 ± 0.9 66.9 ± 1.3 70.6 ± 1.3 0.19

Breast

muscle

17.8 ± 0.4 17.1 ± 0.7 17.8 ± 0.9 17.0 ± 0.7 0.75

Leg

muscle

10.3 ± 0.7 10.3 ± 0.9 10.6 ± 0.6 9.9 ± 1.0 0.64

Abdominal

fat

2.7 ± 0.5 2.6 ± 0.4 3.3 ± 0.4 3.67 ± 0.7 0.41

Skin with

subcutaneous

fat

28.2 ± 1.5 28.3 ± 1.6 31.9 ± 1.7 28.3 ± 0.5 0.16

Heart 0.6 ± 0.02 0.6 ± 0.02 0.7 ± 0.03 0.8 ± 0.09 0.30

Liver 1.5 ± 0.09 1.5 ± 0.18 1.4 ± 0.08 1.5 ± 0.10 0.79

Gizzard 1.7 ± 0.08 1.9 ± 0.21 1.7 ± 0.08 1.8 ± 0.09 0.56

a,bMeans with different superscripts within a row differ (p < 0.05), n = 6.

however, there was no difference in the concentration of IMP in
the breast muscle among the T1, T2, and T3 groups (p > 0.05).

Fe, Se, and Zn Contents in Breast Muscle
As shown in Table 4, the Con group was higher than the T2 or T3
group in the Zn content. No difference (p > 0.05) was observed
in the Fe or Se contents among the four groups.

Amino Acid Contents in Breast Muscle
As shown in Table 5, the contents of Phe, Ala, Gly, Glu, Arg, Lys,
Tyr, Leu, Ser, Thr, Asp, and total AAs in the breast muscle were
the highest (p < 0.05) in the T2 group. Compared with those in
the Con group, the contents of Phe, Gly, Glu, Tyr, Leu, Ser, Thr,
and Asp were increased (p < 0.05) in the T1 and T3 groups. The
T3 group was higher than the Con group in the content of total
AAs (p < 0.05).

Fatty Acid Contents in Breast Muscle
As shown in Table 6, dietary supplementation with E. scaber
had no effects (p > 0.05) on the contents of C14:0, C16:0,
C18:1n−9, C18:3n−6, C20:3n−6, C20:4, C24:0, C22:6ns, or
monounsaturated fatty acid (MUFA) in the breast muscle. The
content of C16:1 was highest in the Con group (p < 0.05). The
T1 group was higher than the Con and T2 groups in the content
of C18:0. The content of saturated fatty acid (SFA) was lower in
the T2 group than that in the Con, T1, or T3 group, and that of
polyunsaturated fatty acid (PUFA) was higher in the T2 group
than in the Con group.

Intestinal Morphology
As shown in Figure 3, the crypt depth of jejunum was
significantly decreased in the T1, T2, and T3 groups than in the
Con group (p < 0.05); however, no difference (p < 0.05) was
observed in the jejunal villus height and the ratio of villus height
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FIGURE 1 | Effects of dietary supplementation with Elephantopus scaber on serum biochemical indexes of ducks. The concentrations of ALB (A), ALT (B), ALP (C),

AST (D), CRE (E), GLU (F), HDL-C (G), LDL-C (H), T-CHO (I), TG (J), TP (K), UA (L), and urea (M) in serum. ALB, albumin; ALT, alanine aminotransferase; ALP,

alkaline phosphatase; AST, aspartate aminotransferase; CRE, creatinine; GLU, glucose; HDL-C, high-density lipoprotein-cholesterol; LDL-C, low-density

lipoprotein-cholesterol; T-CHO, total cholesterol; TG, triglyceride; TP, total protein; UA, uric acid.

FIGURE 2 | Effects of dietary supplementation with Elephantopus scaber on

IMP content in breast muscle (g/100 g muscle). IMP, inosinic acid.

TABLE 4 | Effects of dietary supplementation with Elephantopus scaber on Fe,

Se, and Zn contents in breast muscle (mg/kg muscle).

Item Con T1 T2 T3 p-value

Fe 53.5 ± 3.3 49.5 ± 2.5 47.6 ± 1.8 47.1 ± 1.5 0.24

Se 0.4 ± 0.03 0.4 ± 0.01 0.4 ± 0.02 0.3 ± 0.03 0.15

Zn 16.5 ± 0.9a 14.4 ± 0.4ab 13.5 ± 0.7b 13.4 ± 0.6b 0.02

a,bMeans with different superscripts within a row differ (p < 0.05), n = 6.

to crypt depth among the four groups. In the ileum, the T3 group
was higher (p < 0.05) than the Con group in the villus height and
the ratio of villus height to crypt depth.
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Microbiota Community Composition
As shown in Table 7, dietary supplementation with E. scaber
showed no effect on observed OTUs, Shannon, Simpson, or
Chao1 index of microbiota. At the phylum level (Table 8), the
most dominant phyla among microbiota communities (>1%)
were Firmicutes, Bacteroidetes, Proteobacteria, Fusobacteria,

TABLE 5 | Effects of dietary supplementation with Elephantopus scaber on amino

acid contents in breast muscle (g/100 g muscle).

Item Con T1 T2 T3 p-value

Phe 0.90 ± 0.01c 0.93 ± 0.02ab 1.00 ± 0.01a 0.94 ± 0.01ab 0.03

Ala 1.43 ± 0.02b 1.45 ± 0.02b 1.53 ± 0.01a 1.47 ± 0.01b 0.01

Met 0.61 ± 0.01 0.62 ± 0.01 0.64 ± 0.01 0.63 ± 0.01 0.16

Pro 0.86 ± 0.01 0.89 ± 0.02 0.89 ± 0.01 0.93 ± 0.02 0.08

Gly 0.96 ± 0.01c 0.99 ± 0.01b 1.05 ± 0.01a 1.00 ± 0.01b <0.01

Glu 3.20 ± 0.02c 3.32 ± 0.05b 3.48 ± 0.03a 3.36 ± 0.02b <0.01

Arg 1.46 ± 0.02b 1.50 ± 0.02b 1.59 ± 0.02a 1.52 ± 0.01b <0.01

Lys 1.96 ± 0.02b 2.01 ± 0.04b 2.13 ± 0.02a 2.04 ± 0.02b <0.01

Tyr 0.78 ± 0.01c 0.81 ± 0.02b 0.85 ± 0.01a 0.81 ± 0.01b <0.01

Leu 1.84 ± 0.02b 1.91 ± 0.04a 2.02 ± 0.03a 1.92 ± 0.02a <0.01

Ser 0.87 ± 0.02b 0.93 ± 0.01a 0.94 ± 0.01a 0.92 ± 0.01a <0.01

Thr 1.07 ± 0.01c 1.12 ± 0.01b 1.16 ± 0.01a 1.12 ± 0.01b <0.01

Asp 2.03 ± 0.01d 2.09 ± 0.02c 2.22 ± 0.01a 2.16 ± 0.01b <0.01

Val 1.13 ± 0.03 1.12 ± 0.05 1.20 ± 0.05 1.13 ± 0.05 0.55

Ile 0.99 ± 0.03 0.98 ± 0.06 1.06 ± 0.05 0.99 ± 0.05 0.62

His 0.63 ± 0.01 0.63 ± 0.01 0.68 ± 0.02 0.65 ± 0.01 0.08

Total

AAs

20.73 ± 0.17c 21.32 ± 0.35bc 22.42 ± 0.24a 21.58 ± 0.20b <0.01

Total AAs, total amino acids.
a−dMeans with different superscripts within a row differ (p < 0.05), n = 6.

and Actinobacteria; these microbiotas accounted for more than
93% of the total microbiota found in fecal samples. The
abundances of Firmicutes and Bacteroidetes were the highest
in the T2 group. The T3 group had a trend to increase the
abundance of Fusobacteria. At the genus level (Table 9), the
most dominant genus among microbiota communities were
Bacteroides, Fusobacterium, Ruminiclostridium_9, Desulfovibrio,
Lachnospiraceae,Clostridiales_vadinBB60_group, Intestinimonas,
Gorbachella, Oscillospira, Alistipes, and Erysipelatoclostridium.
Compared with the Con group, the T1 and T2 groups displayed
a higher abundance of Subdoligranulum (p < 0.05). The
abundances of Fusobacterium and Ruminiclostridium_9 were the
highest in T3, and the abundance ofDesulfovibriowas the highest
in the T1 group.

Correlation Analysis of Environmental
Factors
As shown in Figure 4, the abundance of Alistipes was positively
correlated with the F:G, the contents of C18:2n−6, and PUFA in
the breast muscle (p < 0.05), while it was negatively correlated
with the villus height (p < 0.05). The abundance of Olsenella
was negatively correlated with the content of Asp in the muscle
(p < 0.05). The abundance of Ruminococcus_2 was positively
correlated with the level of PUFA in the muscle (p < 0.05), and
that of Fusobacterium was negatively correlated with the F:G
and the content of Leu in muscle. In addition, the abundance
of Bacteroidales was positively correlated with the content of
C18:2n−6 in the breast muscle.

DISCUSSION

Studies have reported that herbs can improve animal growth
performances and meat quality (15, 16). E. scaber is a traditional

TABLE 6 | Effects of dietary supplementation with Elephantopus scaber on fatty acid contents in breast muscle (%).

Item Con T1 T2 T3 p-Value

C14:0 0.58 ± 0.02 0.65 ± 0.14 0.48 ± 0.04 0.52 ± 0.03 0.42

C16:0 24.30 ± 0.39 23.55 ± 0.26 20.62 ± 1.71 22.69 ± 0.73 0.06

C16:1 2.51 ± 0.09a 2.02 ± 0.07b 2.10 ± 0.16b 2.04 ± 0.08b 0.01

C18:0 9.82 ± 0.13bc 11.31 ± 0.49a 9.51 ± 0.50c 10.68 ± 0.30ab 0.02

C18:1n−9 34.29 ± 1.82 30.10 ± 1.77 29.77 ± 3.69 32.07 ± 2.00 0.49

C18:2n−6 18.11 ± 1.69b 20.08 ± 0.67b 27.28 ± 3.41a 19.45 ± 0.52b 0.01

C18:3n−6 0.91 ± 0.05 0.83 ± 0.05 0.77 ± 0.06 0.02 ± 0.007 0.27

C20:3n−6 0.35 ± 0.20 0.34 ± 0.09 0.45 ± 0.09 0.46 ± 0.03 0.42

C20:4 6.70 ± 0.47 8.06 ± 0.56 6.59 ± 0.58 7.77 ± 0.45 0.14

C24:0 1.88 ± 0.11 2.42 ± 0.15 1.87 ± 0.24 2.14 ± 0.18 0.14

C22:6ns 0.54 ± 0.04 0.63 ± 0.06 0.56 ± 0.07 0.63 ± 0.06 0.63

SFA 36.58 ± 0.28a 37.93 ± 0.81a 32.48 ± 2.08b 35.98 ± 1.01a 0.03

MUFA 36.80 ± 1.79 32.14 ± 1.83 31.87 ± 3.83 34.13 ± 2.00 0.46

PUFA 26.62 ± 2.05b 29.93 ± 1.16ab 35.65 ± 3.38a 29.89 ± 1.33ab 0.05

SFA (saturated fatty acid) = C14:0 + C16:0 + C18:0 + C24:0.

MUFA (monounsaturated fatty acid) = C16:1 + C18:1n−9.

PUFA (polyunsaturated fatty acids) = C18:2n−6 + C18:3n−6 + C20:3n−6 + C20:4 + C22:6ns.
a−cMeans with different superscripts within a row differ (p < 0.05), n = 6.
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FIGURE 3 | Effects of dietary supplementation with Elephantopus scaber on intestinal morphology of duck. (A) The images of the jejunum and ileum morphology; bar

= 500µm. Summarized date of villus height, crypt depth, and the ratio of villus height to crypt depth in jejunum (B–D) and ileum (E–G).

TABLE 7 | Observed OTUs and alpha diversity of colonic bacterial community of ducks with different dietary treatments (n = 6).

Item Con T1 T2 T3 p-value

Observed OTUs 758.50 ± 60.40 730.56 ± 58.77 681.78 ± 56.98 737.75 ± 93.85 0.94

Shannon 7.06 ± 0.25 7.15 ± 0.21 7.10 ± 0.24 7.28 ± 0.31 0.93

Simpson 0.97 ± 0.01 0.97 ± 0.01 0.97 ± 0.01 0.98 ± 0.01 0.81

Chao1 732.25 ± 84.13 761.64 ± 62.10 703.92 ± 59.51 763.80 ± 99.39 0.94

OTUs, operational taxonomic units.

herbal medicine and plays an important role in animal health
such as in antimicrobial, antioxidant, anti-inflammatory, and
wound healing activities (17). However, the effects of dietary
supplementation with E. scaber on the growth performance, meat
quality, intestinal development, and microbiota composition
of ducks are not elucidated. In the present study, we found
that dietary supplementation with E. scaber had no effects on
final body weight, ADFI, and ADG. However, a previous study

reported that dietary supplementation with E. scaber extract
significantly promoted final body weight, weight gain, and
growth rate of fish (18). The discrepancy might be explained
by difference in the animal model. Interestingly, a decrease in
the F:G was observed in the T1 group, indicating that dietary
supplementation with 30 mg/kg of E. scaber increased the feed
conversion of ducks. In line with our results, a previous study
reported that dietary inclusion of 5 g/kg of E. scaber extract
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FIGURE 4 | Correlation analysis of environmental factors. The colors range from green (negative correlation) to red (positive correlation). The data were analyzed using

Pearson’s correlation coefficient. *In green grid indicates a negative correlation (p < 0.05), whereas in the red grid represents a positive correlation (p < 0.05).

TABLE 8 | Phylum-level relative abundances of fecal microbiota in ducks with

different dietary treatments (%).

Phylum* Con T1 T2 T3 p-value

p_Firmicutes 39.63 41.41 44.51 42.64 0.61

p_Bacteroidetes 27.44 26.99 29.58 26.50 0.83

p_Proteobacteria 18.73 19.88 11.98 16.74 0.13

p_Fusobacteria 5.83 3.66 5.57 7.04 0.07

p_Actinobacteria 2.02 2.39 2.40 1.08 0.30

p_Synergistetes 0.99 1.26 0.73 1.65 0.38

p_Epsilonbacteraeota 0.54 0.30 0.55 0.19 0.54

p_Elusimicrobia 0.16 0.11 0.06 0.17 0.39

p_Tenericutes 0.22 0.11 0.12 0.26 0.61

p_Deferribacteres 0.51 0.43 0.18 0.51 0.85

*Top 10 most abundant species are listed. The relative species abundances of gut

microbial communities were analyzed using the Kruskal–Wallis test, n = 6.

significantly improved feed conversion ratio in Nile tilapia (18).
To further investigate the beneficial role of E. scaber on duck’s
health, we evaluated the blood chemical parameter. In the present
study, we found that the levels of ALT and AST in the serum
were significantly lower in the T2 and T3 groups, respectively,
which was consistent with a previous study (19). ALT and AST
are indexes that reflect the liver injury of animal, and their levels
in the serum were significantly increased in liver injury mouse
(20), which indicates that dietary supplementation with E. scaber
might alleviate the liver injury in ducks.

Meat provides essential nutrients including amino acids and
fatty acids for humans. Amino acids not only are the building

TABLE 9 | Genus-level relative abundances of fecal microbiota in ducks with

different dietary treatments (%).

Genus* Con T1 T2 T3 p-value

g_Bacteroides 16.28 18.01 18.75 16.99 0.68

g_Fusobacterium 5.81 3.66 5.57 7.02 0.07

g_Ruminiclostridium_9 2.23 1.80 1.59 2.43 0.09

g_Desulfovibrio 15.16 18.58 10.33 13.50 0.11

g_Lachnospiraceae 3.71 5.85 8.37 2.79 0.27

g_Clostridiales_vadinBB60_group 2.98 2.16 1.58 2.73 0.41

g_Intestinimonas 2.99 3.04 2.92 3.32 0.92

g_Gorbachella 1.31 1.12 0.69 1.58 0.12

g_Bacteroidales_unclassified 1.00 1.77 1.99 0.31 0.16

g_Faecalibacterium 0.61 0.92 1.29 1.27 0.44

g_Ruminococcus_2 1.65 1.35 1.51 0.95 0.98

g_Alistipes 2.65 2.27 3.08 2.64 0.97

g_Olsenella 1.04 1.25 0.94 0.76 0.62

g_Subdoligranulum 0.97b 1.86a 1.50a 0.36b 0.03

g_Oscillospira 1.65a 1.15ab 1.03b 1.91a 0.05

g_Erysipelatoclostridium 1.17 1.07 1.89 0.68 0.24

*Genus with proportion under 1.00% are not listed. The relative species abundances of

gut microbial communities were analyzed using the Kruskal–Wallis test, n = 6.
a,bMeans with different superscripts within a row differ (p < 0.05).

blocks of protein but also have key roles in the aroma and
flavor profiles of meat. For example, Arg, Leu, and Phe present
a bitter taste; Glu presents a fresh taste; and Gly, Ala, and Ser
present a sweet taste (21). Therefore, improving meat nutritional
composition has a vital role in producing high-quality duckmeat.
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Here, we observed that dietary supplementation with 30mg/kg of
E. scaber increased the contents of Phe, Gly, Glu, Tyr, Leu, Ser,
Thr, and Asp in the breast muscle, and that with 80 mg/kg of
E. scaber increased the contents of Phe, Ala, Gly, Glu, Arg, Lys,
Tyr, Leu, Ser, Thr, and total AAs in the breast muscle. Another
important finding is that dietary supplementation with 80 mg/kg
of E. scaber increased the contents of C18:2n−6 (linoleic acid)
and PUFA in the breast muscle. Linoleic acid is an essential
fatty acid, and consumption of PUFA is beneficial to human
health in humans (22, 23). These results suggest that dietary
supplementation with 80 mg/kg of E. scaber increased meat
quality of ducks though modulating amino acid and fatty acid
composition. Increased amino acids and fatty acids in the breast
muscle suggested that dietary supplementation with E. scaber
increased the flavor profiles of meat. To support this result, we
determined the IMP content in the breast muscle. In the present
study, we found that dietary supplementation with E. scaber
increased IMP content in the breast muscle. IMP is one of the
major contributors to flavor in meat (24). This result further
confirmed that dietary supplementation with E. scaber increased
the meat quality of ducks.

The morphology of intestine is a key factor influencing
nutrient absorption (25). Given the increased feed conversion
in ducks fed with E. scaber, we suspected that dietary
supplementation with E. scaber might improve the intestine
development. Therefore, the intestine morphology of ducks
was investigated. In the present study, we found that dietary
supplementation with 30 or 80 mg/kg decreased the crypt depth
in jejunum. In addition, dietary supplementation with 130 mg/kg
of E. scaber increased the villus height in ileum. In support
of our results, a previous study showed that E. ulmoides leaf
extract treatment increased villus height of the duodenum and
jejunum in weaned piglets (26). These results suggest that dietary
supplementation with E. scaber increased intestinal development.

Intestinal microbiota plays an important role in host
physiology (27). Changes in diets can modulate the composition
of the intestinal microbiota, which in turn affects animal
physiology and metabolism function. Due to the changed
meat quality and intestine morphology, we investigated the
effects of dietary supplementation with E. scaber on colonic
microbiota composition. In the present study, no difference
was observed in the Shannon, Simpson, or Chao 1 index,
indicating that dietary E. scaber supplementation showed no
effects on microbial diversity. In the present study, Bacteroidetes
and Firmicutes were the dominant phyla in feces, which was
consistent with a previous study (28). In addition, the T3
group had a trend to increase the abundance of Fusobacteria
in feces. Fusobacterium nucleatum influences stages of colorectal
cancer progression and causes opportunistic infections (29),
which suggests that dietary supplementation with 130 mg/kg
of E. scaber might exert a negative impact on ducks’ health.
At the genus level, the abundance of Subdoligranulum was
higher in the T2 group than in the Con group. Subdoligranulum
is a butyrate-producing bacterium (30). Evidence showed
that microbial-derived butyrate promotes intestinal epithelial
barrier function through IL-10 receptor-dependent repression
of Claudin-2 (31). In addition, butyrate-producing bacteria

supplemented in diets increased butyrate production and
enhanced intestinal epithelial barrier integrity (32). Therefore,
we suspected that dietary supplementation with 80 mg/kg of E.
scaber decreased the crypt depth in jejunum through modulating
the abundance of Subdoligranulum. However, the mechanism
needs further investigation. To investigate the relationship
between environmental factors, a Pearson’s correlation coefficient
was conducted. In the present study, we observed that the
abundance of Alistipes was negatively correlated with villus
height and was positively correlated with F:G. Alistipes was
suggested as a harmful bacterium and was positively correlated
with inflammation (33), indicating Alistipes might act as a
target bacteria for modulating intestinal development and
nutrient utilization.

CONCLUSIONS

Dietary supplementation with 30mg/kg of E. scaber increased the
feed conversion of ducks, and that with 80 mg/kg of E. scaber
increased meat quality through improving amino acids, IMP,
and fatty acid profile in the breast muscle. The results of the
present study contribute to a better understanding of the role of
E. scaber as a feed additive in duck production and provide basic
knowledge for producing high-quality duck meat for human
consumption based on nutritional regulation. Future work can
investigate and identify the effective compounds in E. scaber
involved in improvement of duck production.
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As in dairy cattle, goats during the transition period face risk factors, in particular negative

energy balance (NEB), inflammation, and impairment of the antioxidant response.

The current study determined the effects of pre- and post-partum berberine (BBR)

supplementation on antioxidant status and inflammation response during the transition

period in dairy goats. Twenty-four primiparous Saanen goats were randomly divided

into four groups: control (CON, without BBR) and supplemented with 1 g/day BBR

(BBR1), 2 g/day BBR (BBR2), or 4 g/day BBR (BBR4). The blood samples were

collected weekly from 21 days pre-partum to 21 days post-partum. Compared with

CON, supplementation with either BBR2 or BBR4 decreased (P ≤ 0.05) the levels of

plasma non-esterified fatty acids (NEFA) at kidding and thereafter an increased (P ≤ 0.05)

the plasma levels of glucose and insulin. Following BBR ingestion, blood antioxidant

status elevated throughout the transition period, so that total antioxidant capacity

(TAC), glutathione peroxidase (GSH-Px), superoxide dismutase (SOD), and catalase

activity were increased (P ≤ 0.05) and plasma malondialdehyde (MDA) was decreased

(P ≤ 0.05). Likewise, paraoxonase (PON) was reduced (P ≤ 0.05) in goats fed BBR2 and

BBR4. The levels of haptoglobin, ceruloplasmin, and bilirubin were reduced (P≤ 0.05) by

BBR2 and BBR4 immediately before kidding and thereafter. The results demonstrated

that supplementation of either 2 or 4 g/day BBR enhanced antioxidant capacity and

immune function of transition goats and improved post-partum performance showing its

beneficial effect to mitigate oxidative stress and inflammation during the transition period

in dairy goats.

Keywords: antioxidant, berberine, inflammation, transition goats, oxidative stress

INTRODUCTION

The periparturient period, also known as the transition period, usually comprises 3 weeks
pre-partum to 3 weeks post-partum and is accompanied by severe metabolic, hormonal, and
immunological changes in preparation for parturition and the production of colostrum and
milk (1, 2). It is well established that the adequate preparations are essential for goats during
the transition period to coordinate the challenges of delivery of kid, the onset of lactation, and
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metabolic dysfunction (3, 4). Furthermore, the energy intake
lags behind the increasing nutrient demands and leads to a
negative energy balance (NEB). Dysregulated immune responses
and oxidant/antioxidant imbalance have been proposed as a
consequence of NEB that ultimately affects the productive and
reproductive performance of dairy goats (5, 6), similar to cows
(7). Normally, in the blood from dairy goats during the transition
period as well as in dairy cows, the increase in lipid peroxidation
leads to a decrease in plasma antioxidant concentrations and a
decrease in antioxidative enzyme activity (1, 6, 8).

Moreover, the parturition process commonly entails
immunosuppression which increases the expression and release
of inflammatory mediators (7) that may stimulate lipolysis,
increasing the releasing of the non-esterified fatty acids (NEFA),
and promoting oxidative stress (2). Immunosuppression may
reduce feed intake and increase energy losses (2, 9). In fact,
recent evidence shows that an over response occurs in both
inflammatory [e.g., a decrease of negative acute phase proteins
(neg APPs) such as albumin, cholesterol, paraoxonase, retinol-
binding protein] and metabolic [e.g., a decrease in plasma
glucose and an increase in NEFA, b-hydroxybutyrate (BHBA),
and reactive oxygen metabolites] indices in transition cows
(2, 6, 9)]; however, limited information is available for dairy
goats during the transition period.

Plant secondary metabolites have been suggested as
immunological and antioxidant modulators that might exert
favorable effects on oxidative status and overall health of animals
(10, 11). Berberine (BBR) is a yellow alkaloid present in various
medicinal plants, most notably Coptis, Hydrastis, and Berberis
(12). BBR is a quaternary benzylisoquinoline alkaloid, a relevant
molecule in pharmacology and medicinal chemistry. In fact, it is
known for the synthesis of several bioactive derivatives by means
of condensation, modification, and substitution of functional
groups in strategic positions for the design of new, selective, and
powerful clinical drugs (13).

BBR has been studied for more than eight decades as the
first review on its isolation and chemistry was published in 1926
(14). BBR has several beneficial biological properties including
antioxidant, antimicrobial, anticancer, anti-inflammatory, and
glucose lowering (13, 15). Numerous reports in both cell culture
(16) and animal models (17) have also highlighted the inhibitory
effect of BBR on oxidative stress. The antioxidant activity of
BBR is well documented as it altered the levels of antioxidant
enzymes and oxidative stress markers such as glutathione (GSH),
a lipid oxidation product that is reduced in oxidative stress,
and malondialdehyde (MDA) that is increased in oxidative
stress (18–20).

The anti-inflammatory activity of BBR was observed both
in vitro and in vivo using animal models and was noted by
the reduction of pro-inflammatory cytokines as well as acute
phase proteins (15, 20, 21). Recent studies showed that BBR
decreased pro-inflammatory cytokines such as TNF-α, IL-13, IL-
6, IL-8, and IFN-γ through multiple cellular kinases as well as
signaling pathways such as AMPK, MAPKs, Nrf2/HO, and NF-
κB that were verified to be pivotal for BBR in reducing oxidative
stress and inflammation (15, 22). Also, Li et al. (23) reported
that the cellular pathways of BBR in inhibiting inflammation

are apparently shared in part with its antioxidant pathways.
Information on the use of BBR in ruminants is scarce, but
several studies have been conducted using non-ruminant models
indicating that BBR promisingly exhibits antioxidant and anti-
inflammatory features (15, 17). In this way, Zhang et al. (14)
showed the beneficial effects of supplementing 100 mg/kg of BBR
on immunity and antioxidant activities in broilers. In addition,
an improved glucose and insulin metabolism in rats has been
reported following BBR (50 and 100 mg/kg) supplementation
(24). de Oliveira et al. (25) reported that 50 or 100 mg/kg
body weight (BW) BBR reduces oxidative stress by prevention
of ROS production. Likewise, inflammation markers of diabetic
mice were ameliorated by supplementation with 50 mg/kg
BW BBR (26).

As previously mentioned, in dairy goats, the transition
from late pregnancy to early lactation not only poses
metabolic challenges, because of the NEB, inflammation,
and oxidative stress, but also gives high prolificacy and
improved milk production in modern dairy goats, and the risk
of developing the aforementioned metabolic complications
were exacerbated, both pre- and post-partum. In this way,
appropriate strategies to alleviate NEB, inflammation, and
oxidative stress during the transition period are a top
priority in dairy goat nutritional management. This study
hypothesized that BBR supplementation to dairy goats during
the transition period could mitigate oxidative stress and
inflammation. As such, supplemental BBR will have a positive
effect on animal health and oxido-inflammatory status.
Hence, supplementation of berberine to dairy goats in the
current study is an attempt to mitigate oxidative stress and
inflammation markers reflected by circulating blood metabolites
and enzymes and to decrease the incidence of periparturition
metabolic challenges.

MATERIALS AND METHODS

Animals, Diets, and Treatments
This study followed the guidelines of the Iranian Council of
Animal Care (27) (ID 19293). The study was carried out at
the experimental farm of the Faculty of Agricultural Research,
University of Birjand, Iran. Twenty-four first lactating Saanen
goats selected from the experimental herd according to BW
(45 ± 3.5 kg, mean ± SD) and body condition score (BCS)
(3 ± 0.5, mean ± SD) were enrolled at 50 days before their
expected kidding date and stayed in the trial until 21 days
after kidding. The first 29 days were used for adaptation
to avoid possible alterations because of diet changes, and
the remaining 42 days were used for measurements. During
the experiment, all goats were housed in individual pens
(1.8m × 1.6m) in a ventilated enclosed barn. Diets were
formulated to be isocaloric and isonitrogenous and to meet
NRC (28) nutritional requirements of each period (pre- and
post-partum). The diet provided during the pregnancy period
contained 18.5% crude protein (CP) and 2.60 Mcal ME (dry
matter basis), and the diet provided during the lactation
period contained 15.5% CP and 2.90 ME per kg dry matter.
Goats were fed ad libitum total mixed rations (consisted
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TABLE 1 | Ingredients and nutrient composition (DM basis) of pre- and

post-partum diets.

Diets

Pre-partuma Post-partumb

Ingredient (% of DM)

Alfalfa hay 4.00 29.5

Corn silage 34.3 10.8

Wheat straw 17.9 5.00

Barley grain, ground 7.70 10.8

Corn grain, ground 31.5 22.2

Soybean meal 1.00 17.0

Wheat bran 1.80 2.20

Calcium carbonate 0.90 1.00

Minerals and vitamins premixc 0.90 0.50

Salt 0.00 1.00

Chemical composition

ME, Mcal/kg of DMd 2.60 2.90

Crude protein (% DM) 18.5 15.5

Ether extract (% DM) 2.50 2.50

Ash (% DM) 7.60 8.00

Neutral detergent fiber (% DM) 43.0 37.3

Non-fibrous carbohydrates (% DM)e 38.0 36.7

aFrom 50 days before parturition until kidding. bFrom kidding until 21 days of lactation.
cContaining vitamin A (250,000 IU/kg), vitamin D (50,000 IU/kg), vitamin E (1,500 IU/kg),

manganese (2.25 g/kg), calcium (120 g/kg), zinc (7.7 g/kg), phosphorus (20 g/kg),

magnesium (20.5 g/kg), sodium (186 g/kg), iron (1.25 g/kg), sulfur (3 g/kg), copper

(1.25 g/kg), cobalt (14 mg/kg), iodine (56 mg/kg), and selenium (10 mg/kg). dCornell

Net Carbohydrate and Protein System predicted based upon measured feedstuff nutrient

composition and actual DMI using SRNS (29). eNon-fibrous carbohydrates (NFC) were

estimated according to the equation: NFC = 100 – (NDF + CP + EE + Ash) (28).

of 45% forage and 55% concentrate, DM basis) that were
mixed daily and provided twice per day in equal amounts at
06:00 and 16:00 h (Table 1).

Although there are no comparable data regarding the effects
of BBR in ruminant studies, previous reports (15, 19, 25,
30) indicated that doses from 25 to 100 mg/kg BW dietary
BBR can positively impact non-ruminant species and that
the dosage level can affect the levels of responses (31, 32).
Hence, in the current study, animals were randomly assigned
to one of four dietary treatments arranged in a completely
randomized design with the following treatments: a control
(CON), receiving pre-partum and post-partum basal diet without
BBR; and three groups were fed pre-partum and post-partum
basal diets supplemented with BBR at the levels of 1, 2, and
4 g/day. Dietary treatments correspond to 0, 25, 50, and
100 mg/kg BW dietary BBR, respectively. BBR was purchased
from Bulk Supplement Factory (Bulk Supplements, Eastgate,
Henderson, USA), and based on the catalog, this product is
Pure Berberine HCL powder and had no other ingredients. To
ensure full treatment intake, BBR was encapsulated in gelatin
capsules (Irancapsul, Tehran, Iran). The BBR capsules were orally
administrated to each goat before morning feeding with a balling
gun (Pars Khavar, Tehran, Iran), while the control group received
empty ones.

Sample Collection and Measurements
Manual weighing of feeds and refusals were performed daily
from each goat. The TMR and refusal samples were taken
weekly before the morning feeding and frozen at−20◦C for later
analysis. The blood samples (10 ml/goat) were collected before
morning feeding, from the jugular vein using tubes containing
Li-heparin as anticoagulant (RotexMedica, Germany) on days
−21, −14, −7, 0, 7, 14, and 21 relative to the expected kidding.
The blood samples were centrifuged at 3,000 × g, 15min at
room temperature, and stored in plastic microtubes at−80◦C for
later analysis.

Laboratory Analysis
Samples of TMR and orts were separately pooled and ground in
a hammer mill with a 1-mm screen (Arthur Hill Thomas Co.,
Philadelphia, PA). Dry matter of the samples was determined
after oven drying for 72 h at 55◦C and then analyzed (three
replicates) according to the procedures of AOAC (33) for ash
(967.05), CP (Kjeldahl N × 6.25, 990.03), and ether extract (EE,
945.16). Neutral detergent fiber (NDF) was measured (Fibertec
1010, Tecator, Sweden) as described by Van Soest et al. (34).

Plasma samples were analyzed for concentrations of albumin,
total protein, creatinine, triacylglycerol, cholesterol, glucose,
high-density lipoprotein (HDL), and blood urea-N, using
commercial kits (Pars Azmun Co. Ltd., Tehran, Iran) by an
autoanalyzer (BT 1500, Biotecnica SpA, Rome, Italy). Total

antioxidant capacity (TAC) was measured using ABTS+ [2,2
′
-

azino-di-(3-ethylbenzthiazoline sulfonate)] radical formation
with the commercially available Randox kit (Randox Lab., Ltd.,
Crumlin, County Antrim, UK). The principle of the assay is the
ability of aqueous and lipid antioxidants in the plasma specimens
to inhibit the oxidation of ABTS+ that has a stable blue-green
color, which is measured at 600 nm. The concentrations of
BHBA and NEFA were measured calorimetrically by commercial
kits (Randox Laboratories Ltd., Ardmore, UK) using the
same autoanalyzer.

Plasma haptoglobin was detected using commercial test
kits (Randox Laboratories Ltd., Ardmore, UK) that measure
hemoglobin peroxidase activity, which is in direct proportion to
the quantity of haptoglobin. Plasma paraoxonase (PON) activity
was measured by adapting the method of Ferre et al. (35). Briefly,
8 µl of plasma added to 125 µl of ultrapure water and 125 µl
of assay buffer were incubated at 37◦C. The rate of hydrolysis
of paraoxon to p-nitrophenol was measured by monitoring the
increase in absorbance at 405 nm, using a molar extinction
coefficient of 18,050 L/mol/cm. The unit of PON activity (U/ml)
is defined as 1 nmol of p-nitrophenol formed per minute under
the assay conditions.

The serum insulin level was measured using an enzyme-
linked immunosorbent assay kit (Kit number: 2425-300B,
Monobind Inc., CA, USA). Intra- and interassay coefficients of
variation for measuring insulin were 6.9 and 8.2%, respectively.
The level of MDA in plasma was determined using the
thiobarbituric acid method (TBARS) according to Placer et al.
(36). The enzymatic activities of glutathione peroxidase (GSH-
Px), superoxide dismutase (SOD), and catalase (CAT) were
measured using a Randox kit (Randox Laboratories Ltd.,
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Ardmore, UK) according to the procedures of the manufacturers.
The GSH-Px, SOD, and CAT activities were expressed as U/g
of hemoglobin.

Statistical Analysis
The effects of supplementation with BBR on all examined
parameters were statistically analyzed using the MIXED
procedure of Statistical Analysis System 9.2 software (SAS
Institute Inc.) (37). The model for pre- and post-partum
included the fixed effects of treatments (different levels of BBR
supplementation), sampling day, and the random effect of goat
nested within treatment and the residual error. Interactions
between treatments and sampling times were included in the
model, if they were significant. Three covariance structures were
tested (autoregressive 1, spatial power, and unstructured), and
the one resulting in the lowest Akaike information criterion was
chosen. The REPEATED procedure was used for all variables
and least square means (LSM) separation between time points
was performed using the PDIFF statement by Tukey’s test and
presented as LSM ± SEM. A polynomial contrasts analysis was
employed to determine the linear and quadratic effects of BBR
dose. A threshold of significance was set at P ≤ 0.05; trends were
declared when the P-value was > 0.05 and ≤ 0.10.

RESULTS

Biomarkers of Energy Metabolism
Both BBR2- and BBR4-supplemented doses showed a significant
lower plasma NEFA at days 0, 7, and 14 relative to the parturition
(P ≤ 0.05, Figure 1A). Supplementation of BBR2 and BBR4
reduced the BHBA concentration on days −7, 7, and 14 (P
≤ 0.05) (Figure 1B), and also a tendency of decrease was
observed in BBR2- and BBR4-supplemented goats at kidding
(P = 0.10). Increased insulin levels were detected in response
to BBR supplementation throughout the transition period with
the exception of days −21 and 7 (P ≤ 0.05, Figure 1C). Goats
receiving both BBR2 and BBR4 treatments had greater plasma
glucose during the post-partum period (P ≤ 0.05, Figure 1D).
At days 0 and 21, supplementation with either 2 or 4 g of
BBR reduced the cholesterol concentration doses (P ≤ 0.05,
Figure 1F). No significant changes in plasma concentrations of
triglyceride (TG), total protein (TP), urea-N, and creatinine
were detected in response to BBR supplementation during the
pre- and post-partum (P > 0.05). Overall, BBR-supplemented
goats showed lesser plasma concentration of NEFA, BHBA, and
cholesterol as well as greater levels of insulin and glucose (main
effect P ≤ 0.05, Figure 1). Except for creatinine, all values were
significantly different throughout the transition period (time P ≤

0.05), but no treatment by time interaction was observed (P >

0.05; Figure 1). Moreover, a quadratic effect of BBR on NEFA,
BHBA, urea-N, and creatinine was observed (P ≤ 0.05).

Biomarkers of Oxidative Stress and
Antioxidant Status
The dynamic effects of BBR supplementation on biomarkers of
oxidative stress over the 6-week transition period are shown in
Figure 2. At days −21, −14, 0, and 7 relative to the parturition,

non-significant differences were observed for MDA (P > 0.05),
whereas BBR2- and BBR4-treated goats showed lower MDA
concentration on days −7, 14, and 21 (P ≤ 0.05) (Figure 2A).
Overall, supplementing BBR increased TAC levels throughout
the transition period (Figure 2B), where the greatest plasma TAC
concentration was found on days −14, −7, and 21 for BBR4 and
on days 0, 7, and 14 for the BBR2 group (P ≤ 0.05).

As shown in Figure 1C, the pre-partum GSH-Px
concentration was not affected by treatments; however,
weekly GSH-Px concentration was significantly higher in BBR-
supplemented goats at the kidding and thereafter, led by BBR2
(P ≤ 0.05). Regarding the effect of treatments, a similar pattern
was observed for SOD and CAT, meaning that after parturition,
their concentrations were increased in the BBR-fed goats (P ≤

0.05). Indeed, an upward trend of changes was observed in CAT
with the advent of parturition and following the occurrence of
lactation. As a whole, BBR supplementation decreased plasma
MDA concentrations and elevated TAC, GSH-Px, SOD, and CAT
levels (main effect P ≤ 0.05, Figure 2). No interaction effect was
detected between BBR and week (P > 0.05). Except for MDA, all
enzymes were significantly different during the 6 weeks of the
study (time P ≤ 0.05). In addition, there were quadratic effects of
BBR doses on MDA, TAC, SOD, and CAT levels (P ≤ 0.05).

Biomarkers of Inflammation and Liver
Functionality
Ceruloplasmin and haptoglobin (Figures 3A,B, respectively) had
the greatest values at parturition; thereafter, a gradual reduction
was observed for all four groups. Over the pre-partum period,
the ceruloplasmin concentration did not differ between groups
(P > 0.05); however, supplementation with both BBR2 and BBR4
decreased ceruloplasmin concentration at the parturition and
the post-partum period (P ≤ 0.05); the greatest decline in the
ceruloplasmin was observed in the BBR2 group, followed by
the BBR4 group on days 0 and 7 and vice versa in days 14
and 21 (P ≤ 0.05). During the pre-partum period, the plasma
haptoglobin concentration kept rising and peaked at day 0 for
all groups, which is more pronounced in CON, and then reduced
progressively from 0 to 21 days. BBR supplementation (2 and 4
g/day) decreased haptoglobin concentration immediately before
parturition (day −7), at kidding day, and thereafter until day 21
compared with the CON (P ≤ 0.05).

There were no significant differences for paraoxonase
concentration between groups before the parturition
(Figure 3C), but it showed a sharp decrease immediately
after the parturition in all groups; however, using supplemental
BBR2 and BBR4 revived its concentration at the kidding and
thereafter (P ≤ 0.05), which was more pronounced for BBR2.
Plasma concentrations of HDL decreased during the last few
days of pregnancy, and this downward trend continued after
parturition in all treatments, which was more severe for the
CON group. Following BBR supplementation, no difference
was observed in HDL during the first week of transition (day
−21 until −14) (Figure 3D, P > 0.05); however, both BBR2-
and BBR4-fed goats showed significantly higher HDL levels
immediately before kidding (day −7) and thereafter (P ≤
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FIGURE 1 | Means (± SEM) of (A) NEFA, (B) BHBA, (C) insulin, (D) glucose, (E) triglyceride, (F) cholesterol, (G) total protein, (H) urea-N, and (I) creatinine in Saanen

dairy goats supplemented with different levels of BBR during the transition period. a−cValues with different superscript letters at the same time point are significantly

different (P ≤ 0.05).

0.05), except for day 14. However, PON:HDL were not affected
(Figure 3E, P > 0.05). Bilirubin concentration increased after the
first week of lactation and the peak value appeared at parturition
in all groups (Figure 3F). However, values for the BBR2 group
remained lower than the CON in days −7 and 0 relative to the
kidding (P ≤ 0.05). In addition, all BBR-fed groups had lower
plasma bilirubin in day 14 after parturition compared with the
CON (P ≤ 0.05).

Whether it was before or after parturition, supplementation
with both BBR2 and BBR4 enhanced paraoxonase and HDL and
reduced ceruloplasmin and haptoglobin concentrations (main
effect P < 0.05). All values were significantly different in 6
weeks (time P < 0.001); moreover, haptoglobin and paraoxonase
showed interaction with weeks (interaction P = 0.002). Except
for HDL, all biomarkers of inflammation and liver functionality
were quadratically affected by BBR (P ≤ 0.05).
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FIGURE 2 | Dynamic effects of BBR supplementation on the levels of (A) MDA, (B) TAC, (C) GSH-Px, (D) SOD, and (E) catalase in Saanen dairy goats supplemented

with different levels of BBR during the transition period. a,bValues with different superscript letters at the same time point are significantly different (P ≤ 0.05).
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FIGURE 3 | Means (± SEM) of biomarkers of positive acute-phase protein [(A) ceruloplasmin and (B) haptoglobin] and negative-acute phase protein [(C)

paraoxonase, (D) HDL, (E) paraoxonase/HDL, and (F) bilirubin] in Saanen dairy goats supplemented with different levels of BBR during the transition period. a,bValues

with different superscript letters at the same time point are significantly different (P ≤ 0.05).
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DISCUSSION

To our knowledge, not enough data are available with regard
to the transition period of dairy goats as well as possible
approaches to mitigate oxido-inflammatory status. Relatively
few studies have examined periparturient status in dairy goats
which mainly focused on a few blood parameters with respect
to parity (3, 5) and litter size (38), or temporal variations
in circulating levels of selected hormones and metabolites
(4, 6), together with some performance indicators. This
article is part of a larger study that evaluated the effects
of BBR supplementing on performance, glucose metabolism,
insulin sensitivity, inflammation, and oxidative stress status in
periparturient dairy goats. Our companion paper (39) on intake,
lactation performance, and energy metabolism revealed that
BBR supplementation increases DMI with enhancement of milk
production and BSC and demonstrates that it could be a useful
tool to ameliorate NEB and metabolic-related stress. In the
current study, we assessed the effect of BBR supplementation
during the transition period on blood biomarkers related
to energy metabolism and inflammatory and oxidative stress
indicators in pre- and post-partum dairy Saanen goats.

Biomarkers of Energy Metabolism
During late gestation and early lactation, body fat mobilization is
followed by NEB that is characterized by increases in circulating
concentration of NEFA (1). At the kidding and post-partum
period, the NEFA concentration declined in higher BBR-treated
groups (BBR2 and BBR4). Similarly, BHBA concentration at
the kidding and thereafter is suppressed in BBR2- and BBR4-
supplemented goats, which is more pronounced in BBR2. This
suggests that CON does have a slightly larger energy deficiency.
Likewise, the reduction in plasma levels of NEFA and BHBA
in both BBR2 and BBR4 demonstrates an alleviated NEB, as it
already known that plasma concentrations of BHBA and NEFA
have been considered as effective indicators of energy status in
transition goats (40) as well as cows (1).

The lower NEFA concentration in BBR2- and BBR4-fed goats
may relate to BBR effects on improvement of energy status and
reduction of body reserve usage. Likely, our previous finding (39)
suggests that BBRmay suppress lipolysis through enhancing feed
intake and the endocrine responses that follow in periparturient
dairy goats. In support of our findings, Shi et al. (41) showed
that BBR can improve NEFA-induced lipid accumulation in a
dose-dependent manner in bovine hepatocytes. Furthermore,
data from rats demonstrated that BBR could protect high-fat
diet-induced mitochondrial dysfunction (42). Teodoro et al.
(43) reported that BBR could revert hepatic mitochondrial
dysfunction in high-fat diet rats. These studies indicated that
BBR could improve energy homeostasis and mitochondrial
dysfunction in rodents. Additionally, the results of studies on
type 2 diabetic patients further corroborate the favorable effects
of BBR on glucose and insulin metabolism (15). The findings of
Zhang and Chen (20) confirmed that BBR activates AMPK. It is
well known that AMPK is a key energy-sensing system and acts
as a regulator for body energy homeostasis (44).

The sudden rise in glucose concentration at the kidding
in all groups is a normal response to parturition-induced

endocrine changes that stimulate gluconeogenesis and lipolysis
(45); however, this was not observed with BBR supplementation.
The increments in plasma insulin concentration with BBR
supplementation at the kidding were sustained until post-
partum. The potential of BBR as a metabolic regulator agent has
recently been shown both in vitro and in vivo (46). Zhou et al.
(47) reported that treating rats with 50, 100, and 200 mg/kg
BBR leads to increases in insulin expression, pancreatic B-cell
regeneration, and plasma insulin. In the current investigation,
the metabolic condition of both BBR2- and BBR4-supplemented
doses suggests that BBR up to 50 mg/kg can effectively enhance
insulin levels and diminish NEB and its plasma biomarkers in
transition dairy goats.

Biomarkers of Oxidative Stress and
Antioxidant Status
Several recent studies provided increasing evidence that oxidative
stress has been associated with several health and metabolic
problems, especially during the transition period (7, 9). Our
results demonstrated that supplementation with BBR (clearly
BBR2 and BBR4) mitigated oxidative stress and had positive
effects on antioxidant status, as indicated by enhanced TAC as
well as SOD, GSH-Px, and CAT activity and depressed MDA
level in almost all per- and post-partum periods in dairy goats.
In support of earlier findings, Ghavipanje et al. (48) reported that
goats fed Berberis vulgaris leaf (a natural rich source of BBR) had
greater antioxidant capacity. However, there is a lack of direct
study on the antioxidative effect of BBR in dairy animals, but
experimental lines of evidence support the antioxidant activity of
BBR, which reduces oxidative stress markers (12). Moghaddam
et al. (19) reported that administration of 50 and 100 mg/kg
BBR (doses corresponding to our study), significantly reduced
MDA in rats. Similarly, a recent investigation showed that BBR
addition to aflatoxin B1 and ochratoxin A contaminated broilers
diet, partially restored levels of MDA and GSH-Px activity (18).

It has been shown in vivo that BBR administration upregulates
enzymatic antioxidants as well. Zhou et al. (47) reported that
daily oral ingestion of BBR restored the activity of SOD, catalase,
and GSH-Px in the colon of rats exposed to azoxymethane.
Another study showed that oral administration of BBR increased
the activity of SOD in diabetic rats (16). Similarly, Tang et al.
(49) showed that 100 and 200 mg/kg BBR for 21 days conserved
SOD and GSH-Px activity and decreased MDA in Wistar rats.
Moreover, it has been reported that mRNA expression level of
SOD could be upregulated by BBR in diabetic mice, which played
a role in antioxidative activity of BBR (30). Wang et al. (50)
reported that BBR could inhibit oxidative stress via increased
expression of uncoupling protein 2 (UCP2) in mice arteries.

Furthermore, it has been confirmed that BBR (50µM to
1mM) quenches free radicals in a concentration-dependent
manner, as shown by its ability to scavenge radicals of 2,2-
diphenyl-1- picrylhydrazyl (DPPH), nitric oxide (NO), 2,20-
azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) (ABTS), nitric
oxide, and superoxide (13, 23). The molecular mechanisms of
BBR in mitigation of oxidative stress seem to be related to
multiple cellular pathways that were almost reviewed by Li et al.
(23). The overall increase in enzymatic antioxidants from the pre-
to post-partum period with BBR supplementation, in particular
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BBR2 and BBR4, may suggest that BBR elevates the antioxidant
status of transition goats, which is vital for a successful shift from
late pregnancy over the course of lactation.

Biomarkers of Inflammation and Liver
Functionality
Inflammatory conditions are signaled in the peripartum period
often without clinical symptoms; hence, understanding of this
phenomenon is important in order to improve the health
and consequence performance of goats (4) as well as cows
(51). The acute phase response of the liver to inflammation
is accompanied by an increase in positive APP, along with
a decrease in plasma negative APP, which is abundantly
synthesized in the liver under normal condition (52). In our
study, haptoglobin and ceruloplasmin among the positive APP
were measured, which peaked at the kidding time. Overall,
supplementation of both BBR2 and BBR4 at pre- and post-
partum mitigates positive APP and enhances negative APP.
Moreover, BBR increased plasma HDL concentration, as already
well documented that apolipoprotein A, the basic protein for
the synthesis of HDL, is considered a negative APP, and thus,
the reduction in HDL could be caused by an inflammatory
condition (53). Consistent with these results, Wang et al. (21)
showed that supplementation of 100 mg/kg BBR suppressed pro-
inflammatory cytokines in hepatitis-induced mice. Lou et al. (54)
reported that BBR effectively inhibits IL-6 and TNF-α production
in a concentration-dependent manner, which demonstrates its
anti-inflammatory activity in hepatocytes. Hesari et al. (55)
showed that BBR could prevent inflammation via reducing
IL-1, TNFα, IL-6, and MCP-1, inhibiting PGE2 and COX-2
transcriptional activity in colon and other human cancer cells.
BBR could reduce pro-inflammatory cytokines, acute phase
protein, and infiltration of inflammatory cells in diabetic animal
models (23). Additionally, the anti-inflammatory activity of
BBR has been observed in different tissues like the serum,
liver, adipose tissue, and kidney (15). Previous studies (22,
23) showed that the anti-inflammatory effects of BBR are also
associated with its inhibitory effect on the mitogen-activated
protein kinase (MAPK) signaling pathways, which were activated
by inflammatory stimuli (23). Li et al. (23) demonstrated that
BBR could reduce oxidative stress and inflammation through
common cellular signaling pathways. Oxidative stress could
stimulate the production of pro-inflammatory cytokines. On the
other hand, pro-inflammatory cytokines could also increase the
amount of ROS in cells and promote oxidative stress (56).

Inflammation could cause a decrease in PON and HDL
synthesis in the liver, as well as an increase in bilirubin
concentration (52). PON is associated with HDL and can inhibit
the oxidative modification of low-density lipoprotein (LDL) (53),
implying that PON may prevent inflammation in goats (6) as
well as cows (51). The current finding indicated that the per- and
post-partum BBR2 and BBR4 supplementation may elevate PON
and HDL and mitigate bilirubin in goats during the transition
period. In agreement, Cheng et al. (57) revealed that BBR
stimulates PON1 transcription in human hepatoma cell lines via

a JNK/c-Jun signaling pathway. Likewise, Malekinezhad et al.
(18) provided lines of evidence on the anti-inflammatory activity
of BBR in broilers. Because inflammation can be a cause of NEB
as well as other confounding factors in the periparturition period
(50), our results suggest that BBR may reduce inflammation in
transition dairy goats.

CONCLUSION

Overall, dietary supplementation with BBR reduced the plasma
concentrations of NEFA and BHBA, which implies alleviated
NEB. Plasma MDA levels were decreased at days −7, 14, and
21 relative to the kidding, whereas TAC levels were increased
thereupon of the transition period following supplementation
with 2 or 4 g/day BBR. Similarly, enzymatic antioxidants
including TAC, SOD, GSH-Px, and CAT were enhanced by
BBR2 and BBR4. Additionally, BBR supplementation (2 or 4
g/day BBR) appears to have benefited the immune system, due
to decreased inflammatory biomarkers including ceruloplasmin
and haptoglobin at kidding and thereafter. Taken together, this
study showed the potential of BBR as a novel strategy to mitigate
oxidative stress and inflammation in dairy goats during the
transition period.
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Microcin C7 is an antimicrobial peptide produced by Escherichia coli, composed of a

heptapeptide with a modified adenosine monophosphate. This study was performed

to evaluate the effects of Microcin C7 as a potential substrate to traditional antibiotics

on growth performance, immune functions, intestinal barrier, and cecal microbiota of

broilers. In the current study, 300 healthy Arbor Acres broiler chicks were randomly

assigned to one of five treatments including a corn–soybean basal diet and basal diet

supplemented with antibiotic or 2, 4, and 6 mg/kg Microcin C7. Results showed that

Microcin C7 significantly decreased the F/G ratio of broilers; significantly increased

the levels of serum cytokine IL-10, immunoglobulins IgG and IgM, and ileal sIgA

secretion; significantly decreased the level of serum cytokine TNF-α. Microcin C7

significantly increased villus height and V/C ratio and significantly decreased crypt depth

in small intestine of broilers. Microcin C7 significantly increased gene expression of

tight junction protein Occludin and ZO-1 and significantly decreased gene expression

of pro-inflammatory and chemokine TNF-α, IL-8, IFN-γ, Toll-like receptors TLR2 and

TLR4, and downstream molecular MyD88 in the jejunum of broilers. Microcin C7

significantly increased the number of Lactobacillus and decreased the number of total

bacteria and Escherichia coli in the cecum of broilers. Microcin C7 also significantly

increased short-chain fatty acid (SCFA) and lactic acid levels in the ileum and cecum of

broilers. In conclusion, diet supplemented with Microcin C7 significantly improved growth

performance, strengthened immune functions, enhanced intestinal barrier, and regulated

cecal microbiota of broilers. Therefore, the antimicrobial peptide Microcin C7 may have

the potential to be an ideal alternative to antibiotic.
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INTRODUCTION

Antibiotics are used widely in livestock production as an effective
antimicrobial drug because they play important roles in disease
treatment, disease prevention, and growth promotion (1, 2).
Global consumption of antimicrobials in livestock production
was approximately 131,109 tons in 2013 and is projected to
be 200,235 tons by 2030 (3). Antibiotic use brings enormous
economic benefit, but excessive use can lead to development of
antimicrobial resistance and drug residues in animal products
consumed by humans (1, 4). Antimicrobial resistance makes
treatment of bacterial infections with antibiotics less effective
and creates a significant threat to the health of livestock and
humans (5, 6). Moreover, the number of newly developed and
approved antibiotics is decreasing dramatically (7). Therefore, it
is of great urgency to find novel alternatives for antibiotics in
livestock production.

AMPs are small cationic molecules with amphipathic
structures, widely distributed in living organisms (8, 9). AMPs
have a broad-spectrum antimicrobial activity against bacteria,
fungi, viruses, and protozoa (9). Different from traditional
antibiotics, AMPs kill pathogens by lysing cytomembranes or
damaging critical intracellular targets (10, 11), which makes it
difficult for pathogens to develop antimicrobial resistance (12).
In addition to direct bactericidal activity, AMPs are important
constituents of the innate immune system and serve as immune
regulators. As part of the immune system, AMPs express
chemotactic activities, modulate TLR-dependent inflammatory
responses, and promote wound healing (9, 13). AMPs secreted
by Paneth cells are of great importance in the maintenance
of host intestinal health by limiting pathogen colonization and
shaping the composition of indigenous microbial communities
(14). The impairment of intestinal epithelial barrier and intestinal
microecology caused by Paneth cell dysfunction is one of the
important pathogenies of inflammatory bowel diseases, such
as Crohn’s disease and colitis (15). AMPs have important
application value in the poultry industry and were reported
to have beneficial effect on growth performance, nutrient
digestibility, immune functions, and intestinal morphology,
integrity, and microflora in broilers (16–18). Hence, AMPs
can be potential antibiotic alternatives, which have attracted
researchers’ interests.

Microcin C7 is a ribosome synthetic heptapeptide with
a modified adenosine monophosphate covalently attached
to the C-terminus (19), produced by Escherichia coli cells
harboring a plasmid-borne mccABCDE (20). Microcin C7
acts as a ‘Trojan horse’ antimicrobial peptide and exerts its
antimicrobial activity by specifically targeting aspartyl-adenylate,

Abbreviations: AMPs, antimicrobial peptides; ADG, average daily gain; ADFI,

average daily feed intake; F/G, feed/gain; V/C, villus height/crypt depth; PBS,

phosphate-buffered solution; IL-1β, interleukin 1β; IL-8, interleukin 8; IL-10,

interleukin 10; TNF-α, tumor necrosis factor α; IFN-γ, interferon-γ; TLR2,

toll-like receptor 2; TLR4, toll-like receptor 4; IgA, immunoglobulin A; IgG,

immunoglobulin G; IgM, immunoglobulin M; sIgA, secretary immunoglobulin

A; ZO-1, Zonula Occludens; Jam-2, junctional adhesion molecule 2; MyD88,

myeloid differentiation factor 88; SCFAs, short-chain fatty acids; ANOVA, analysis

of variance; DSS, dextran sulfate sodium.

which inhibits protein synthesis (21). Nanomolar concentrations
of Microcin C7 exhibit antimicrobial activity against gram-
negative strains phylogenetically similar to E. coli, including
Klebsiella, Salmonella, Shigella, and one strain of Proteus (22).
The features of high safety, stability, and strong antimicrobial
ability make Microcin C7 a practical antimicrobial agent that can
be applied in the poultry industry, but little is known about
its efficacy at present. Hence, the purpose of this study was
to determine the effect of dietary supplementation of Microcin
C7 on growth performance, immune and intestinal barrier
functions, and cecal microbiota of broilers.

MATERIALS AND METHODS

Broiler Management and Experimental
Design
In this study, chicks were reared on net-floor cages in closed and
ventilated environment. Ten chicks were reared per pen (100 cm
× 100 cm × 30 cm) with a separate feeding trough and nipple
drinkers. A 24 h constant-lighting program was used. Broilers
had ad libitum access to feed and water. Room temperature in
the first week was controlled between 30 and 34◦C, lowered by
3◦C each week until a constant temperature of 22◦C. Relative
humidity was controlled between 50 and 60%. All chicks were
inoculated with ND-IB combined vaccine on the 7th day,
infectious bursa vaccine on the 14th day, chicken pox vaccine on
the 21st day, and Newcastle disease vaccine on the 35th day. The
experiment was carried out in the Fengguangde experimental
base of the TIEQILISHI Group, Mianyang, Sichuan Province.
The animal care protocol was approved by the China Agricultural
University Animal Care and Use Committee (No. AW03901202-
1-2), and the experiment is conducted in strict accordance to
the animal care protocol. The basal diet (Table 1) was antibiotic
free and formulated to meet nutritional requirements of broiler
chickens recommended by NRC (2012). Coccidiostats were
included in the diet.

One-day-old healthy Arbor Acres broiler chickens (n = 300;
initial body weight (BW) = 46.67 ± 0.29 g) were obtained
from Chengdu Xinjin Yunda poultry breeding cooperative. All
chicks were individually weighed and randomly assigned to 1
of 5 treatments with 6 replicates of 10 broilers. Experimental
treatments included a corn–soybean basal diet with no additions,
a basal diet supplemented with 45 mg/kg chlortetracycline and
30 mg/kg bacitracin methylene disalicylate, and a basal diet
supplemented with 2, 4, or 6 mg/kg Microcin C7. Microcin
C7, which was isolated from the metabolites of Lactobacillus
johnsonii by microbial fermentation, was supplied by Angeli
(Chongqing) Biotechnology, Co. Ltd (Chongqing, China). The
concentration of dietary Microcin C7 was determined based on
findings of our previous studies (not published).

Experimental Procedure and Sampling
The feeding period was divided into two stages: the starter stage
(Day 1–Day 21) and the finisher stage (Day 22–Day 42). Broilers
were weighed individually at the start of the trial and the end
of each phase prior to the morning feeding. Feed consumption
was measured at the end of each phase. All feed remaining in
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TABLE 1 | Ingredient composition and nutrient concentration of the basal diet (%

as-fed)1.

Item Starter phase

(1–21 days)

Finisher phase

(22–42 days)

Ingredient

Corn (7.8% crude protein) 54.50 55.76

Soybean meal (43% crude protein) 25.00 18.50

Corn gluten meal (56% crude protein) 5.00 5.50

Cottonseed meal (46% crude protein) 4.00 4.00

Flour (ASH < 1.5%) 3.00 6.00

DDGS (26% crude protein) 2.50 2.00

Soybean oil 1.70 4.20

Limestone 1.27 1.27

Dicalcium phosphate 1.24 0.87

l-Lysine sulfate (70%) 0.70 0.87

Salt 0.26 0.24

Bentonite 0.20 0.20

dl-methionine 0.18 0.16

DKJ012 0.15 0.13

l-threonine (98.5%) 0.11 0.15

Choline chloride (60%) 0.10 0.08

Hainanmycin (1%) 0.05 0.03

Broiler multivitamin3 0.03 0.03

Thermostable phytase (10,000 IU) 0.01 0.01

Total 100.00 100.00

Chemical composition, calculated (%)

Metabolizable energy (kcal/kg) 2,870 3,078

Crude protein 21.47 19.48

Ether extract 4.67 7.12

Crude fiber 3.22 2.82

Crude ash 5.58 4.8

Calcium 0.88 0.78

Total phosphorus 0.67 0.59

Salt 0.32 0.3

Lysine 1.3 1.25

Methionine 0.5 0.45

Cysteine 0.32 0.29

Methionine + cysteine 0.82 0.74

Tryptophan 0.22 0.19

Threonine 0.85 0.80

Arginine 1.36 1.17

Valine 0.94 0.83

Avian digestible lysine 1.19 1.15

Avian digestible methionine 0.47 0.43

Avian digestible cysteine 0.28 0.26

1The basal diet for each treatment is the same. The antibiotic control diet included

200 mg/kg 15% methylene salicylate bacitracin and 300 mg/kg 15% aureomycin. The

antimicrobial peptide diet included 200, 400, or 600 mg/kg 1% Microcin C7.
2DKJ01 is the trace element premix for chicken. It provided the following per kg of the

starter phase feed: Cu (from feed-grade copper sulfate), 12.08mg; Fe (from feed-grade

ferrous sulfate), 77.99mg; Zn (from feed-grade zinc sulfate), 70.38mg; Mn (from feed-

grade manganese sulfate), 101.74mg; Se (from feed-grade sodium selenite), 0.3mg;

I (from calcium iodate), 0.5mg. It provided the following per kg of the finisher phase

feed: Cu (from feed-grade copper sulfate), 10.47mg; Fe (from feed-grade ferrous sulfate),

67.59mg; Zn (from feed-grade zinc sulfate), 61.00mg; Mn (from feed-grade manganese

sulfate), 88.18mg; Se (from feed-grade sodium selenite), 0.26mg; I (from calcium iodate),

0.44mg.
3Broiler vitamin provided the following per kg of the starter phase feed and the finisher

phase feed: Vitamin A, 15,000 IU; Vitamin B1, 2.35mg; Vitamin B2, 7.8mg; Vitamin B6,

5.29mg; Vitamin B12, 0.024mg; Vitamin D3, 3,600 IU; Vitamin E, 22.5mg; Vitamin K3,

9.85mg; Pantothenic acid, 18.71mg; Nicotinic acid, 89.1mg.

the feeder was weighed and subtracted from the daily allowance
to determine the actual daily feed intake. The ADG, ADFI, and
F/G ratio were calculated. After weighing, two broilers per pen
were randomly selected, euthanized, and sampled. Blood was
collected under wings, then let stand for 10min, and centrifuged
at 3,000 rpm for 15min at 4◦C, and the supernatant was
collected and stored at−20◦C for subsequent serum biochemical
parameter measurements. After exsanguination from the jugular
vein, feathers were removed, and the abdominal cavity was
opened. Samples (2 cm) of the duodenum, jejunum, and ileum
were excised and washed in PBS and immediately fixed in 4%
(v/v) paraformaldehyde solution for characterization of small
intestinal morphology. The jejunal and ileal mucosa (about
0.2 g) were scraped, and scrapings were placed in a sterile 2ml
cryopreservation tube, frozen rapidly with liquid nitrogen, and
then stored at−80◦C for gene expression and total sIgA analysis.
Contents of jejunum, ileum, and cecumwere removed and placed
in a sterile 2ml cryopreservation tube, frozen rapidly with liquid
nitrogen, and then stored at−80◦C for microflora measurement.

Determination of Immunoglobulin and
Cytokine in Serum
Serum samples were thawed and thoroughly mixed immediately
before testing. Concentrations of serum immunoglobulins A,
G, and M and cytokines IFN-γ, IL-1β, IL-10, and TNF-
α were measured using commercially available avian ELISA
kits (Nanjing Jiancheng Bioengineering Institute, Nanjing,
Jiangsu, China), according to standard procedures described by
the manufacturer.

Small Intestinal Morphology
Embedded tissue was deparaffinized and hydrated, cut into
slices (5µm), and then stained with hematoxylin and eosin for
morphology measurements as described by Wang et al. (23).
Villus height was measured from the tip of the villus to the
crypt–villus junction. Crypt depth was defined as the depth of
the invagination between adjacent villi (24). All morphological
measurements (villus height and crypt depth) were measured
on the stained sections under a microscope at ×40 combined
magnification (Nikon Eclipse Ci-E, Japan). At least 15 intact,
well-oriented crypt–villus units were measured in triplicate per
broiler for each intestinal section. Reported values are means
from 15 crypt–villus units.

Quantitative Real-Time PCR for Gene
Expression Analysis
Total RNA was isolated from frozen jejunal mucosal samples
(50mg) according to the instructions of the RNAiso
Reagent (TaKaRa Bio Inc., Beijing, China). Purity and
concentration of total mRNA in samples were evaluated
using a spectrophotometer (NanoDrop-2000, Thermo Fisher
Scientific, Waltham, MA) at 260 and 280 nm, respectively. Ratios
of absorption (260:280 nm) between 1.8 and 2.0 for all samples
were accepted as “pure” for RNA. RNA (1 µg) was used to
generate cDNA using the M5 Super plus qPCR RT kit with a
gDNA remover according to the manufacturer’s instructions
(MF166-plus-01, Mei5bio, Beijing). Primer sequences for
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TABLE 2 | The primer sequences amplifying target genes and housekeeping genes.

Item Forward sequence (5′ to 3′) Reverse sequence (5′ to 3′) Annealing temperature (◦C) Product size (bp) Accession number

GADPH CTGTTGTTGACCTGACCTGC TCAAAGGTGGAGGAATGGCT 59.0 166 NM_204305.2

Claudin 3 CCAAGATCACCATCGTCTCC CACCAGCGGGTTGTAGAAAT 58.0 113 NM_204202.2

ZO-1 TCAGACAAAGTTCCCTGCCT TGGCTAGTTTCTCTCGTGCA 58.9 110 XM_040680632.1

Occludin TCCTCATCGTCATCCTGCTC TTCTTCACCCACTCCTCCAC 59.0 145 XM_025144247.2

Jam-2 AGCCTCAAATGGGATTGGATT CATCAACTTGCATTCGCTTCA 57.7 59 NM_001397141.1

Mucin 2 TGTGTTTGAGAAGTGCCGTG AGAGCAGCAAACACCATTGG 59.0 184 XM_040673077.1

TNF-α TATCCTCACCCCTACCCTGT AACTGGGCGGTCATAGAACA 58.8 162 NM_204267.2

IL-8 TCCTGGTTTCAGCTGCTCTGT CGCAGCTCATTCCCCATCT 60.8 61 NM_205498.2

IFN-γ GTAGCTGACGGTGGACCTAT ATGTGTTTGATGTGCGGCTT 58.8 146 NM_205149.2

TLR2 TGCAGTCCAACCAAATCAGC CGAAGGTGTTGGAGCGAAAA 59.0 142 NM_001396826.1

TLR4 GGCACCTACCCTGTCTTTCT GAGTTGCCTGCCATCTTCAG 59.0 134 NM_001030693.2

MyD88 TGCAAGACCATGAAGAACGA TCACGGCAGCAAGAGAGATT 58.4 123 NM_001030962.5

tight junction proteins including ZO-1, Occludin, Claudin 3,
Jam-2, mucoprotein Mucin 2, cytokine IFN-γ, TNF-α, IL-8,
pattern recognition receptors TLR2 and TLR4, and key linker
molecular MyD88 in jejunal mucosa were designed using the
GenBank database from the National Center for Biotechnology
Information (NCBI) and primer design software. Quantitative
real-time PCR was performed with HiPer SYBR Premix EsTaq
with Tli RNase H (MF787-01, Mei5bio, Beijing) using a
StepOnePlus real-time PCR system (Applied Biosystems) on
96-well plates with 10 µl of total reaction volume of 5 µl HiPer
SYBR Premix, 4 µl cDNA, 0.3 µl of forward and 0.3 µl of
reverse primers (10 nmol), and 0.4 µl double-distilled water.
Each reaction was run in duplicate. The PCR cycling protocol
included one cycle of pre-incubation at 95◦C for 30 s; 40 cycles of
denaturation at 95◦C for 5 s and annealing at 60◦C for 30 s; one
cycle of melting at 95◦C for 5 s, 60◦C for 60 s, and 95◦C for 5 s;
and one cycle of cooling at 50◦C for 30 s. GAPDH was used as
an internal control in this study. Average expression of the target
genes relative to GAPDH was determined using the 2−11Ct

method as described by Livak and Schmittgen (25). Primers for
qRT-PCR were synthesized by Sangon Biotech (Shanghai, China;
Table 2).

Relative Abundance of sIgA in Ileal Mucosa
Ileal mucosa was homogenized with 0.1M PBS, and the
supernatant was centrifuged at 3,000 rpm for 15min.
BCA protein quantitative kit (HuaXingBio, Beijing, China)
was used to determine the total protein content of the
ileal mucosa homogenate according to the manufacturer’s
instructions. Concentration of sIgA was determined by an
enzyme-linked immunosorbent assay (Nanjing Jiancheng
Bioengineering Institute, Nanjing, Jiangsu, China) according
to the manufacturer’s instructions. Data were acquired using
a Microplate reader (SpectraMax M3, Molecular Devices,
San Jose, CA, USA) equipped with SoftMax Pro Software.
Relative abundance of sIgA in ileal mucosa was expressed as
the ratio of sIgA to the total protein concentration of ileal
mucosa homogenate.

TABLE 3 | Sequences of the primer and probe for detection specific for intestinal

microflora of broiler.

Item Prime/probe name and sequence Reference

Total bacteria Forward: ACTCCTACGGGAGGCAGCAG

Reverse: ATTACCGCGGCTGCTGG

Fierer et al.

(26)

Lactobacillus Forward: GAGGCAGCAGTAGGGAATCTTC

Reverse: CAACAGTTACTCTGACACCCGTTCTTC

Probe: AAGAAGGGTTTCGGCTCGTAAAACTCT

GTT

Chen et al.

(27)

Escherichia

coli

Forward: CATGCCGCGTGTATGAAGAA

Reverse: CGGGTAACGTCAATGAGCAAA

Probe: AGGTATTAACTTTACTCCCTTCCTC

Chen et al.

(27)

Quantification of Cecal Microflora by
qRT-PCR
Microbial DNA was isolated from ileal and cecal contents by the
stool DNA kit (TIANGEN Biotech, Beijing, China) according
to the manufacturer’s instructions and was stored at −20◦C.
Numbers of total bacteria, Lactobacillus, and Escherichia coliwere
quantified using real-time PCR in a StepOnePlus system. Each
reaction was run in a 10 µl volume containing 5 µl HiPer SYBR
Premix EsTaq (MF787-01, Mei5bio, Beijing), 0.3 µl of forward
and 0.3 µl of reverse primers (100 nM), 1 µl template DNA, and
3.4 µl of double-distilled water for detecting total bacteria. The
PCR profile was processed as follows: one cycle of pre-incubation
at 94◦C for 180 s; 40 cycles of denaturation at 94◦C for 30 s,
annealing at 62◦C for 30 s, and extension at 72◦C for 60 s; one
cycle of melting at 95◦C for 5 s and 60◦C for 60 s; and one cycle
of cooling at 50◦C for 30 s. To detect Lactobacillus and E. coli,
each reaction was completed in a 10 µl volume containing 5
µl FastFire qPCR PreMix (Probe) (TIANGEN Biotech, Beijing,
China), 0.25 µl of forward and 0.25 µl of reverse primers
(100 nM), 0.15 µl probes, 1.5 µl template DNA, and 2.85 µl
of double-distilled water. The PCR profile was determined as
follows: one cycle of pre-incubation at 95◦C for 600 s and 40
cycles of denaturation at 95◦C for 15 s and annealing at 60◦C for
60 s. All samples were analyzed in duplicate. Briefly, primers and
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TABLE 4 | Effects of Microcin C7 on broiler performance1,2.

Item Antibiotic Control Microcin C7 (mg/kg) SEM P-value

2 4 6 ANOVA Linear Quadratic

Day 1–Day 21

ADFI (g/day) 46.4 49.1 51.2 49.9 50.8 0.59 0.07 0.42 0.54

ADG (g/day) 34.6 37.0 38.4 38.5 37.4 0.58 0.20 0.78 0.25

F/G3 1.35 1.33 1.33 1.30 1.36 0.01 0.59 0.68 0.25

Day 22–Day 42

ADFI (g/day) 140.0 147.6 139.2 143.4 152.9 1.89 0.11 0.28 0.04

ADG (g/day) 79.3 80.2 77.4 82.1 85.8 1.10 0.14 0.05 0.19

F/G3 1.77 1.84 1.80 1.75 1.79 0.01 0.32 0.24 0.21

Day 1–Day 42

ADFI (g/day) 94.3 99.6 96.3 97.8 103.1 0.65 0.14 0.26 0.08

ADG (g/day) 57.5 59.1 58.4 60.8 62.2 1.06 0.09 0.10 0.48

F/G3 1.64a 1.70b 1.65ab 1.61a 1.66ab 0.01 0.03 0.08 0.02

1Each mean represents 6 replications of 10 broilers.
2Antibiotic control = broilers fed a basal diet with 45 mg/kg aureomycin plus 30 mg/kg bacitracin methylene disalicylate. Control = broilers fed a basal diet. Microcin C7 = broilers fed

a basal diet containing 2, 4, or 6 mg/kg Microcin C7.
3F/G = feed-to-gain ratio.
a,bMeans in the same row with different superscripts differ (P < 0.05).

fluorescent oligonucleotide probes (Table 3) were obtained from
previous studies (26, 27) and commercially synthesized by Beijing
Chenhuida Biotechnology Co.

For the quantification of bacteria in the test samples, specific
standard curves were drawn by constructing standard plasmids
as described by Han et al. (28). Briefly, the standard strains
of Lactobacillus (ATCC33323) and E. coli (V99 CGMCC1,
12881) were cultured anaerobically or aerobically in respective
cultures including 1% glucose at 37◦C from 12 to 48 h. The
16S rDNA genes of Lactobacillus and E. coli were amplified
using PCR. Then, the specific PCR product was purified using
a Gel Extraction Kit (Beijing ComWin Biotech Co., Ltd.,
Beijing, China) and cloned into pEASY-Blunt vector (TransGen
Biotech, Beijing, China). After verification of the sequence,
the recombinant plasmid was isolated using the TIANprep
Mini Plasmid Kit (TIANGEN Biotech, Beijing, China). The
standard plasmids of Lactobacillus and E. coli were constructed
successfully. The copy numbers of bacteria were calculated
using the following formula: (6.0233 ∗ 1023 copies/mol ∗ DNA
concentration (µg/µl))/(660 ∗ 106 ∗ DNA size (bp)). Bacterial
counts were performed using serial dilutions (10:1 to 10:8
dilutions) of plasmid DNA to generate the standard curve for
total bacteria, Lactobacillus and E. coli. Each standard curve was
constructed by linear regression of mean cycle threshold values
against the logarithm of template copy numbers, ranging from
3 to 9 log10 copies. Target copy number of each sample was
calculated from the standard curve (29, 30).

Ion Chromatographic Assays of
Short-Chain Fatty Acids (SCFAs) and
Lactic Acid
Samples of ileal and cecal contents were thawed and thoroughly
mixed immediately before testing. Concentrations of acetic,

propionic, butyric and valeric, and lactic acids and total SCFAs
were determined with a Dionex ICS-3000 Ion Chromatography
System as described by Tong et al. (29).

Data Analysis
Data were analyzed using the ANOVA method in SPSS 20.0, and
all data were checked for normal distribution and homogeneous
variance. Each pen was regarded as an experimental unit for
measurement of growth performance. Each euthanized broiler
was regarded as an experimental unit for measurement of other
indicators. Different experimental units were independent from
each other. Treatment means were separated using Duncan’s
multiple comparison test. Data in tables are reported as means
and pooled standard errors. Data in figures are reported as
means ± SEM. Linear and quadratic comparisons were applied
to determine the dose effect of Microcin C7 in broilers using
orthogonal contrasts in SPSS 20.0. Significant differences were
declared when P < 0.05, and statistical trends declared when 0.05
< P < 0.10.

RESULTS

Growth Performance
Broilers fed 6 mg/kg Microcin C7 tended to consume more feed
in the starter period (P = 0.07; Table 4) and grow faster over
the entire supplemental period (P = 0.09; Table 4) than the
antibiotic groups. The F/G ratio of broilers fed 4 mg/kg Microcin
C7 over the entire supplemental period was decreased compared
to that of the control group (P = 0.03; Table 4). The F/G ratio of
broilers fed antibiotics over the entire supplemental period was
also significantly decreased compared with that of the control
group (P= 0.03;Table 4). A linearly higher ADGwas observed in
broilers fed Microcin C7 during the finisher supplemental period
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FIGURE 1 | Effect of Microcin C7 on concentration of serum cytokines of broilers. (A) Concentration of pro-inflammatory cytokine IL-1β. (B) Concentration of

pro-inflammatory cytokine IFN-γ. (C) Concentration of pro-inflammatory cytokine TNF-α. (D) Anti-inflammatory cytokine IL-10 on days 21 and 42. Within the same

day, treatments that are significantly different from each other are indicated by different letters above the bar (P < 0.05). Bars represent means ± SEM for six broilers

per treatment. Antibiotic control = broilers fed a basal diet with 45 mg/kg aureomycin plus 30 mg/kg bacitracin methylene disalicylate. Control = broilers fed a basal

diet. Microcin C7 = broilers fed a basal diet containing 2, 4, or 6 mg/kg Microcin C7.

FIGURE 2 | Effect of Microcin C7 on concentration of serum immunoglobulin of broilers. (A) Concentration of IgA. (B) Concentration of IgG. (C) Concentration of IgM.

Within the same day, treatments that are significantly different from each other are indicated by different letters above the bar (P < 0.05). Bars represent means ± SEM

for six broilers per treatment. Antibiotic control = broilers fed a basal diet with 45 mg/kg aureomycin plus 30 mg/kg bacitracin methylene disalicylate. Control =

broilers fed a basal diet. Microcin C7 = broilers fed a basal diet containing 2, 4, or 6 mg/kg Microcin C7.
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(P= 0.05; Table 4). A quadratically lower F/G ratio was observed
in broilers fedMicrocin C7 during the entire supplemental period
(P = 0.02; Table 4). A quadratically lower ADFI was observed in
broilers fed Microcin C7 during the finisher supplemental period
(P = 0.04; Table 4). A linearly increased trend of ADFI (P =

0.08, Table 4) was observed in broilers fed Microcin C7 during
the finisher supplemental period.

Cytokine and Immunoglobulin
Concentrations in Serum
On Day 42, broilers fed with antibiotic, 4 and 6 mg/kg Microcin
C7, had increased concentration of the anti-inflammatory
cytokine IL-10 (Figure 1) and IgG and IgM (Figure 2) compared
with the control group (P< 0.05). Broilers fed with antibiotic and
Microcin C7 had decreased concentration of pro-inflammatory
cytokine TNF-α (Figure 1) compared with the control group (P
< 0.05). However, all groups were similar with each other on
Day 21 (P > 0.05). On Day 42, a linearly higher content of IL-10

(Figure 1) and IgG and IgM (Figure 2) was observed in broilers
fed Microcin C7 (P < 0.05). A linearly lower content of TNF-α
was observed in broilers fed Microcin C7 (P < 0.05, Figure 1).

Small Intestinal Morphology
On Day 21, dietary addition of 2, 4, and 6 mg/kg Microcin
C7 increased the V/C ratio of ileum and significantly increased
the V/C ratio of duodenum and the villus height of jejunum
compared with the control group (P < 0.05; Table 5). Dietary
addition of 2 and 6 mg/kg Microcin C7 increased the villus
height of the duodenum compared with the control group (P
< 0.05; Table 5). Dietary addition of 4 and 6 mg/kg Microcin
C7 increased the V/C ratio of jejunum compared with the
control group (P < 0.05; Table 5). Dietary addition of 2 and 4
mg/kg Microcin C7 decreased the crypt depth of the duodenum
compared with the control group (P < 0.05; Table 5). Dietary
addition of 4 and 6 mg/kg Microcin C7 decreased crypt depth
of ileum compared with the control group (P < 0.05; Table 5).

TABLE 5 | Effect of Microcin C7 on small intestinal morphology in broilers1,2.

Item Antibiotic Control Microcin C7 (mg/kg) SEM P-value

2 4 6 ANOVA Linear Quadratic

Day 21

Duodenum

Villus height (µm) 1,179.01d 1,269.09c 1,331.25b 1,309.65bc 1,436.74a 16.79 <0.01 <0.01 0.06

Crypt depth (µm) 154.81a 158.48a 145.86bc 141.07c 150.98ab 1.67 <0.01 0.06 0.01

V/C3 7.56d 8.28c 8.92b 9.23b 9.82a 0.15 <0.01 <0.01 0.85

Jejunum

Villus height (µm) 818.24d 838.31d 895.03c 952.13b 1,006.26a 13.84 0.01 <0.01 0.92

Crypt depth (µm) 132.25 125.39 130.31 132.81 127.54 1.14 0.30 0.62 0.09

V/C3 6.33c 6.54c 6.35c 7.00b 8.33a 0.15 <0.01 <0.01 <0.01

Ileum

Villus height (µm) 632.35c 639.98c 671.23b 740.16a 740.70a 9.26 <0.01 <0.01 0.05

Crypt depth (µm) 138.84a 132.59b 133.29b 123.69c 125.36c 1.26 <0.01 <0.01 0.78

V/C3 4.44d 4.80c 4.49d 6.21a 5.93b 0.14 <0.01 <0.01 0.79

Day 42

Duodenum

Villus height (µm) 1,311.71b 1,194.74c 1,421.70a 1,430.85a 1,436.99a 18.95 <0.01 <0.01 <0.01

Crypt depth (µm) 187.20 181.69 195.69 189.54 171.07 2.84 0.06 0.03 <0.01

V/C3 6.97c 6.48c 6.80bc 7.39b 8.95a 0.18 <0.01 <0.01 <0.01

Jejunum

Villus height (µm) 1,070.46c 1,122.06b 1,146.67b 1,157.40b 1,222.91a 11.77 <0.01 <0.01 0.24

Crypt depth (µm) 225.76a 233.86a 221.74a 205.34b 186.61c 3.79 <0.01 <0.01 0.54

V/C3 4.73d 4.80d 5.18c 6.06b 6.45a 0.14 <0.01 <0.01 0.88

Ileum

Villus height (µm) 760.39b 717.15c 771.81b 786.91b 820.06a 8.78 <0.01 <0.01 0.46

Crypt depth (µm) 137.86c 185.39a 150.97b 154.47b 136.25c 3.74 <0.01 <0.01 0.05

V/C3 5.37b 3.96c 4.82b 5.06b 6.12a 0.16 <0.01 <0.01 0.60

1Each mean represents six broilers.
2Antibiotic control = broilers fed a basal diet with 45 mg/kg aureomycin plus 30 mg/kg bacitracin methylene disalicylate. Control = broilers fed a basal diet. Microcin C7 = broilers fed

a basal diet containing 2, 4, or 6 mg/kg Microcin C7.
3V/C = the ratio of villus height to crypt depth.
a,b,c,d,eMeans in the same row with different superscripts differ (P < 0.05).
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FIGURE 3 | Effect of Microcin C7 on gene expression in the jejunal mucosa of broilers. (A) Relative mRNA expression of Claudin-3. (B) Relative mRNA expression of

ZO-1. (C) Relative mRNA expression of Occludin. (D) Relative mRNA expression of Jam-2. (E) Relative mRNA expression of Mucin 2. (F) Relative mRNA expression

of IL-8. (G) Relative mRNA expression of IFN-γ . (H) Relative mRNA expression of TNF-α. (I) Relative mRNA expression of TLR2. (J) Relative mRNA expression of

TLR4. (K) Relative mRNA expression of MyD88. Within the same day, treatments that are significantly different from each other are indicated by different letters above

the bar (P < 0.05). Bars represent means ± SEM for six broilers per treatment. Antibiotic control = broilers fed a basal diet with 45 mg/kg aureomycin plus 30 mg/kg

bacitracin methylene disalicylate. Control = broilers fed a basal diet. Microcin C7 = broilers fed a basal diet containing 2, 4, or 6 mg/kg Microcin C7.

However, on Day 21, dietary addition of antibiotic decreased
villus height and villus height/crypt depth ratio in the duodenum
and increased crypt depth and decreased the villus height/crypt

depth ratio in the ileum (P < 0.05; Table 5). A linearly higher
villus height and V/C ratio was observed in the small intestine of
broilers fed Microcin C7 (P < 0.05; Table 5), and a linearly lower
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crypt depth was observed in the ileum of broilers fed Microcin
C7 (P < 0.05; Table 5).

On Day 42, dietary addition of 2, 4, and 6 mg/kg Microcin C7
increased the villus height of the duodenum and ileum and the
V/C ratio of the jejunum and ileum compared with the control
group (P < 0.05; Table 5). Dietary addition of 4 and 6 mg/kg
Microcin C7 increased the V/C ratio of duodenum compared
with the control group (P < 0.05; Table 5). Dietary addition of
6 mg/kg Microcin C7 increased the villus height of the jejunum
compared with the control group (P < 0.05; Table 5). Dietary
addition of 4 and 6 mg/kg Microcin C7 decreased the crypt
depth of the jejunum compared with the control group (P <

FIGURE 4 | Effect of Microcin C7 on relative abundance of sIgA in the ileal

mucosa of broilers. Relative abundance of sIgA in the ileal mucosa was

expressed as the ratio of sIgA to the total protein concentration of ileal mucosa

homogenate. Within the same day, treatments that are significantly different

from each other are indicated by different letters above the bar (P < 0.05).

Bars represent means ± SEM for six broilers per treatment. Antibiotic control

= broilers fed a basal diet with 45 mg/kg aureomycin plus 30 mg/kg bacitracin

methylene disalicylate. Control = broilers fed a basal diet. Microcin C7 =

broilers fed a basal diet containing 2, 4, or 6 mg/kg Microcin C7.

0.05; Table 5). Dietary addition of 2, 4, and 6 mg/kg Microcin
C7 decreased the crypt depth of the ileum compared with the
control group (P < 0.05; Table 5). On Day 42, dietary addition
of antibiotic increased the villus height of the duodenum and
villus height and V/C ratio of the ileum and decreased the crypt
depth of the ileum compared with the control group (P < 0.05;
Table 5). However, dietary addition of antibiotic decreased the
villus height of the jejunum compared with the control group
(P < 0.05; Table 5). A linearly higher villus height and a higher
V/C ratio were observed in the small intestine of broilers fed
Microcin C7 (P < 0.05; Table 5), and a linearly lower crypt depth
was observed in the duodenum (P = 0.03; Table 5), jejunum (P
< 0.05; Table 5), and ileum (P < 0.05; Table 5) of broilers fed
Microcin C7.

There was no significant difference in intestinal morphology
between all groups (Supplementary Figure S1).

Gene Expression in Jejunal Mucosa
On Day 42, diets supplemented with 4 mg/kg Microcin C7
significantly upregulated expression of Occludin compared with
the control group (P < 0.05; Figure 3). Diets supplemented with
2 and 4 mg/kg Microcin C7 upregulated the expression of ZO-1
compared with the control group (P < 0.05; Figure 3). However,
diets supplemented with Microcin C7 had no significant effect
on the expression of Claudin 3, Jam-2, or Mucin 2 compared
with control group. A quadratically higher gene expression of
Occludin and ZO-1 was observed in broilers fed Microcin C7 (P
< 0.05; Figure 3).

On Day 42, diets supplemented with 6 mg/kg Microcin C7 or
antibiotics significantly downregulated the expression of TNF-α
and IL-8 compared with the control group (P < 0.05; Figure 3).
Diets supplemented with Microcin C7 or antibiotics significantly
downregulated expression of IFN-γ compared with the control
group (P < 0.05; Figure 3). A linearly lower gene expression of
TNF-α (P = 0.05), IL-8 (P < 0.05), and IFN-γ (P < 0.05) was
observed in broilers fed Microcin C7 (Figure 3).

FIGURE 5 | Effect of Microcin C7 on cecal total bacteria, E. coli and Lactobacillus populations in ceca of broilers. (A) Number [log10(CFU/g)] of total bacteria. (B)

Number [log10(CFU/g)] of E. coli. (C) Number [log10(CFU/g)] of Lactobacillus. Within the same day, treatments that are significantly different from each other are

indicated by different letters above the bar (P < 0.05). Bars represent means ± SEM for 6 broilers per treatment. Bacterial number is expressed as log10 CFU per

gram of wet cecal digesta. Antibiotic control = broilers fed a basal diet with 45 mg/kg aureomycin plus 30 mg/kg bacitracin methylene disalicylate. Control = broilers

fed a basal diet. Microcin C7 = broilers fed a basal diet containing 2, 4, or 6 mg/kg Microcin C7.
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On Day 42, diets supplemented with 6 mg/kg Microcin
C7 or antibiotics significantly downregulated expression of
TLR4 and TLR2 compared with the control group (P <

0.05; Figure 3). Diets supplemented with Microcin C7 or
antibiotics significantly downregulated MyD88 compared with
the control group (P < 0.05; Figure 3). A linearly lower
gene expression of TLR4 (P < 0.05), TLR2 (P = 0.03), and
MyD88 (P < 0.05) was observed in broilers fed Microcin C7
(Figure 3).

However, neither Microcin C7 nor antibiotics had any
significant effects on expression of tight junction proteins,
adhesion junction proteins, pro-inflammatory cytokines,
chemokines, pattern recognition receptor, andMyD88 on Day 21
compared with the control group (P > 0.05; Figure 3). However,
a linearly lower gene expression of TLR2 was observed in broilers
fed Microcin C7 on Day 21 (P < 0.05; Figure 3).

Total sIgA in Ileal Mucosa
On Day 21, broilers fed with 6 mg/kg Microcin C7 had
significantly increased sIgA concentration compared
with the control group (P < 0.05; Figure 4). A linearly
higher content of sIgA was observed in broilers fed
Microcin C7 (P < 0.01; Figure 4). On Day 42, broilers
fed with Microcin C7 had significantly increased sIgA
compared with the control group (P < 0.05). A linearly
higher content of sIgA was observed in broilers fed
Microcin C7 (P = 0.02; Figure 4). However, feeding
antibiotics to broilers had no significant effect on sIgA
concentration (P > 0.05).

Quantification of Cecal Bacteria
On Day 21, diet supplemented with 6 mg/kg Microcin C7
decreased the population of E. coli compared with the control
group (P < 0.05; Figure 5). A linearly lower content of
the number of E. coli (log10CFU) was observed in broilers
fed Microcin C7 (P < 0.01; Figure 5). However, there was
no significant difference in the number of total bacteria
and Lactobacillus compared with controls. On Day 42, diets
supplemented with 6 mg/kg Microcin C7 decreased the
population of total bacteria (P < 0.05; Figure 5) and increased
the population of Lactobacillus compared with the control group
(P < 0.05; Figure 5). Diets supplemented with Microcin C7,
regardless of concentration, decreased the population of E. coli
(P < 0.05; Figure 5). A linearly lower content of the number
of total bacteria (log10CFU; P < 0.01) and E. coli (log10CFU;
P = 0.02) was observed in broilers fed Microcin C7 (P <

0.01; Figure 5). A linearly higher content of the number of
Lactobacillus (log10CFU) was observed in broilers fed Microcin
C7 (P < 0.01; Figure 5).

Ileal and Cecal SCFAs and Lactic Acid
Concentrations
On Day 21, broilers fed with 6 mg/kg Microcin C7 had increased
acetic acid, butyric acid, and valeric acids in ileal contents
compared with broilers fed the control diet (P < 0.05, Table 6).
A linearly higher content of acetic acid, butyric acid, and valeric
acid was observed in ileal contents of broilers fed Microcin C7
(P < 0.05; Table 6). On Day 42, broilers fed 6 mg/kg Microcin
C7 had increased lactic acid, acetic acid, and total SCFAs in
ileal digesta compared to control broilers (P < 0.05, Table 6). A

TABLE 6 | Effect of Microcin C7 on lactic acid and SCFA in ileal digesta (mg/kg of wet ileal digesta)1,2.

Item Antibiotic Control Microcin C7 (mg/kg) SEM P-value

2 4 6 ANOVA Linear Quadratic

Day 21

Lactic acid 903.51 1,097.43 1,315.59 1,323.14 1,377.82 153.01 0.87 0.63 0.84

Acetic acid 233.12b 233.47b 204.38b 222.56b 355.58a 11.65 <0.01 <0.01 <0.01

Propionic acid 3.23 4.16 3.33 3.69 4.92 0.29 0.35 0.40 0.15

Butyric acid 11.73a 9.51a 10.18a 11.54a 15.94b 3.78 0.02 <0.01 0.17

Valeric acid 2.67c 4.53b 4.23bc 5.52b 7.61a 0.38 <0.01 <0.01 0.05

Total SCFA3 1,159.78 1,398.26 1,532.17 1,545.23 1,726.86 171.25 0.86 0.58 0.95

Day 42

Lactic acid 5,842.16ab 4,579.27b 4,857.41b 4,924.22b 7,138.92a 308.88 0.04 0.01 0.13

Acetic acid 318.27a 178.22b 248.57ab 303.04a 320.15a 14.88 <0.01 <0.01 0.35

Propionic acid 3.29 3.01 3.54 4.85 4.62 0.28 0.13 0.04 0.55

Butyric acid 9.31 6.59 8.10 8.28 9.71 0.39 0.09 <0.01 0.95

Valeric acid 4.64 4.93 6.65 6.32 5.86 0.28 0.08 0.38 0.09

Total SCFA3 6,201.98ab 4,854.11b 5,189.72b 5,119.91b 7,557.73a 312.62 0.02 <0.01 0.09

1Each mean represents six broilers.
2Antibiotic control = broilers fed a basal diet with 45 mg/kg aureomycin plus 30 mg/kg bacitracin methylene disalicylate. Control = broilers fed a basal diet. Microcin C7 = broilers fed

a basal diet containing 2, 4, or 6 mg/kg Microcin C7.
3Total SCFA contains lactic acid, acetic acid, propionic acid, butyric acid, and valeric acid.
a,b,c,d,eMeans in the same row with different superscripts differ (P < 0.05).
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TABLE 7 | Effect of Microcin C7 on lactic acid and SCFA in cecal digesta (mg/kg of wet ileal digesta)1,2.

Item Antibiotic Control Microcin C7 (mg/kg) SEM P-value

2 4 6 ANOVA Linear Quadratic

Day 21

Lactic acid 51.96c 88.79bc 95.12b 121.80ab 151.20a 8.36 <0.01 <0.01 0.45

Acetic acid 3,016.09c 3,282.77bc 3,611.57ab 3,534.17ab 3,961.36a 85.77 <0.01 0.02 0.77

Propionic acid 314.87b 372.67b 367.90b 400.76b 557.26a 23.26 <0.01 0.05 <0.01

Butyric acid 874.78 905.75 933.13 1,008.74 1,026.27 34.37 0.60 0.27 0.96

Valeric acid 79.44 89.99 91.55 95.78 101.48 3.76 0.46 0.35 0.82

Total SCFA3 4,410.00b 4,767.38b 4,916.61ab 5,141.41ab 5,620.01a 128.86 0.03 0.04 0.57

Day 42

Lactic acid 44.69ab 33.83b 46.11ab 56.43a 58.33a 2.50 <0.01 <0.01 0.24

Acetic acid 4,047.24 3,924.25 3,621.77 3,905.69 3,964.46 72.73 0.44 0.84 0.73

Propionic acid 464.12b 567.70b 522.88b 554.58b 780.53a 27.10 <0.01 <0.01 <0.01

Butyric acid 1,152.20 1,175.74 1,247.13 1,233.60 1,290.44 40.73 0.85 0.41 0.93

Valeric acid 179.61 160.79 157.29 158.14 168.58 5.00 0.62 0.67 0.58

Total SCFA3 6,106.61 5,957.58 5,822.13 5,963.94 6,213.01 99.83 0.79 0.41 0.43

1Each mean represents six broilers.
2Antibiotic control = broilers fed a basal diet with 45 mg/kg aureomycin plus 30 mg/kg bacitracin methylene disalicylate. Control = broilers fed a basal diet. Microcin C7 = broilers fed

a basal diet containing 2, 4, or 6 mg/kg Microcin C7.
3Total SCFA contains lactic acid, acetic acid, propionic acid, butyric acid, and valeric acid.
a,b,c,d,eMeans in the same row with different superscripts differ (P < 0.05).

linearly higher content of lactic acid, acetic acid, propionic acid,
butyric acid, and total SCFAs was observed in ileal contents of
broilers fed Microcin C7 (P < 0.05; Table 6).

In cecal digesta, the lactic acid, acetic acid, propionic acid,
and total SCFAs were higher in broilers fed 6 mg/kg Microcin
C7 on Day 21 (P < 0.05; Table 7). A linearly higher content of
lactic acid, acetic acid (P < 0.05; Table 7), propionic acid (P =

0.05; Table 7), and total SCFAs (P < 0.05; Table 7) were observed
in cecal contents of broilers fed Microcin C7. On Day 42, birds
fed the highest concentration of Microcin C7 displayed increased
lactic acid and propionic acid concentrations compared with
control-fed broilers (P < 0.05; Table 7). A linearly higher content
of lactic acid and propionic acid was observed in cecal contents
of broilers fed Microcin C7 (P < 0.05; Table 7).

DISCUSSION

Microcin C7 is a ‘Trojan horse’ antimicrobial peptide which
can be imported effectively into bacterial cells and inhibits
protein synthesis through a mechanism of action that limits
development bacterial resistance to drugs (31). In this study,
we have demonstrated that broilers fed Microcin C7 tended to
express increased ADFI and ADG and a decreased F/G ratio. The
positive effect of antimicrobial peptides on growth performance
of broilers has been reported previously. Choi et al. reported that
diets supplemented with 90 mg/kg of the antimicrobial peptide
AMP-A3 improved the overall BW gain of Ross 308 chicks (32).
Xie et al. reported that diets supplemented with 100 g/t Partt ABP
(mainly composed of plectasin) and 100 g/t full-tide ABP (mainly
composed of cecropin) reduced the F/G ratio of commercial

818 broiler chickens during the overall feeding period (33). Hu
et al. reported that addition of swine gut intestinal antimicrobial
peptides (SGAMPs) improved ADG and reduced the F/G ratio
and histological lesions of Arbor Acre broilers under chronic
heat stress (34). In the present study, a high dose of Microcin
C7 (6 mg/kg) elicited improved growth performance, and an
intermediate dose ofMicrocin C7 (4mg/kg) supported the lowest
F/G ratio, which indicated the beneficial effects of Microcin C7
on the performance of broilers. Broilers fed with antibiotics did
not show improved performance except for the F/G ratio during
the entire period compared with birds fed control diets, and the
effect is not as good as that of Microcin C7.

Apart from their direct antimicrobial activities, antimicrobial
peptides also play an important role in innate immunity and
serve as regulators of pro- and anti-inflammatory responses
(13, 14). Blood biochemistry is an important indicator of animal
health. When the body is exposed to pathogens, immune cells
produce pro-inflammatory cytokines and chemokines to help
eliminate invaders. However, the rapid and excessive expression
of pro-inflammatory cytokines such as IL-1β, TNF-α, and IFN-
γ, often called a “cytokine storm”, causes cell and organ damage
(35, 36). In contrast, anti-inflammatory cytokines such as IL-4
and IL-10 resist the development of inflammatory responses. The
balance of pro- and anti-inflammatory cytokines is important for
the resolution of inflammatory diseases (37).Wang et al. reported
that the antimicrobial peptide Microcin J25 can significantly
downregulate pro-inflammatory cytokines, TNF-α, IL-1β, and
IL-6, in serum of broilers challenged with E. coli or Salmonella
(38). Yu et al. also reported that diets supplemented with
Microcin J25 significantly reduced cytokines IL-1β, IL-6, and
TNF-α and increased IL-10 in serum of weanling piglets (36).
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In the present study, Microcin C7 and the antibiotic diet
significantly decreased TNF-α and increased IL-10 in serum
on Day 42, which agrees with a previous study (38, 39). This
result showed that Microcin C7 has the potential to suppress
inflammatory responses and help maintain a desirable balance of
immune responses.

Immunoglobulins that have antibiotic activity are secreted
by plasma cells after immune stimulation and can directly
participate in humoral immunity. Immunoglobulins can
neutralize toxins and pathogen infections through specific
binding with corresponding antigens, as part of the antigen-
clearing activities of B cells (40). Hurtado et al. reported that
the human antimicrobial peptide LL-37 increased the sensitivity
of human peripheral B cells, enhancing B-cell activation and
increasing IgM and IgG production (41). Shan et al. also reported
that artificially synthesized antimicrobial peptide lactoferrin
effectively increased serum IgA, IgG, and IgM in weanling
piglets (42). Similarly, the present study demonstrated that
Microcin C7 and dietary antibiotic increased serum IgG and
IgM concentrations. This result showed that Microcin C7 has the
potential to improve the immune responses elicited by invasion
of pathogens.

The small intestine is the primary location for absorption
and transport of nutrients (33). Morphological changes reflect
the health status of the gut. Increased villus height is
related to increased villus absorption surface area, which can
enhance nutrient absorption and potentially improve growth
performance. Increased villus height also suggests increased
epithelial turnover and activation of cell mitosis (34). However,
increased crypt depth may reduce secretion of digestive enzymes
and nutrient absorption and eventually lower broiler’s growth
performance (43). Therefore, greater villus height, decreased
crypt depth, and greater V/C ratio suggest enhanced ability of
the gut to absorb nutrients. Some studies have shown beneficial
effects of antimicrobial peptides on intestinal morphology. Wen
et al. reported that the antimicrobial peptide CADN had a
positive effect on villus height and villus height/crypt depth ratio,
but a negative effect on crypt depth of the duodenum and ileum
of broilers at 42 days of age (44). Choi et al. reported that broilers
fed increasing levels of the antimicrobial peptide-A3 in diets had
linearly increased villus height of the duodenum, jejunum, and
ileum (32). Fan et al. reported that a mutated rabbit defensin
NP-1 improved duodenal morphology by increasing the length
of long and thin villi (45). In line with previous studies, the
present study shows that Microcin C7 significantly increased
villus height, decreased crypt depth, and increased the V/C ratio
in the small intestine. The result suggests that Microcin C7 has
the potential to maintain a favorable structure of the intestine,
promote absorptive capacity, and help maintain gut health.

Intestinal epithelial cells constitute barrier surfaces that
separate the host from the external environment. Tight junctions
connect adjacent intestinal epithelial cells and regulate intestinal
permeability. Tight junctions are composed of junction adhesion
molecules, the transmembrane protein Occludin, members of the
claudin family, and linker proteins such as the zonula occludens
protein family (46, 47). Tight junctions act as a barrier to harmful
molecules and provide a pore for the permeation of ions, solutes,

and water as appropriate (48). Disruption of the tight junction
barrier increases paracellular permeability to luminal antigens,
inflammatory factors, and bacterial translocation, which leads
to sustained inflammation, tissue damage, and reduced nutrient
retention (48, 49). In the present study, we demonstrated that
dietary Microcin C7, especially at 4 mg/kg, increased mRNA
expression of tight junction proteins, Occludin and ZO-1, but
had no significant effect on Claudin-3 and Jam-2. The ability
of 6 mg/kg Microcin C7 to promote gene expression of tight
junction protein ZO-1 and Occludin was not as good as 2
and 4 mg/kg Microcin C7. I guess it may due to the high
anti-inflammatory properties of 6 mg/kg Microcin C7, which
may have an irritant effect on the gastrointestinal tract in the
meantime. However, compared with the control group, 6 mg/kg
Microcin C7 had no side effect on the mRNA expression of
tight junction protein. Identical conclusions were reported by
Xie et al. who found that a diet supplemented with 100 g/t
Partt ABP (mainly composed of plectasin) and 100 g/t full-
tide ABP (mainly composed of cecropin) increased expression
of ZO-1 and Claudin-3 (33). Feng et al. also reported that
antimicrobial peptide Cathelicidin-BF increased the expression
level of ZO-1, Occludin, and Claudin-1 in the jejunum and
colon of weaned piglets compared with the control group (50).
Mucus, which covers the intestinal epithelial surface, is one of
the key components of gut barrier integrity (51). Mucin 2 is the
main component of the intestinal mucus and acts as a surface
cleaner and the first line of immune defense against pathogens
(52, 53). Xie et al. reported that a diet supplemented with 100
g/t Partt ABP (mainly composed of plectasin) and 100 g/t full-
tide ABP (mainly composed of cecropin) increased expression
of Mucin 2 (33). However, our results reported herein show
that Microcin C7 had no significant effect on Mucin 2. The
difference from Xie et al. may be the result of different types of
antimicrobial peptides, broilers, or rearing environments used in
two studies.

The gut harbors approximately 80% of the immune cells of
the whole body and considered to be the largest immunological
organ in the body. Consequently, the gut plays a central
role in immune regulation and defense against pathogens
and influences the overall health of the body (54). Intestinal
epithelial cells sense bacterial invasions and activate the immune
system by means of pattern recognition receptors (PRRs),
such as Toll-like receptors (TLRs) (55). When pathogens
invade, TLR signaling pathways are activated, which promote
inflammation and cause inflammatory bowel diseases (IBD).
TLR2 senses the presence of bacterial lipoproteins, lipoteichoic
acids, peptidoglycan, and zymosan. TLR4 is the predominant
receptor for LPS from gram-negative organisms. TLR2 and
TLR4 expressions are highly upregulated in IBD patients
(56). The activation of TLR signaling transduction pathway
is initiated by the LPS-LBP-CD14 complex, which signals
through the induction of a key linker molecular MyD88,
serine kinase IL-1R-associated kinase 4 (IRAK4), and adaptor
protein TNF receptor-associated factor 6 (TRAF6). These
molecules lead to activation of the transcription factor NF-
κB and activating protein 1 followed by cascades of mitogen-
activated protein kinases (57, 58). This triggers the induction
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of numerous genes including pro-inflammatory cytokines such
as IL-1β , IL-6, TNF-α, IFN-γ , chemokines such as IL-8, and
antigen-presenting molecules. Some researchers showed the
immune-regulating ability of antimicrobial peptides. Xie et al.
reported that a diet supplemented with 100 g/t Partt ABP
(mainly composed of plectasin) and 100 g/t full-tide ABP
(mainly composed of cecropin) significantly decreased the
expression of pro-inflammatory cytokines IL-17A and IFN-α,
which suppress intestinal inflammation (33). Feng reported
that the antimicrobial peptide Cathelicidin-BF suppressed pro-
inflammatory cytokines IL-6 and IL-22 and the chemokine
IL-8 in the jejunum and ileum (50). Yi et al. reported that
the antimicrobial peptide Cathelicidin-WA decreased gene and
protein expressions of TLR4 and MyD88 in the jejunum (59). In
line with previous studies, we demonstrated herein that Microcin
C7 suppressed mRNA expression of TLR-2, TLR4, MyD88; pro-
inflammatory cytokines TNF-α and IFN-γ ; and the chemokine
IL-8. This result showed that Microcin C7 has the potential to
attenuate intestinal inflammation and aid in the regulation of the
immune system.

Secretory IgA is the predominant mucosal immunoglobulin
in mammals and birds. sIgA provides immunological defense
by preventing pathogens from adhering to and penetrating
the mucosal epithelium and helping maintain symbiotic
relationships with commensal bacteria (60). Classically, sIgA
eliminates pathogens by inactivating bacterial enzymes and
toxins and blocking bacterial attachment (60, 61). Apart
from that, sIgA also plays an important role in induction
of tolerance to innocuous food antigens and commensal
bacteria under normal conditions (62). Bao et al. reported
that administration of a pig antimicrobial peptide enhanced
sIgA expression in both the duodenum and jejunum of
broilers compared with the control group (61). In another
study, researchers showed that antimicrobial peptides derived
from rabbit sacculus rotundus increased the area of IgA-
secreting cells in various intestinal segments (63). The
present study showed that administration of Microcin C7
could enhance sIgA expression in the ileum of broilers.
However, the dietary antibiotic had no effect on the expression
of sIgA. Antibiotic has a similar effect to Microcin C7.
This result showed that in addition to bactericidal ability,
Microcin C7 can also strengthen the host’s immunity in the
intestinal mucosa.

Antimicrobial peptides have broad-spectrum activity against
gram-negative and gram-positive bacteria (64, 65), fungi (66),
eukaryotic parasites (67), and viruses (68) in vitro (69). Previous
researchers demonstrated that antimicrobial peptides maintain
the equilibrium of intestinal microecology by suppressing
harmful pathogens and promoting proliferation of beneficial
microorganisms in vivo, which improved intestinal health.
Wen and He reported that the antimicrobial peptide CADN
decreased aerobic bacterial counts in both jejunal and cecal
digesta of broilers in a dose-dependent manner (44). Choi
et al. reported that broilers fed antimicrobial peptide-A3
had fewer excreta coliforms, total anaerobic bacteria, and
Clostridium spp. than broilers fed control diets (32). Zhang
et al. reported that dietary antimicrobial peptide plectasin

significantly decreased the quantity of E. coli and increased
the ratio between Lactobacilli and E. coli in the ileal contents
of 21-day-old yellow-feathered chickens (16). Tang et al. also
reported that the antimicrobial peptide lactoferrin significantly
decreased the number of E. coli and increased the number of
Lactobacilli and Bifidobacterium in the ileum, caecum, and colon
of weaned piglets (70). In agreement with previous studies,
our study reported herein showed that Microcin C7 decreased
total bacteria and E. coli and increased Lactobacillus in the
cecum of broilers, which indicated that Microcin C7 has the
potential to selectively regulate gut microbiota. Antibiotics also
can potentially regulate intestinal microbiota, but effects were not
as good as Microcin C7.

SCFAs and other organic acids such as lactate and succinate
are primary microbial fermented products degraded from dietary
carbohydrates through an extensive set of enzymes (71). SCFAs
are important fuels for intestinal epithelial cells and regulate
their proliferation and differentiation, which affect gut motility.
SCFAs reduce the pH of gut lumen, inhibit the growth of
harmful bacteria, and strengthen gut barrier function and host
metabolism (72). Yu et al. reported that dietary Microcin J25
increased lactate and SCFAs in feces of weanling piglets (39).
Yi et al. also reported that the antimicrobial peptide CWA
increased SCFA levels in feces of weanling piglets (59). In the
current study, we found that Microcin C7 increased lactate
and SCFA concentrations in the ileum and cecum of broilers,
which indicates that Microcin C7 has the potential to adjust the
balance of the intestinal microecology and maintain gut health.
Lactobacillus is the most abundant genus in the duodenum
(36–97%), jejunum (39–72%), and ileum (24–96%) at all ages.
In the ileum, the abundances of Lactobacillus are stable from
7 to 21 days of age and increased to 96.7% on Day 42 (73).
Therefore, in the current study, the content of lactic acid is
most abundant in the ileum followed by acetic acid. A sharp
increase of lactic acid from Day 21 to Day 42 can be seen
in our study. In the cecum, acetic acid, propionic acid, and
butyric acid are the most abundant SCFAs, but the content
of lactic acid is little. Cecal acetate, propionate, butyrate, and
valerate acids increase with age (73). This trend can be also
seen in our study. The relatively large intra-group variation of
SCFAs may be an important reason to explain the different
concentrations of SCFAs between birds at age of 21 and
42 days.

CONCLUSIONS

In conclusion, results obtained in this study indicated that
dietary supplementation with Microcin C7 can strengthen
immune functions, improve intestinal villus structures, enhance
intestinal barrier function, and regulate composition of intestinal
microbiota, which suggests its potential to improve growth
performance. Microcin C7 fed at 4 mg/kg has the best effect
on the F/G ratio and expression of tight junction proteins.
Microcin C7 fed at 6 mg/kg has the best effect on growth
performance, immune and anti-inflammatory functions, and
maintenance of intestinal homeostasis. Microcin C7 appears
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to have the greatest effects in the finisher stage of broiler
production. This may include two reasons. First, the effect
of Microcin C7 is cumulative. Second, broilers intake more
Microcin C7 during the finisher stage. These results indicated
that Microcin C7 can be used as a promising alternative to
traditional antibiotics.

As for overall mode of action for Microcin C7 peptide, we
suppose that gram-negative pathogens secrete enterotoxin,
release lipopolysaccharide, impair the intestinal barrier, and
further result in inflammatory bowel disease (48, 49, 56).
Microcin C7 exhibits antimicrobial activity against those
pathogens, resists pathogen invasion, and regulates gut
microbiota. As an immunomodulator, Microcin C7 can also
regulate intestinal immune functions and maintain intestinal
microecological balance. Since the intestine is the largest
immune and absorption organ, the enhancement of intestinal
health by Microcin C7 improves the serum index and further
improves growth performance. The specific mechanism
responsible for these positive observations will be verified
by bacterial infection or DSS-induced colitis model in our
future studies.
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Rumen bypass protein can enhance protein availability in the lower gut. This study

investigated the use of liquid-containing phytonutrients in dairy cows as a dietary

additives to reduce rumen protein degradation. Four crossbred lactating Holstein Friesian

cows (75% Holstein Friesian with 25% Thai native breed) with an initial body weight

(BW) of 410 ± 20 kg were randomly assigned to a 2 × 2 factorial arrangement

[two crude protein (CP) levels with soybean meal (SBM) or mangosteen peel liquid-

protected soybean meal (MPLP)-SBM] in a 4 × 4 Latin square design experiment.

Dietary treatments were as follows: T1 = SBM in low crude protein concentrate (LPC)

(SBM-LPC); T2 = MPLP-SBM in LPC (MPLP-SBM-LPC); T3 = SBM in high crude

protein concentrate (HPC) (SBM-HPC); T4 = MPLP-SBM in HPC (MPLP-SBM-HPC).

Apparent digestibilities of organic matter (OM) and neutral detergent fiber (aNDF) were

increased (p < 0.05) by CP level in the HPC diet (19% CP), with higher OM and

aNDF digestibilities. High crude protein concentrate increased (p < 0.05) the propionic

acid in the rumen but reduced (p < 0.05) the acetic acid-to-propionic acid ratio

and methane (CH4) production. Rumen microbial populations of the total bacteria,

Fibrobacter succinogenes and Butyrivibrio fibrisolvens were increased (p < 0.05) by

HPC. Real-time PCR revealed a 30.6% reduction of rumen methanogens by the MPLP-

SBM in HPC. Furthermore, efficiency of microbial nitrogen synthesis (EMNS) was 15.8%

increased (p < 0.05) by the MPLP-SBM in HPC when compared to SBM-LPC. Milk yield

and milk composition protein content were enhanced (p < 0.05) by both the CP level in

concentrate and by MPLP inclusion. In this experiment, a high level of CP and the MPLP-

SBM enhanced the ruminal propionate, shifted rumen microbiome, and enhanced milk

yield and compositions.
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INTRODUCTION

In the dairy industry, feed cost can contribute about 65–70%
of production cost; therefore, improvement of feed utilization
efficiency of milk production can have a significant impact on
the profitability of dairy cow farming (1). Balancing protein
requirement of both rumen-degradable protein (RDP) and
rumen-undegradable protein (RUP) could improve the supply
of metabolizable protein and reduce the mobilization of the
endogenous protein (2, 3). Protein utilization in lactating dairy
cattle can improve rumen fermentation and reduce nitrogen loss,
which would be beneficial to both animal stockholders and the
people (4).

Soybean meal (SBM) is a highly degradable protein in the
rumen and has a balance of highly available amino acids (5, 6).
Furthermore, SBM is an excellent source of RDP and up to 65%
of rumen degradability by rumen microbes (7). However, the
excessive degradability of SBM may not be beneficial to high-
producing dairy cows, since it increases urine nitrogen loss (6).
Some of the treatment methods to reduce rumen degradability
of SBM include extrusion, roasting, or expeller or the addition
of lignosulfonate, xylose, or formaldehyde and the use of plant
secondary compounds. Thesemethods can increase RUP fraction
of SBM up to 70% (8, 9). However, the use of phytonutrient
to protect protein sources and enhance protein utilization and
ruminant performance has very limited information (10, 11).
Because of their natural characteristics as compared to chemical
additives, phytonutrients condensed tannins (CTs) and saponins
(SPs) are important ruminant feed additives, in particular for use
as a CH4 mitigation strategy and to improve the rumen volatile
fatty acid (VFA) profiles (12, 13). Tannins are polyphenolic
compounds with high affinity to proteins. Under typical ruminal
conditions, these active components can form stable rumen
complexes and protect dietary protein from degradation (4, 10).
As a consequence of CT supplementation, decreasing protein
degradation in the rumen can decrease rumen ammonia nitrogen
(NH3-N) concentration. However, most of the tannin–protein
complexes are required to be dissociated under the acid condition
in abomasum, releasing both digestive and absorbent compounds
dependent on the binding affinity (14, 15). Naumann et al. (16)
stated that CT can decrease CH4 synthesis in the rumen either
directly or indirectly by decreasing methanogens or protozoal
populations, respectively. The CTs have a direct effect on rumen
methanogenic archaea by binding the proteinaceous adhesin
or parts of the cell envelope, thereby impairing the formation
of the methanogen protozoa complex, decreasing interspecies
hydrogen transfer, and inhibiting methanogen growth. However,
Ku-Vera et al. (17) reported that CTs operate as hydrogen sinks,

Abbreviations: ADF, acid detergent fiber; BUN, blood urea nitrogen; BW, body

weight; C2, acetic acid; C3, propionic acid; C4, butyric acid; CH4, methane; CP,

crude protein; CT, condensed tannins; DM, dry matter; EMNS, efficiency of

microbial nitrogen supply; FCM, fat-corrected milk; HPC, high crude protein

concentrate; LPC, low crude protein concentrate; MCP, microbial crude protein;

MPLP-SBM, mangosteen peel liquid-protected soybean meal; aNDF, apparent

neutral detergent fiber; NH3-N, ammonia nitrogen; OM, organic matter; OMDR,

organic matter digested in the rumen, MUN, milk urea nitrogen; PCR; polymerase

chain reaction; RDP, rumen-degradable protein; RUP, rumen-undegradable

protein; SBM, soybean meal; SP, saponins; TVFA, total volatile fatty acid.

reducing their availability for carbon dioxide reduction to CH4.
Makkar and Becker (18) found that SPs have the ability to form
complexes with the lipid membranes of bacteria, increasing their
permeability, causing an imbalance and, as a result, lysis of the
bacterium. The majority of SPs have an effect on protozoa.

Mangosteen (Garcinia mangostana) peel is a tropical country
agricultural by-product with 16.7% CT and 9.8% SP, which
may inhibit some rumen microbes to minimize enteric CH4

production. Mangosteen peel as a source of phytonutrients
has the potential to be used in feeds for ruminants, with the
benefit of reducing the production of CH4 and biohydrogenation
without adverse effects on ruminal pH and VFA but reduced
methanogenic population in the rumen, thus likely reducing
the production of CH4 in beef cattle and swamp buffaloes
(19, 20). The anti-methanogenic activities of CT are linked
to a combination of direct toxicity on methanogenic archaea,
decreased fiber degradation, or OM digestibility (21, 22).
Wanapat et al. (23) stated that mangosteen peel supplementation
at 100 g/head/day decreased numbers of methanogens,
whereas it increased microbial protein synthesis in swamp
buffaloes. Furthermore, Polyorach et al. (24) revealed that
mangosteen peel supplementation in lactating dairy cows
increased the total bacteria, while the protozoal and methanogen
populations decreased. Furthermore, feeding non-protein
nitrogen (NPN) such as urea in concentrate may enhance
feed intake, digestibility, microbial protein production, and
rumen fermentation efficiency, increasing the performance of
ruminants fed low-quality roughages (25). Synchronization
of ruminal ammonia and energy availability utilizing highly
degradable carbohydrates in combination with easily available
NPN sources such as urea has been shown to improve the
productivity of ruminant though and increased the efficiency of
utilization of NH3-N for microbial protein synthesis (25).

Rumen bypass protein is essentially required at the lower
gut for digestion, absorption, and utilization by ruminants.
A novelty of using mangosteen peel liquid (MPL) containing
phytonutrients (CTs and SPs) was developed to protect SBM
from rumen degradation and enhance the concentration of
protein available in the lower gut. The hypothesis of the
experiment was that mangosteen peel liquid-protected soybean
meal (MPLP-SBM) could improve the nutrition of feed protein,
thus improving milk yield and milk quality in lactating dairy
cows. The objective was to determine the effect of MPLP-SBM
on rumen fermentation, microbiomes, synthesis of microbial
protein, and production of milk yield and composition in
lactating dairy cows.

MATERIALS AND METHODS

Preparation of Mangosteen Peel
Liquid-Protected Soybean Meal
Fresh mangosteen fruits were purchased from a local market
in Muang Khon Kaen, Khon Kaen, Thailand. The fruit pulps
were removed, and the peels were dried at 60◦C for 48 h and
ground to pass through a 1-mm sieve (Cyclotech Mill, Tecator,
Hoganas, Sweden). The mangosteen peel meal was mixed with
water at 1:5 ratio by adding 1 g of mangosteen peel meal into
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5ml of distillate water. After thorough mixing, it was drained
to obtain the mangosteen peel extract solution. The solution
was then sprayed onto SBM at 100 g, mixed well by a mixing
rotary, and then oven-dried at 60◦C for 12 h to obtain the MPLP-
SBM. Representative samples of MPLP-SBM were collected and
composited, and subsamples and were chemically analyzed for
dry matter (DM), organic matter (OM), crude protein (CP),
apparent neutral detergent fiber (aNDF), acid detergent fiber
(ADF), CT, and SP.

Animals, Experimental Design, and Dietary
Treatments
Four crossbred Holstein Friesian cows (75% Holstein Friesian
with 25% Thai native breed) with initial body weight (BW) of
410 ± 20 kg, 125 ± 24 days in milk, and with initial milk yield
of 15 ± 5 kg/cow/day were used for the study. The experiment
was evaluated in a 4 × 4 Latin square design with four periods,
each lasting 21 days, and dietary treatments were as follows: T1
= SBM in low crude protein concentrate (LPC) (SBM-LPC); T2
= MPLP-SBM in LPC (MPLP-SBM-LPC); T3 = SBM in high
crude protein concentrate (HPC) (SBM-HPC); T4=MPLP-SBM
in HPC (MPLP-SBM-HPC). The concentrate diet was fed to each
cow at the ratio of 1:2 of concentrate tomilk yield, while rice straw
was ad libitum. Feed ingredients and chemical compositions of
concentrate and rice straw used in this experiment are presented
in Table 1. Cows were kept in individual pens and were fed twice
daily at milking time. There was clean fresh water and mineral
blocks available all the time. Cows were weighed at the start and
at the end of each period.

Data Collection, Analysis, and Sampling
Procedures
Feed, feces, and urine samples were collected during the last 7
days of each period. The feces were collected by rectal sampling,
while urine sample was collected by spot sampling following
manual stimulation of the vulva to stimulate urination. The
urine samples were continuously kept by the addition of sulfuric
acid (H2SO4) to prevent volatilization of NH3-N. One hundred
milliliters of urine were sampled daily, filtered, and frozen to
−18◦C for nitrogen analysis later.

The feeds and fecal samples were oven-dried at 60◦C; each
sample was ground to pass through a 1-mm sieve (Cyclotech
Mill, Tecator, Hoganas, Sweden) and was chemically analyzed
using the method of AOAC (26) for DM (ID 967.03) and ash (ID
942.05). The ANKOM fiber analyzer (ANKOM A200, ANKOM
Technology, NY, USA) was used for determining aNDF and
ADF. The ADF content was analyzed according to an AOAC
(26) method (ID 967.03) and was expressed inclusive of residual
ash; aNDF in samples was estimated according to Van Soest et
al. (27) with addition of α-amylase but without sodium sulfite,
while acid-insoluble ash was measured according to Van Keulen
and Young (28). Total nitrogen (N) was determined according to
AOAC (26) (ID 984.13). Content of CT was analyzed by using the
modified vanillin-HCl method; SPs were analyzed by using the
modified vanillin-sulfuric acid method as described by Wanapat
and Poungchompu (29).

Urine samples were chemically analyzed for allantoin
and creatinine concentrations using high-performance liquid
chromatography (HPLC; instruments by Water and Novapak
model 600E; water mode 484 UV detector; column Novapak C18;
column size 3.9 × 300mm; Waters Corporation, Milford, MA,
USA) and were used to determine microbial purines and total
protein of microbes (30). Microbial crude protein (MCP) (g/day)
= 3.99 × 0.856 × mmoles of purine derivatives excreted was
determined by themethod of Galo andKnapp (31). The efficiency
of microbial nitrogen synthesis (EMNS) [g of N/kg of organic
matter digested in the rumen (OMDR)], assuming that rumen
digestion= 65% of OM digestible in total tract (32).

Milk production of all cows was collected every day. Milk
samples were randomly collected twice per day in the morning
at 5:00 a.m. and in the afternoon at 4:00 p.m. and mixed at
70:30 (from morning and afternoon milk collected) for analysis
of fat, protein, lactose, total solids, and solids-not-fat content
using Milko-Scan33 (Foss Electric, Hillerod, Denmark). Milk
urea nitrogen (MUN) was determined using Sigma kits #640
(Sigma Diagnostics, St. Louis, MO, USA).

On the last day of each sampling period, rumen fluid
and jugular blood samples were collected at 0 and 4 h after
feeding. Using a stomach tube connected to a vacuum pump,
approximately 200ml of rumen fluid was obtained from the
rumen. Rumen fluid was immediately measured for temperature
and pH using a portable pH meter (Hanna instrument HI
8424 microcomputer, Pte. Ltd., m 161 Kallang Way, Singapore)
and then thoroughly filtered through four layers of cheesecloth.
Samples were divided into three portions: first portion of rumen
fluid was used for rumen NH3-N analysis and total VFA using
5ml of 1M H2SO4 mixed to 45ml of rumen fluid, which was
then centrifuged at 16,000 × g for 15min, and the supernatant
was kept at −20◦C before NH3-N analysis (Kjeltech Auto 1030
Analyzer, Tecator, Höganäs, Sweden). The concentrations of
rumen VFA profiles were analyzed using HPLC (instruments by
Water and Novapak model 600E; water mode 484 UV detector;
column Novapak C18; column size 3.9 × 300mm; mobile
phase10mM H2PO4, pH 2.5; Waters Corporation, Milford, MA,
USA) (33). According to Moss et al. (34), the calculation of
ruminal CH4 production was based on using VFA proportions
as follows: CH4 production= 0.45 (C2) – 0.275 (C3)+ 0.4 (C4).

A second portion of rumen fluid was kept with 10% formalin
solution in sterilized 0.9% saline solution for the total direct
counts of protozoa (35). The final portion of rumen fluid was
preserved at −20◦C for extraction of deoxyribonucleic acid
(DNA) (36).

Blood samples were collected from a jugular vein at each
sampling time as for rumen fluid and kept into the tubes to
which ethylene diamine tetra acetic acid was added. Samples were
refrigerated for 1 h and then centrifuged at 3,500 × g for 20min
(Table Top Centrifuge PLC-02, Taipei, Taiwan). The plasma was
removed and stored at −20◦C for the analysis of blood urea
nitrogen (BUN) (37).

Rumen Microbial Population
Community DNA was extracted using Yu and Morrison (36)
method. The DNA was purified using columns from QIAgen
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DNA Mini Stool Kit (QIAGEN, Valencia, CA, USA). Standard
PCR conditions for Fibrobacter succinogenes were as follows:
30 s at 94◦C for denaturing, 30 s at 60◦C for annealing, and
30 s at 72◦C for extension (48 cycles). For the first cycle, 9-min
denaturation time was used. In the last cycle, extension was for
10min. Amplification of 16S rRNA for Ruminococcus flavefaciens
and Ruminococcus albus was defined in a similar method, with
the exception that the annealing temperature was set to 55◦C
according to Koike and Kobayashi (38). The isolation of genomic
DNA was used in real-time quantitative PCR assays with power
SYBR Green PCR Master Mix (Applied Biosystems, Warrington,
UK), forward and reverse primers, and template DNA. Specified
primers were used to measure the microbial population of
total bacteria according to Edwards et al. (39), F. succinogenes,
R. flavefaciens, and R. albus (38), Butyrivibrio fibrisolvens and
Megasphaera elsdenii (40), protozoa (41), and methanogenic
archaea (42). The DNA standards Real-time PCR amplification
and detection were determined using a Chromo 4TM system
(Bio-Rad, CA, USA). The data of microbial population were
transferred to log10 prior to statistical analysis.

Statistical Analysis
The results were analyzed in a 4× 4 Latin square design with 2×
2 factorial arrangement of treatments with two CP levels (low and
high) and two treatments (no treatment and MPLP treatment)
using the mixed procedure of the SAS program (43). Data were
analyzed using the model:

Yijk= l+Mi+ Aj+ Pk+ eijk
where Yijk is the observation from animal j, receiving diet i, in

period k; l, the overall mean; Mi, effect of treatment (i= 1–4); Aj,
the effect of animal (j = 1–4); Pk, the effect of period (k = 1–4);
and eijk, the residual effect. Significance was declared at p < 0.05.

RESULTS

Feed Intake and Nutrient Digestibilities
There was no interaction effect between CP levels of concentrate
diet and MPLP-SBM on total DM intakes and digestibilities of
nutrients as presented in Table 2. The nutrient digestibilities
of OM and aNDF were increased (p < 0.05) by HPC (19%
CP). Digestibility of CP was decreased (p < 0.05) when cows
were supplemented with MPLP-SBM. In contrast, no effects on
digestibilities of DM and ADF by CP level and MPLP-SBM
supplementation were found (p > 0.05).

Rumen Fermentation
There was no interaction effect between CP levels of concentrate
diet and MPLP-SBM on ruminal pH, NH3-N concentration,
rumen ecology, total VFA, and VFA profiles (Table 3). Protein
levels of concentrate diet and MPLP-SBM supplementation did
not reveal any effects on ruminal pH and ruminal temperature
in dairy cow. Rumen NH3-N concentration and BUN were
decreased with MPLP-SBM supplementation (p < 0.05). The
molar proportions of the respective VFA profiles revealed that
there was no interaction between CP level of concentrate diet
and MPLP-SBM on C2, C3, C4, and C2:C3 ratio. Both CP levels
of concentrate diet and MPLP-SBM increased total VFA and C3

TABLE 1 | Chemical composition of concentrate and rice straw used in the

experiment.

Ingredients Low crude

protein

High crude

protein

Rice straw

–

MPLP

+

MPLP

–

MPLP

+

MPLP

Feed ingredients

Cassava chip 500 500 490 490

Rice bran 180 180 180 180

Untreated soybean meal 200 – 200 –

MPLP soybean meal – 200 – 200

Palm kernel meal 70 70 70 70

Urea 15 15 25 25

Molasses 5 25 5 25

Salt 5 5 5 5

Sulfur 5 5 5 5

Di-calcium 5 5 5 5

Premix 5 5 5 5

Chemical composition

Dry matter, g/kg 916 914 911 913 921

Organic matter 946 958 949 948 893

Crude protein 161 162 191 192 28

Neutral detergent fiber 181 179 175 178 716

Acid detergent fiber 156 154 150 153 514

Condensed tannins 5 18 6 19 -

MPLP, mangosteen peel liquid-protected treated.

(p < 0.05). However, CP level of concentrate diet decreased (p
< 0.05) the C2:C3 ratio, while MPLP-SBM decreased the rumen
CH4 production (p < 0.01).

Ruminal Microbes
Table 4 shows the effect of CP level and/or MPLP-SBM
supplementation on the rumen microorganism population.
There was no interaction effect between CP level in concentrate
diet and MPLP-SBM supplementation on rumen microorganism
population. Moreover, total bacteria, F. succinogenes and B.
fibrisolvens populations were increased by both higher CP
level in concentrate and presence of MPLP-SBM (p < 0.05).
Methanogens and protozoal population were decreased when
cows were supplemented with MPLP-SBM (p < 0.05).

Microbial Protein Synthesis
There was no interaction effect between CP level in concentrate
diet and MPLP-SBM supplementation on purine derivative,
MCP, and EMNS, as shown in Table 5. The excretion of allantoin
was not altered in any treatment (p > 0.05). However, the
absorption of allantoin and MCP were increased by MPLP-SBM
supplementation (p < 0.05). The allantoin absorption ranged
from 261.4 to 315.2 g/day. In addition, the EMNS was increased
in cows supplemented with MPLP-SBM (p < 0.05).

Milk Yield and Compositions
There was no significant interaction effect between CP level in
concentrate diet and MPLP-SBM supplementation on milk yield
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TABLE 2 | Effect of crude protein level and mangosteen peel liquid-protected soybean meal on voluntary feed intake and apparent digestibility in lactating dairy cows.

Items Low

crude protein

High

crude protein

SEM p-Value

–

MPLP

+

MPLP

–

MPLP

+

MPLP

Pro MPLP Pro × MPLP

Dry matter intake, kg/day

Rice straw 3.4 3.7 3.6 3.7 0.071 0.16 0.56 0.84

Concentrate 8.9 9.5 10.5 11.0 0.584 0.55 0.54 0.58

Total 12.3 13.2 14.1 14.7 0.069 0.13 0.73 0.66

Apparent digestibility

Dry matter 0.641 0.644 0.653 0.662 0.032 0.47 0.09 0.72

Organic matter 0.651 0.652 0.670 0.665 0.014 0.04 0.12 0.65

Crude protein 0.638 0.610 0.642 0.613 0.028 0.10 0.04 0.09

aNeutral detergent fiber 0.581 0.590 0.616 0.609 0.025 0.04 0.09 0.08

Acid detergent fiber 0.442 0.454 0.439 0.456 0.014 0.13 0.51 0.66

Pro, protein level; MPLP, mangosteen peel liquid-protected treated; Pro × MPLP, protein level × mangosteen peel liquid-protected treated; SEM, standard error of the mean. aNDF,

neutral detergent fibraNeutral detergent fiber, amylase-treated neutral detergent fiber.

TABLE 3 | Effect of crude protein level and mangosteen peel liquid-protected soybean meal on ruminal fermentation and blood urea nitrogen in lactating dairy cows.

Items Low

crude protein

High

crude protein

SEM p-Value

–

MPLP

+

MPLP

–

MPLP

+

MPLP

Pro MPLP Pro × MPLP

Ruminal fermentation

pH 6.7 6.8 6.8 6.8 0.564 0.62 0.41 0.54

Temperature, ◦C 39.7 39.6 39.5 39.6 0.311 0.42 0.75 0.18

NH3-N, mg/dl 13.9 12.1 17.1 15.0 0.791 0.02 0.04 0.09

Blood urea nitrogen, mg/dl 14.7 12.6 18.1 16.8 0.609 0.04 0.02 0.41

VFA

Total VFA, mmol/l 106.7 110.6 111.6 118.7 0.508 0.04 0.04 0.71

Acetic acid (C2), mol/100mol 64.8 64.4 65.4 64.6 0.971 0.12 0.11 0.88

Propionic acid (C3), mol/100mol 23.9 25.7 24.2 26.0 0.633 0.21 0.02 0.09

Butyric acid (C4), mol/100mol 11.3 9.9 10.4 9.4 0.442 0.32 0.02 0.68

p-Value 2.7 2.5 2.7 2.5 0.194 0.14 0.03 0.65

Methane, mM/la 27.1 25.9 26.9 25.6 0.709 0.08 0.03 0.21

Pro, protein level; MPLP, mangosteen peel liquid-protected treated; Pro × MPLP, protein level × mangosteen peel liquid-protected treated; SEM, standard error of the mean.
aCalculated according to Moss et al. (34).

Methane production = 0.45 (acetate) – 0.275 (propionate) + 0.4 (butyrate).

and compositions (Table 6). Milk yield and 3.5% FCM yield
were found the highest in cows supplemented with MPLP-SBM
in concentrate containing high crude protein. Moreover, milk
compositions including fat, lactose, solids-not-fat, total solids,
and MUN were not affected (p > 0.05) by CP level and MPLP-
SBM supplementation, but milk protein was increased (p < 0.05)
in the high crude protein level in concentrate diet.

DISCUSSION

Feed Intake and Nutrient Digestibilities
Dietary CP concentration in ruminant rations is an important
factor supporting growth and lactation. Colmenero and

Broderick (44) reported that increased level of CP resulted in
an improvement of CP and ADF digestibilities (p < 0.05), while
Dung et al. (45) found that HPC increased CP digestibility
but had no effect on DM, OM, and NDF digestibilities. In the
present study, the nutrient digestibilities of OM and aNDF were
increased (p < 0.05) by the HPC (19% CP).

Mangosteen peel liquid used in this study contained CT 16.9%
and SP 9.6%, which was comparable to that of Wanapat et al.
(23) who reported that mangosteen peel contained CT 17.9% and
SP 9.2%. Under this trial, MPLP-SBM did not change the DM
intakes. Manasri et al. (46) found when supplemented CT from
mangosteen peel at 0.12 g/head/day did not have an effect on
DM intake in beef cattle, while Polyorach et al. (24) also found
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TABLE 4 | Effect of crude protein level and mangosteen peel liquid-protected soybean meal on rumen microbial population in lactating dairy cows.

Items Low

crude protein

High

crude protein

SEM p-Value

–

MPLP

+

MPLP

–

MPLP

+

MPLP

Pro MPLP Pro × MPLP

Direct count, cell/ml

Protozoa, ×105 7.2 4.9 7.8 5.3 0.981 0.642 0.019 0.438

Real-time PCR, copies/ml rumen content

Total bacteria, ×108 0.7 4.6 7.7 9.8 0.210 0.02 0.02 0.33

F. succinogenes, ×107 2.6 3.4 6.8 7.5 0.135 0.02 0.02 0.41

R. flavefaciens, ×106 4.7 4.4 5.7 5.2 0.047 0.72 0.51 0.22

R. albus, ×107 3.5 4.1 4.6 5.4 0.065 0.68 0.31 0.42

B. fibrisolvens, ×106 2.1 3.2 5.5 6.1 0.081 0.02 0.02 0.12

M. eleinii, ×107 3.5 4.1 4.6 5.4 0.042 0.36 0.05 0.71

Methanogens, ×103 5.7 3.2 4.9 3.4 0.059 0.41 0.03 0.16

Protozoa, ×104 4.8 3.2 5.1 3.6 0.198 0.71 0.03 0.53

Pro, protein level; MPLP, mangosteen peel liquid-protected treated; Pro × MPLP, protein level × mangosteen peel liquid-protected treated; SEM, standard error of the mean.

TABLE 5 | Effect of crude protein level and mangosteen peel liquid-protected soybean meal on microbial protein synthesis in lactating dairy cows.

Items Low

crude protein

High

crude protein

SEM p-Value

–

MPLP

+

MPLP

–

MPLP

+

MPLP

Pro MPLP Pro × MPLP

Purine derivatives, mmol/day

Allantoin excretion 236.9 254.4 261.9 272.7 3.198 0.43 0.71 0.42

Allantoin absorption 261.4 283.1 287.7 315.2 2.654 0.07 0.04 0.06

Urine creatinine 26.2 26.5 27.3 28.6 0.614 0.06 0.05 0.05

MCPa, g/day 702.4 720.3 735.7 764.6 1.637 0.03 0.01 0.21

EMNSb, g/kg OMDR 25.9 27.1 28.4 32.9 0.879 0.04 0.01 0.41

Pro, protein level; MPLP, mangosteen peel liquid-protected treated; Pro × MPLP, protein level × mangosteen peel liquid-protected treated, SEM, standard error of the mean.
aMicrobial crude protein (MCP) (g/day) = 3.99 × 0.856 × mmol of purine derivatives excreted (31).
bEfficiency of microbial nitrogen supply (EMNS), g/kg of organic matter (OM) digested in the rumen (OMDR) = {[MCP (g/day) × 1,000]/DOMR (g)}, assuming that rumen digestion =

65% of digestion in total tract.

supplementation of MSP at 300 g/head/day with YEFECAP as
a protein source in concentrate mixture remarkably improved
the microbial fermentation efficiency. Supplementation of
mangosteen peel at 300 g/head/day remarkably improved the
microbial fermentation efficiency in dairy cows. However, when
high CT was used, the apparent digestibility of nutrients was
reduced (p < 0.05) (4, 19). Dschaak et al. (47) showed that the
supplementation of 3% quebracho CT resulted in reduced DM
intake, while the production of milk and milk composition were
unchanged. The variety and concentration of phytonutrients of
the plant may also be due to many effects including type and
growth stages. There were no significant interaction effects of
the two factors found on DM intakes and nutrient digestibilities
under this experiment.

Rumen Fermentation
Ruminal temperature and pH remained unchanged among the
dietary treatments, and both were in optimum range (pH 6.5–7.0)

especially for fiber digestion (48). In the present study, increasing
the dietary CP level increased (p < 0.05) the concentration
of NH3-N. Similarly, Xia et al. (49) reported that the NH3-
N concentration of the bulls receiving the high crude protein
level was significantly higher than those receiving the low crude
protein diet. In contrast, Bahrami-Yekdangi et al. (50) observed
that the concentration of NH3-N diet was unchanged.

The concentration of NH3-N was reduced (p < 0.05) by
MPLP-SBM. This could be due to increased microbial protein
synthesis that can consequently reduce the NH3-N concentration
in the rumen. However, CTs have a high capacity for CP binding
in the rumen and would reduce dietary protein loss by ammonia
production, thus improving protein utilization (22). El-Waziry
et al. (51) found that the concentration of ruminal NH3-N
was decreased with protected SBM. Reducing NH3-N in the
rumen means that treated SBM reduced peptide degradation,
proteolysis, and amino acid deamination in the rumen (52).
Both factors exhibited significant effects, but there were no

Frontiers in Veterinary Science | www.frontiersin.org 6 January 2022 | Volume 8 | Article 77204364

https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles


Phesatcha et al. Rumen Microbiome and Rumen Fermentation

TABLE 6 | Effect of crude protein level and mangosteen peel liquid-protected soybean meal on milk yield and composition in lactating dairy cows.

Items Low

crude protein

High

crude protein

SEM p-Value

–

MPLP

+

MPLP

–

MPLP

+

MPLP

Pro MPLP Pro × MPLP

Production

Milk yield, kg/day 17.8 19.2 21.8 23.5 0.886 0.039 0.04 0.41

3.5% FCM, kg/day 18.6 21.1 24.3 26.2 0.879 0.010 0.04 0.49

Fat 3.8 4.1 4.2 4.2 0.418 0.195 0.29 0.61

Protein 3.1 3.4 3.7 3.8 0.154 0.020 0.13 0.07

Lactose 4.6 4.7 4.7 4.7 0.104 0.187 0.36 0.12

Solids non-fat 9.2 9.1 9.2 9.3 0.207 0.081 0.45 0.33

Total solids 13.8 14.1 14.3 14.0 0.388 0.652 0.51 0.21

Milk urea N, mg/dl 12.4 12.6 12.8 13.1 0.547 0.174 0.19 0.29

Pro, protein level; MPLP, mangosteen peel liquid-protected treated; Pro × MPLP, protein level × mangosteen peel liquid-protected treated; SEM, standard error of the mean; FCM,

fat-corrected milk.

interactions. Ampapon et al. (20) stated that plant phytonutrients
such as CT exhibited selective suppression of cellulolytic bacteria
in the rumen. Due to the complexation of protein–tannin,MPLP-
SBM supplementation in the diet has beneficial effects, reducing
the availability of feed protein for possible ruminal degradation
to produce ammonia–nitrogen. The concentrations of total VFA
and C3 were increased (p < 0.05) by protein level or by MPLP
inclusion. Wanapat et al. (23) reported that the mangosteen
peel supplementation in buffaloes impacted total rumen VFA
production and increased the C3 concentration, while reducing
C2:C3 and the production of CH4. Additionally, Polyorach et
al. (24) also demonstrated that the use of CT from mangosteen
powder could increase total VFA concentration especially C3.
Moreover, under the present study, CH4 production was reduced
(p < 0.05) by MPLP-SBM supplementation. These results could
be due to the suppression of methanogens that adhered to
protozoa in the rumen for additional activity. Poungchompu
et al. (19) revealed that plants containing CT and SP greatly
improved ruminal feed degradation by mitigating the C2

concentration and CH4 production, hence enhancing the C3

concentration. Recently, Ampapon et al. (20) revealed that
supplementing mangosteen peel could reduce the production
of CH4 by suppressing ruminal protozoa. However, the results
of mangosteen peel supplementation did not change total VFA
and individual VFA as reported by Ngamsaeng et al. (53). Many
previous studies have stated that CT and SP or their extracts were
effective in reducing CH4 production in both in vitro and in vivo
studies (54, 55). Only the MPLP supplementation resulted in a
reduction (p < 0.05) of C2:C3 ratio and CH4 production, and no
interactions were found.

Ruminal Microbes
The populations of cellulolytic bacteria, F. succinogenes and
B. fibrisolvens were increased (p < 0.05), while those of M.
elsdenii were not changed (p > 0.05) by the MPLP-SBM. The
populations of R. albus and R. flavefaciens were not changed
while methanogen was decreased (p < 0.05) when cows were

supplemented with MPLP-SBM. Dong et al. (56) found that
Moringa oleifera containing CT altered the composition and
diversity of methanogens, hence mitigating CH4 emissions in
dairy cows. However, Anantasook et al. (57) revealed that
the population of F. succinogenes was increased when dairy
cows were fed with Samanea saman (rain tree pod meal)
containing CT and SP possibly as an effect of suppression
of protozoa and methanogen numbers. Norrapoke et al. (58)
described the fibrolytic bacteria species in the rumen and noted
that R. flavefaciens, R. albus, and F. succinogenes to a higher
extent degraded crystalline cellulose more effectively than the
ruminococcal species (38). In the present study, methanogens
were significantly reduced (p < 0.05) when dairy cows were
supplemented with MPLP-SBM. Wanapat et al. (23) stated that
mangosteen peel supplementation at 100 g/head/day in swamp
buffaloes increased the total number of rumen bacteria and R.
flavefaciens, while methanogens were decreased (p < 0.05). Both
factors under this investigation showed significant effects on total
bacteria, F. succinogenes and B. fibrisolvens, but no interaction
effects between the CP level and MPLP-SBM were obtained.

Microbial Protein Synthesis
In the present study, CP in concentrate diet and MPLP-SBM
did not affect allantoin excretion and urine creatinine in milking
dairy cows. Zhang et al. (4) stated that CT supplementation
in milking dairy cows altered the N excretion route, led to
less urinary N excretion, but failed to alter the N utilization
efficiency for milk production. Under this work, only a high
level of CP in concentrate impacted MCP. Most of the proteins
supplied to the small intestine of ruminants could be supplied
by microbial protein synthesis in the rumen, comprising 50–
80% of overall absorbable protein (59), while MCP in the
present study ranged from 702.4 to 764.6 g/day. Furthermore,
high crude protein supplementation with MPLP-SBM inclusion
resulted in the highest MCP among the treatments. Wanapat
et al. (23) noted that when total dietary N intake was low,
urea supplementation enhanced the EMNS. Higher amount of
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urea recycling could enhance microbial protein synthesis, hence
the EMNS, accordingly (60). Wanapat et al. (23) stated that
ruminal microbial CP synthesis is primarily dependent on the
sufficiency of carbohydrates as an energy source and the available
NPN. Also, lactating dairy cows supplemented with CT resulted
in improved EMNS (24). Both the ruminal dietary protein
degradation and the synchrony of nitrogen and energy balance
will affect the effectiveness of any dietary supplement, including
CT supplements, on the EMNS (61, 62). Among the parameters
MCP and EMNS were significantly increased by both factors, and
no interactions were found.

Milk Yield and Compositions
In the present study, increasing the dietary CP level resulted
in improved milk yield. This finding is consistent with Law et
al. (63) who found increases in milk yield as dietary CP was
increased. However, Xia et al. (49) revealed that milk yield did
not differ across CP levels in the diet.

Milk yield and milk protein were significantly increased
with the supplementation of MPLP-SBM. The CT’s MPLP-SBM
content may interact with SBM to produce a CT–protein bound
complex that would prevent the digestion of dietary protein in
the rumen with higher dietary protein flow to the duodenum
that could be achieved for the dairy cows (21). Anantasook et
al. (57) stated that supplementation with CT from rain tree pod
meals resulted in a higher milk protein and solids non-fat when
compared with the control. Broderick et al. (64) suggested that
silage containing 0.5% of CT improved milk yield and milk
protein. Tannins have the potential to increase RUP in a diet,
and when combined with high-quality protein that contains a
significant amount of limiting amino acid like methionine and
lysine, this could lead to an improvement in N efficiency and
milk production by increasing the flow of an adequate supply
of amino acid to the small intestine (11). In addition, Polyorach
et al. (24) found that mangosteen peel supplementation could
enhance DM intake and digestibility of nutrients and improve the
fermentation process, milk yield, and composition in lactating
dairy cows. However, Benchaar et al. (65) noted that when plants
rich in tannins were supplemented in the diets of dairy cows,
milk composition remains unchanged. Both factors resulted in
significant enhancement of milk yield and 3.5% FCM, but there
were no interactions found.

Blood urea nitrogen has been shown to be an indicator of
the metabolism of nitrogen in ruminants, and higher BUN can
imply greater degradation of the ruminal protein (66). The
concentration of BUN and MUN were not changed among

treatments, and the values were in the normal range. Roseler et
al. (67) and Jonker et al. (68) reported the normal ranges of 15
mg/dl for MUN and 5–6 mg/dl for BUN.

CONCLUSIONS

High crude protein level in concentrate and MPLP-SBM
supplementation enhanced rumen C3, but reduced C2:C3 ratio
and CH4 production. Total bacterial numbers and F. succinogenes
population were increased (p < 0.05) with high protein level
in concentrate and MPLP-SBM supplementation. Allantoin
absorption was higher with MPLP-SBM supplementation, while
protein content influenced MCP and EMNS with higher values
(p < 0.05) in the high CP level in concentrate. Importantly, milk
yield and 3.5% FCM were remarkably enhanced (p < 0.05) by
the MPLP-SBMwith HPC. Hence, it is recommended that MPLP
treatment of SBM should be exploited as a feeding strategy to
improve milk yield and compositions in lactating dairy cows.
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In the last decades, several nutraceutical substances have received great attention

for their potential role in the prevention and treatment of different diseases as well

as for their beneficial effects in promoting the health of humans and animals. Goji

berries (GBs) are the fruit of Lycium barbarum and other species of Lycium, used

in traditional Chinese medicine, and they have recently become very popular in the

Occidental world because of their properties, such as anti-aging, antioxidant, anticancer,

neuroprotective, cytoprotective, antidiabetic, and anti-inflammatory activities. These

effects are essentially evaluated in clinical trials in humans; in experimental animal

models, such as mice and rats; and in cell lines in in vitro studies. Only recently

has scientific research evaluated the effects of GBs diet supplementation in livestock

animals, including rabbits. Although studies in the zootechnical field are still limited and

the investigation of the GB mechanisms of action is in an early stage, the results are

encouraging. This review includes a survey of the experimental trials that evaluated

the effects of the GBs supplementation on reproductive and productive performances,

immune system, metabolic homeostasis, and meat quality principally in the rabbit with

also some references to other livestock animal species. Evidence supports the idea that

GB supplementation could be used in rabbit breeding, although future studies should

be conducted to establish the optimal dose to be administered and to assess the

sustainability of the use of GBs in the diet of the rabbit.

Keywords: Lycium barbarum, nutraceutical, reproductive and productive performance, meat quality, immune

system, metabolism, Chinese traditional medicine, polysaccharides
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INTRODUCTION

There is a growing interest worldwide in the development of
nutraceutical products that could ensure potential health benefits
and greater life quality (1). The biologically active compounds
included in the nutraceuticals may have a role in the prevention
and treatment of several diseases not only in humans but also in
animals (2–5).

Recently, the interest in medicinal herbs and plant
extracts/metabolites has increased, both among the general
public and researchers worldwide (6–8). Goji berries (GBs) are
the fruit of Lycium barbarum (Figure 1A) and other species
of Lycium which are becoming more and more famous in the
Western countries because of their properties, in particular the
anti-aging ones (9). This interest also comes from the absence
or the negligible presence of side effects in comparison with
traditional pharmacological therapies (10). Goji berries are
a nutraceutical product because of their benefits for human
health, such as immunomodulatory (11), anticancer (12),
anti-aging (13), neuroprotective (14), gastrointestinal protective
(15), cytoprotective (16), antioxidant (17), antidiabetic (18),
anti-inflammatory (19), visual protective (20), and radiation
protective effects (21). Most of the evidence on the beneficial
effects of GB consumption derives from clinical trials in humans,
experimental studies in laboratory animals, and in vitro trials
(22, 23). On the contrary, data on GBs’ effects on livestock
animals, including rabbits, are not very numerous (24, 25).

The rabbit represents not only a livestock animal and a pet, but
also an experimental animal model that is currently used to study
a wide range of physiological processes related to reproduction
(26–29), digestion (30–32), metabolic homeostasis (33–35), and
immunology (36). The supplementation of the rabbit’s diet with
GBs may have different beneficial effects on rabbit breeding, such
as: (i) increase of the reproductive and productive performances;
(ii) reduction of the use of antibiotics and mortality as well as
infectious diseases due to the growth of a beneficial intestinal
microbiota, which in turn stimulates the immune system; (iii)
improvement of the health status and welfare; (iv) improvement
of the meat quality which can be used as a functional food for
humans (37, 38). These effects could also be obtained in other
livestock animal species such as swine (24, 39), poultry (25, 40),
and fish (41, 42).

The present review summarizes the most relevant literature
on the effects and mechanism of action of GB supplementation
in the diet of livestock animals, especially in rabbits.

LITERATURE RESEARCH

The literature search was performed using the following
databases: PubMed, Web of Science, CAB Abstracts Archive,
and Google Scholar (consulted till September 2021). For the
search, the keyword terms used included: rabbit, Oryctolagus
cuniculus, livestock, chicken, broiler, swine, sheep, goat, cattle,
cow, beef, horse, fish, L. barbarum, Lycium, wolfberry, Goji,
Goji berry, reproduction, reproductive performance, production,
productive performance, immune system, immunomodulation,
metabolism, metabolic homeostasis, and meat quality, in

TABLE 1 | Summary of the main experimental studies investigating Lycium plant

pro-activities on livestock animals.

Pro-activity on Species Method References

Reproductive performance Rabbit In vivo (43–45)

Swine In vitro (46)

In vivo (47)

Goat In vitro (48)

Productive performance Rabbit In vivo (45, 49, 50)

Chicken In vivo (25, 40, 51)

Swine In vivo (24)

Sheep In vivo (52)

Fish In vivo (42, 53)

Immune system Rabbit In vivo (50, 54)

Chicken In vivo (42, 53)

Swine In vivo (24)

Sheep In vivo (52)

Fish In vivo (42, 53)

Metabolic homeostasis Rabbit In vivo (44, 55)

Swine In vivo (39)

Meat quality Rabbit In vivo (50, 56, 57)

Swine In vivo (39)

Sheep –a (58, 59)

Cow –a (60)

Camel –a (61)

Horse –a (62)

Fish –a (63, 64)

Many studies used Goji berry or its derivative products, while just a few involved Goji

leaves or bark root.
aThese studies performed microbiological and/or quality meat assays.

different combinations. Only English language papers were
considered. Over 100 papers had been analyzed but 27 were
selected as fully satisfying the purpose of this review. These
papers were stratified based on the main activity investigated, the
species, and the experimental model (Table 1).

GENERAL INFORMATION ON
COMPOSITION, PHARMACOLOGY, AND
SAFETY OF GOJI

Goji comes from the Chinese “gouqi” (9). Its first mention in
Chinese lore is dated 2800 B.C., associated with a mythological
Chinese sovereign to whom the book “The Divine Farmer’s Herb-
Root Classic” is attributed (65). Its use in traditional Chinese
medicine is testified by different records (66). Moreover, root
bark and leaves of L. barbarum have been known for centuries
in Eastern countries for their properties (67). Several species
and varieties of Lycium are cultivated for berry production, like
L. barbarum aurantiocarpum and Lycium chinense pataninii.

Goji berries are the most used part of the Lycium plant
(Figure 1B), and their main activities, according to traditional
Chinese medicine, are on the liver and kidneys (65). Goji
berries contain abundant bioactive molecules, with more than
200 different identified components (68, 69). Lycium barbarum
polysaccharides (LBPs) are the most investigated components.
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FIGURE 1 | Lycium barbarum plant (A) is a deciduous shrub 1–3m high with lanceolate leaves. The berries are orange to dark red, oblong, measure up to 2 cm and

have a bitter-sweet taste (by courtesy of Mrs. Gilberta Dal Porto). The fruits of Goji plant are usually commercialized as dried berries (9) (B).

They include a wide group of water-soluble molecules,
constituting 5–8% of the dried berry (70). Lycium barbarum
polysaccharides contain six different monosaccharides (mainly
xylose and glucose), galacturonic acid, and 18 different amino
acids (71). Moreover, GBs are also considered a good source
of both carotenoids, with zeaxanthin as the main fraction, and
polyphenols, mainly quercetin and kaempferol (72). Different
studies have demonstrated that the health benefits deriving from
the consumption of GBs are due to a structurally varied range of
molecules, which includes all the abovementioned (55, 73, 74).

The 2010 Chinese Pharmacopeia reported the root of
L. barbarum or chinense (Cortex Lycii) to be useful in
the treatment of diabetes mellitus, coughs, hematemesis,
hypertension, night sweats, and ulcers (75). More than 50
different phenolic amides (76) and two new molecules with
interesting anti-inflammatory effects (77) have been recently
identified in L. chinense root bark. Compared to the fruit and
leaves, the root is characterized to have the lowest amount
of compounds identifiable, although its extract has stronger
antioxidant activity than berries and leaves (67).

Leaves of L. barbarum have been used in Chinese traditional
medicine for the treatment of liver diseases and the improvement
of eyesight (78). Their main constituents are polysaccharides,
phenolic acids, flavonoids, coumarins, carotenoids, and alkaloids
(79). The antioxidant activity of leaves has been demonstrated to
be higher compared to berries but lower than the bark root of
L. barbarum (67).

To date, there is no evidence of the toxicity of L. barbarum
in the scientific literature, and the Asian traditional culture
considers it and its derivatives to be highly safe at different
dosages (71), whereas only a few studies reported minor adverse
effects and mild toxicity (80, 81).

GOJI EFFECTS ON REPRODUCTIVE
TRAITS

The rabbit is a livestock animal in which productive efficiency
is strongly correlated with reproductive performance (34).

Furthermore, the rabbit is also a useful animal model to study the

physiological processes linked to the reproduction of both males
(82–84) and females (85–87). In rabbit breeding, one of the most
critical points is the maintenance of the energy balance during

the reproductive cycle; the unbalance has consequences on both
profitability of the farm and animal welfare (9, 88, 89). The
adoption of new feeding strategies with the use of nutraceutical

substances could be a good way to improve these aspects. The
possible use of GB to improve reproductive parameters has been
investigated in a few studies on rabbit does, while currently
there is no published data about its effect on male rabbits’
reproductive performance.

A first study, during the 80s, evaluated the effect of L. chinense

on female rabbits (43). The crude extract of leaves induced
the ovulation in the adult does by intravenous administration;

however, the crude extracts of root bark and berries were not
able to produce the same effect (43). More recently, New Zealand
White nulliparous rabbit does were fed with diets supplemented
with 1 and 3% of GBs during pregnancy and lactation (44).

According to the dose, the supplementation seemed to modulate
the energy homeostasis during the reproductive cycle; 1%
inclusion of GBs improved insulin resistance, while 3% caused
excessive fattening and reduced insulin sensitivity (44). Different
dose-related effects have been shown in a third study that
had a similar protocol and the same category of animals
(45). In this investigation, GBs at 1% enhanced the receptivity
(measured by the vulva color evaluation) and induced a
higher peak of 17β-oestradiol. The group fed with 3% GB-
supplemented diet, instead, showed no changes in receptivity
but a delay of the 17β-oestradiol peak compared to the group
fed with the standard diet. Thus, GBs could play a role in
rabbit reproduction improving energy balance and interfering
with the hormonal picture. The correct formulation, however,
has to be modulated and further investigated with a larger
sample size.

In other species, LPBs’ protective effect against damage by
substances and pathologies on the male reproductive system
has been evaluated. This effect has been correlated to their
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antioxidant activity due to the increase of the antioxidant
enzyme potential and the reduction of reactive oxygen species
production. These studies have been conducted mainly on
laboratory animals (90–92). Positive effects have also been
observed on the in vitro centrifugation process in human
asthenospermia sperm (93). The pro-sexual activity of LPBs
was demonstrated on normal and sexually inhibited rats,
probability through its effects on neurogenesis (94). In
boars (47) and Cashmere goats (48), the semen quality was
improved when LBPs were administered alone in the diet
or in the base extender of semen samples in association
with Laminaria japonica polysaccharide, respectively. The
positive effect of LPBs on ovarian injuries induced by
repeated superovulation has been investigated in mice (95).
Finally, research conducted on porcine oocytes and two-
cell murine embryos has demonstrated the aptitude of
LPBs to act as a cryoprotectant thanks to its antioxidant
activity (46, 96).

The effects of GB on the reproductive system are still
very limited in the livestock species, although the first results
in rabbits, laboratory animals, and some in vitro trials are
really encouraging.

GOJI EFFECTS ON PRODUCTIVE
PERFORMANCES

Goji berry could have a significant effect on the productive
performance of livestock animals by both improving growth
parameters and reducing economic losses (53).

In cuniculture, a first investigation involved New Zealand
White nulliparous does fed with 0, 1, or 3% dried GBs
supplemented diets from 30 days before artificial insemination
until weaning (49). Afterwards, their litters were fed with the
corresponding mothers’ diet until slaughtering. Compared to
the control group, the does fed with GBs showed a lower feed
intake during non-pregnant and lactating periods, while the
3% GB group consumed the highest quantity of fed during
pregnancy. A dose-dependent effect was also found for milk
production: 1% GB group showed the highest milk yield, while
the 3% GB group the lowest. The authors hypothesized that in
the 1% GB group the extra energy supplied by the berries was
successfully addressed to milk production, while in the 3% GB
group the berries’ anti-nutritional activity supplemented at high
doses resulted in a negative effect. This finding could also be
explained by a reduction in the insulin sensitivity in lactating
rabbits of the 3% GB group (44). Moreover, the 1% GB group
had lower pre-weaning mortality, higher litter size at 18 days
and at weaning, and higher litter weight at day 18; conversely,
the 3% GB group had no significant differences compared to
the control group. These results could be ascribed to the higher
milk yield of the 1% GB does and to hypothetical changes
in immunomodulatory properties of milk. However, all rabbits
receiving GB in the fattening period exhibited higher body weight
(BW) at slaughter and lower feed conversion rate (49). This
result was not in agreement with the study of Liu et al. (50).
These authors evaluated the effects of supplementations with

0.1, 0.2, and 0.3% of LBPs for 30 days on Rex rabbits of both
sexes but did not find differences on their slaughter performance
(50). The different protocol and diet composition could explain
the inconsistency between the results. Finally, another study has
recently evaluated the productive performance of nulliparous
New Zealand White rabbit does (and their litters) fed with a
standard and 1 or 3% GBs supplemented diet (45). It confirms
the positive effect of GB supplementation on weight and litter
size at weaning but the BW at slaughter was not investigated
(49). Specific feed formulations could be developed and validated
including different GB doses according to the growing phase.

Regarding other zootechnical species, two experiments
showed a positive effect of LBPs on the growth performance of
broiler chickens. In particular, the diet supplemented with 0.2%
LBP improved BW, average daily gain (ADG), and average daily
feed intake (ADFI), while 0.4% supplemented diet improved
ADFI and feed conversion rate (25, 40). In laying hens, a
reduction of yolk cholesterol level has been obtained using a
supplementation of 2% L. barbarum leaves for 8 weeks, but
no other differences were found in the productive parameters
(51). The effect of diets supplemented with different levels of
LPBs (0, 0.1, 0.2, 0.4, and 0.6%) administered to crossed weaned
piglets have also been investigated (24). Due to an increase in
palatability and digestibility, 0.4% LBPs diet improved ADG
and ADFI and decreased diarrheal incidence during weaning.
Similar results were also obtained in a study on lambs fed for
60 days with a standard diet or supplemented with 0.1% of
L. barbarum and Astragalus membranaceus 2:1 (52). Significant
improvement in ADG and feed to gain ratio were shown,
demonstrating LBPs’ ability to enhance growth performance
also in neonatal polygastrics. In pisciculture, two studies used
L. barbarum extract (42, 53). In a first study, farmed fish fed
a 0.2% supplemented diet showed a positive effect on growth
performance that could be ascribed to its stimulating activity
on the digestive enzymes and/or positive changes in the gut
microbiota (53). Conversely, a supplementation with 2%GBs had
null or negative results, probably due to the inhibition of specific
gutmicrobial communities (53). A second investigation showed a
significant positive effect on growth parameters of hybrid grouper
fed high lipid diets with L. barbarum extract supplementation
(0.2 and 1%) (42).

Studies regarding the effect of Goji-supplemented diets
on productive performance are transversally encouraging in
different livestock species. The correlation with microbiota
modifications should be further investigated as induced changes
in the gastrointestinalmicrobiota and digestive enzymes activities
have been shown in different studies conducted on zootechnical
species (24, 25, 52).

GOJI EFFECTS ON THE IMMUNE SYSTEM

Goji berries’ immunomodulatory activity has been greatly
investigated during the last two decades, especially correlated to
LPBs. Clinical studies have been conducted mainly on humans
and laboratory animals or in vitro, as reviewed by Xiao et
al. (97) and Kulczyński et al. (73). Many studies investigated
the mechanism of action of LPBs, aiming to implement GB
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use in human medicine. Thus, GB supplementation could also
have a positive effect on the immune system of livestock
animals and improve not only productive performances but
also their welfare state. Moreover, antimicrobial resistance is
becoming a worldwide recognized threatening phenomenon
(98). One of the main suggested measures incentivized by the
European Union (99, 100) to contrast antimicrobial resistance
consists of replacing antimicrobials with alternative treatments to
improve animal health and reduce antibiotic usage. Nevertheless,
the studies conducted so far on GB use in zootechnical
species with the investigation of immunomodulating effect are
still limited.

Liu et al. (50) found a trend for a dose-dependent
positive effect of LBP supplementation on the immune organ
development (thymus and spleen) of 40-day-old Rex rabbits;
however, the differences were not statistically significant (50).
Another study in rabbits investigated LBPs’ effect on renal
function and inflammatory reaction caused by diabetes mellitus-
induced nephropathy (54), showing positive preventive and
treatment effects on both renal function failure and renal cortex
inflammatory reaction (54).

In broiler chickens, the supplementation of standard diet with
0, 0.1, 0.2, and 0.4% of LBPs could improve specific immune
response toward infections and enhance antibody production
in a dose-dependent way (25). Another study on broilers
showed that LBPs could regulate lymphocyte proliferation and
inflammatory cytokine expression both in vivo and in vitro
(40). Immunoglobulin increase was also found in Chuanzhong
black lambs fed 60 days with a combination of L. barbarum
and A. membranaceus (52). In piglets, 0.4% LBP-supplemented
diet could significantly decrease the diarrheal incidence and
increase serum IgG and IgM concentrations (24). Lycium
barbarum extract was supplemented for 8 weeks at different
concentrations (from 0.05 to 2%) in two studies involving
different species of Chinese farmed fish (42, 53). A liver protective
effect of L. barbarum extract against high-lipid diets has been
demonstrated, probably due to its ability not only to increase
hepatic antioxidant enzyme activity and their genes’ expression
but also to modulate the immune system by lowering the
hepatic inflammatory response and apoptosis (42). Although the
second study obtained less significant results, it suggested that
L. barbarum extract could improve several non-specific immune
parameters and increase the fish’s immune system efficiency (53).

The studies conducted so far seem to justify the importance
that Chinese traditional medicine attributed to Goji. However,
further investigations, both in vivo and in vitro, will be
needed because GB could be useful in reducing the use
of antibiotics.

GOJI EFFECTS ON METABOLIC
HOMEOSTASIS

Rabbits are a good animal model to study the effects of different
nutraceutical substances onmetabolism (89, 101–103). Goji berry
has the ability to modulate the metabolism of different substances
in the organism, and considering its known lack of toxicity

it could be employed in the prevention and/or treatment of
various pathologies (71). Its hypoglycemic effect has received
particular attention because of its possible use in the treatment of
diabetes mellitus in humans (70). Both experimental studies on
laboratory animals and clinical studies on diabetic patients have
been conducted as reviewed by Amagase et al. (71).

There are a few studies regarding the effects of GB on the
metabolic homeostasis in rabbits. In a first study, 35 adult
rabbits with alloxan-induced hyperglycemia were fed three
different GB preparations (fruit water decoction, crude LBPs,
and purified LBPs) for 10 days (55). In the GB-treated groups,
a significant reduction in glycemia, decrease in lipemia, and
increase in high-density lipoprotein cholesterol were found.
Thus, it was demonstrated that all treatments could produce
significant hypoglycemic and hypolipidemic effects in rabbits.
On the other hand, a study by Menchetti et al. used 75 New
Zealand White nulliparous does to investigate the effects of GB,
supplemented at 1 and 3%, on the energy homeostasis during the
reproductive cycle (44). As mentioned above, the maintenance
of the positive energy balance during pregnancy is the key for
both profitability and animal welfare in the rabbitries (9, 88, 89).
The main reason for the negative energy balance in rabbit does
is the overlapping of pregnancy and lactation, causative of a
fertility reduction (33). In the early lactation, as confirmed by
the control group of this experiment, there is usually both a
condition of insulin resistance and an increase of non-esterified
fatty acids (44). The 3% GB diet exacerbated the condition
of insulin resistance and significantly increased BW and Body
Condition Score (BCS). Conversely, the 1% GB diet improved
insulin sensitivity. Through a multivariate approach, the authors
also analyzed the interactions between metabolic hormones and
body conditions demonstrating that as the percentage of GBs
supplementation increases, leptin, BW, and BCS of rabbits tend
to increase. These findings suggest that high doses of berries
could cause excessive fattening and therefore negatively affect
performance, as already demonstrated by Andoni et al. (45).
The effects on metabolism can have repercussions not only
on productive and reproductive performances but also on the
welfare of rabbits.

Regarding other zootechnical species, a study conducted on
Pietrain pigs evaluated the ability of L. barbarum to reduce the
metabolic negative effects induced by pre-slaughter stress caused
by the use of an electric prod (39); 1% dried GBs supplemented
diet fed for 7 days did not affect serum lactic acid concentrations.
However, glycemia had a significant decrease compared to the
control group, while glycogen concentration in the liver showed
a significant increase. Thus, L. barbarum was demonstrated to
possess good restoring antioxidant ability in stressed pigs and
may be used in the prevention of pale, soft, and exudative meat
in the pork industry.

Information about modifications of the metabolism induced
by GB in livestock animals is still very limited. However,
first results suggest that its use during critical phases, such
as gestation or pre-slaughter, could help in improving the
animal’s homeostasis maintenance although further studies
are necessary to optimize the correct dosage and period of
GBs administration.
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GOJI EFFECTS ON MEAT QUALITY

Rabbit meat can be considered as a food with additional functions
related to health promotion and disease prevention (104). The
transformation of meat into functional food could be obtained
by the addition in the rabbit’s diet of functional compounds
(104). Moreover, diet supplementation has also been employed
to improve rabbit meat conservation by increasing its oxidative
stability (105). Indeed, rabbit meat is characterized by a high
unsaturated fatty acid proportion (106), which, together with the
type of husbandry, make it extremely susceptible to oxidative
phenomena (107, 108).

Three studies have investigated the effect of a GB-
supplemented diet on rabbit meat quality. The first investigated
the effect of a 30-day diet with LBP supplementation (0.1, 0.2,
and 0.3%) on female and male Rex rabbits (50). No significant
effects were found on any of the meat quality’s evaluated
parameters. In two other studies, dried GBs were added to a
standard diet and administered to New Zealand White rabbits
(56, 57). In the first study, male rabbits slaughtered at 91 days
of age were fed with a standard diet supplemented with 0,
1, or 3% GB (56). Parameters such as color, water holding
capacity (both drip and cooking losses), and tenderness were
not affected by the diet, while rabbit meat from the GB groups
showed improvements in the antioxidant properties such as
meat pH, parameters associated with oxidative stability, and
phenolic content, in a dose-dependent way. The other study
was conducted on multiparous does using the same doses of
GBs for 105 days (57). Meat microbiological quality analysis
showed a significantly higher prevalence of Lactobacillus spp.
in the rabbits fed with GBs. That could be a positive effect
because Lactobacillus spp. can contrast the development of
unwanted bacteria on meat. Physicochemically, the results were
consistent with the previous research (56) and confirmed that
GB supplementation increases the antioxidant properties of meat
(57) also favoring its possibility of transformation. In addition, a
sensory evaluation of rabbit meatballs coming from both groups
was performed. The GB meatballs were indicated as juicier and
tastier and were more appreciated by consumers than those
from the control group. Moreover, after an informed session,
consumers also expressed a higher interest in the purchase of
GB meatballs.

Studies performed on other animal species included one that
was carried out on 5-month-old piglets. Dried GBs supplemented
at 1% did not affect meat quality (39). However, that result could
be ascribed to the short duration of the dietary treatment (7
days). The antioxidant properties of GB have also been employed
to improve the quality and conservation by being added to
the final animal products. Two studies employing flavonoids
extracted from L. barbarum leaves in different proportions (0.5,
1.0, and 1.5%) mixed with minced mutton meat indicated that
they could significantly inhibit lipid oxidation and myofibrillar
proteins oxidation and could therefore be utilized as a natural

antioxidant for meat preservation (58, 59). The same results were
found in a study conducted on horse meat products injected
with 1.0% of GB extract (62). A combination of dried GBs and
pumpkin powder has shown, on the cooked and smoked beef
filet, the maintenance of the quality, sensory properties, color
characteristics, and prevention of oxidative changes, even with a
reduced amount of nitrites (60). Dried GBs were also employed as
additives of a multicomponent brine on camel meat (61). Lycium
barbarum polysaccharides and pumpkin polysaccharides had a
positive effect onmoisture retention, causing highermeat quality.
Finally, different studies have employed L. barbarum extract in
fish products as an antibacterial agent with encouraging results
(63, 64).

Both quality and preservation of meat seem to be enhanced
by the supplementation of GBs in animal diets or directly in the
final product because of its antioxidant activity and enhancement
action on lactic bacteria. Moreover, the consumer has a positive
sensory perception of the final product and a positive image of
it as a natural and healthy product, which could be used for
marketing purposes.

CONCLUSIONS AND PROSPECTS

Goji berries have proven effective in enhancing reproductive
and productive performances, meat quality, immune system, and
metabolic homeostasis in rabbits and other livestock species.
Lycium barbarum fruit supplementation could represent a good
strategy to produce new functional food and thus relaunch the
rabbit meat sector. Goji berries could determine health benefits
not only for animals but also for the consumers and have a role in
optimizing production as well as in reducing the use of drugs.
Despite the encouraging results, further research is needed to
investigate the correct dosage and period of administration of
GBs, its availability, and the economical sustainability for the
preparation of supplemented feed.
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Chlorogenic acid (CGA) is a natural polyphenol that possesses potent antioxidant

activity. However, little is known about its exact role in regulating the intestinal health

under oxidative stress. This study was conducted to explore the effect of dietary CGA

supplementation on intestinal barrier functions in weaned pigs upon oxidative stress.

Twenty-four weaned pigs were allocated to three treatments and were given a basal diet

(control) or basal diet containing CGA (1,000 mg/kg) for 21 days. Pigs were challenged

by sterile saline (control) or diquat [10 mg/kg body weight (BW)] on the 15th day. Results

showed that CGA attenuated the BW reduction, reduced the serum concentrations of

diamine oxidase and D-lactate, and elevated serum antioxidant enzymes activities in

diquat-challenged weaned pigs (P < 0.05). Moreover, diquat challenge decreased villus

height and activities of sucrase and alkaline phosphatase in jejunum and ileum (P < 0.05),

but CGA elevated the villus height and enzyme activities in the intestinal mucosa

(P < 0.05). In addition, CGA not only decreased the expression levels of Bax, caspase-3,

and caspase-9 (P < 0.05) but also elevated the expression levels of sodium glucose

transport protein-1, glucose transporter-2, occludin, claudin-1, zonula occludens-1, and

antioxidant genes such as nuclear factor erythroid-derived 2-related factor 2 and heme

oxygenase-1 in intestinal mucosa of weaned pigs upon oxidative stress (P< 0.05). These

findings suggested that CGA can attenuate oxidative stress-induced growth retardation

and intestinal mucosa disruption, which was linked to elevated antioxidative capacity and

enhanced intestinal barrier integrity.

Keywords: antioxidant capacity, intestinal barrier function, natural polyphenolic, small intestine, swine

INTRODUCTION

The intestinal mucosa plays as one of the key barriers in living organisms. It is mainly composed
of intestinal epithelial cells and intercellular tight junctions of enterocytes, which not only plays
a critical role in nutrient absorption but also constitutes the first line of defense against various
pathogens and toxins in the intestinal lumen (1, 2). However, a variety of stimuli such as
malnutrition, bacterial infections, and stresses can impair the integrity of the intestinal epithelium.
In particular, oxidative stress, as a result of reactive oxygen species (ROS) overexpression, is a
common feature of many chronic and acute intestinal diseases (3). For instance, it can induce
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atrophy of the intestinal mucosa and lead to the reduction
of intestinal digestion and absorption ability (3). Moreover,
oxidative stress-induced overproduction of ROS could also
induce DNA damage and apoptosis of the intestinal epithelial
cells, which increased intestinal permeability and facilitates
translocation of luminal antigens into sub-epithelial tissues,
leading to growth retardation and a series of intestinal and
systemic diseases (4, 5). Therefore, the potential interventions to
alleviate the intestinal oxidative stress have attracted considerable
research interest worldwide.

A variety of polyphenols have previously been reported
to have the potential to alleviate oxidative stress-induced
diseases (6). Chlorogenic acid (CGA), formed by esterification
of caffeic acid and quinic acid, is one of the most abundant
natural polyphenolic compounds presented in coffee, fruits,
and vegetables (7). Previous studies indicated that CGA has
multiple benefits for mammalian animals, including antioxidant,
anti-inflammatory, and antibacterial activities (8, 9). CGA has
been reported to alleviate intestinal ischaemia and reperfusion
injury by improving the antioxidant activities and ameliorate
endotoxin-induced intestinal injury in rats (10, 11). These
attributes should make it an attractive health product for various
oxidative stress-induced injuries and diseases. In a previous
study, CGA was found to improve growth performance and
intestinal health through elevating the activities of antioxidant
enzymes in weaned pigs (12). However, there is little information
available in the scientific literature on the evaluation of
the protective effect and potential mechanisms of CGA
supplementation on oxidative stress-induced intestinal injury in
weaned pigs.

In the present study, we explored the effects of dietary
supplementation with CGA on growth performance, antioxidant
capacity, and the structure and functions of intestinal mucosa
in pigs’ exposure to oxidative stress. The oxidative stress was
induced by using diquat that was a classic agent for the
construction of oxidative stress models (13, 14). This study will
assist in developing of CGA to attenuate various oxidative stress-
induced injury or diseases.

MATERIALS AND METHODS

Animals, Diet, and Experimental Design
Twenty-four weaned pigs (Duroc × Landrace × Yorkshire, 21
days of age), with an initial average body weight (BW) of 7.47
± 0.50 kg, were randomly allotted to one of three treatments
(eight replicates each treatment) in a completely randomized
design for a 21-day study. The three experimental treatments
were as follows: (1) non-challenged weaned pigs fed a basal diet
[control (CON) group]; (2) diquat-challenged weaned pigs fed a
basal diet (Diquat group); and (3) diquat-challenged weaned pigs
fed a basal diet supplemented with CGA (1,000 mg/kg; DCGA
group). The supplementary level of CGA to feed was based on
our previous study (12). On the 15th day of the trial, pigs from
the CON group were intraperitoneally injected with sterile saline.
The other two groups were challenged by diquat (intraperitoneal
injection, diquat dibromide monohydrate, PS365; Sigma Co.) at a
dose of 10mg/kg BW. The basal diet was formulated according to

our previous study (12), and ingredient composition and nutrient
level are presented in Supplementary Table S1. All weaned pigs
were housed in individual metabolic cages (1.5 × 0.7 × 1.0m)
and had free access to fresh water and feed throughout the
experiment. The room temperature was maintained at 25–28◦C,
and relative humidity controlled at 55–65%. The feed intake per
pig was recorded daily, and pigs were weighed on themornings of
days 14 and 21 of the experiment. The average daily weight gain
(ADG), average daily feed intake (ADFI), and feed conversion
(F/G) were calculated.

Sample Collection
At the end of the trial, blood samples were collected via
jugular venipuncture from all weaned pigs after 12-h fasting.
The serum samples were obtained by centrifugation at 3,000
× g for 15min at 4◦C and then stored at −20◦C for further
analysis. Subsequently, pigs were euthanized with an intravenous
injection of sodium pentobarbital (200 mg/kg BW), and the
abdomen was immediately opened to collect the intestinal
segments (duodenum, jejunum, and ileum) according to the
method described by Zheng et al. (15). About 3-cm segments
of the middle of duodenum, jejunum, and ileum were isolated,
gently flushed with ice-cold phosphate-buffered saline (PBS),
and then fixed in 4% paraformaldehyde solution for histological
analyses. The mucosa samples were harvested by scraping the
segment using a sterile glass slide, snap-frozen in liquid nitrogen,
and then stored at−80◦C until further analysis.

Determination of Serum Parameters
The superoxide dismutase (SOD), catalase (CAT), glutathione
peroxidase (GSH-Px), total antioxidant capacity (T-AOC),
malondialdehyde (MDA), diamine oxidase (DAO), and D-lactic
acid were measured by using the assay kits (Nanjing Jiancheng
Institute of Bioengineering, Jiangsu, China) according to the
manufacturer’s instructions.

Intestinal Morphology Analysis
After fixation with 4% paraformaldehyde solution, the intestinal
morphology was estimated according to previous method (16).
Briefly, the duodenum, jejunum, and ileum segments were
dehydrated in a graded ethanol series, embedded in paraffin,
sliced into 5-µm-thick cross-sections by using a microtome
and stained with hematoxylin and eosin. A minimum of 10
well-orientated crypt-villus units from each intestinal segment
were chosen and measured. Villus height and crypt depth
were determined with image processing and analysis system
(ImagePro Plus 6.0, Media Cybernetics, Inc., Rockville, MD,
USA). The ratio of villus height to crypt depth (VCR) was
calculated as the villus height divided by crypt depth.

Intestinal Mucosa Parameters
About 1 g of mucosa samples of each section were homogenized
after dilution with ice-cold saline solution (1:9, w/v) and
then centrifuged (2,500 × g, 10min, 4◦C) to collect the
supernatant. The activities of lactase, sucrose, maltase, and
alkaline phosphatase (AKP) in duodenal, jejunal, and ileal
mucosa were measured by using the assay kits (Nanjing
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Jiancheng Institute of Bioengineering, Jiangsu, China) according
to the manufacturer’s instructions. The total protein content in
the mucosa samples was determined using the Bradford brilliant
blue method. All samples were measured in triplicate. Enzyme
activities were presented as units (U) per milligram of protein.

RNA Isolation and qPCR
Total RNA of duodenum, jejunum, and ileum mucosa
was isolated by using TRIzol Reagent (TaKaRa, Dalian,
China). The RNA concentration and purity were assayed by
spectrophotometer (Beckman Coulter, DU800) at 260 and
280 nm. For each sample, reverse transcription was performed
using the PrimeScript RT reagent kit with gDNA Eraser (TaKaRa,
Dalian, China) according to the manufacturer’s instructions. All
primers were synthesized commercially by Sangon Biotech
Limited and were shown in Supplementary Table S2.
Quantitative real-time PCR was performed to analyze the
expression levels of sodium glucose transport protein-1 (SGLT1),
glucose transporter-2 (GLUT2), zonula occludens-1 (ZO-1),
occludin, claudin-1, B-cell lymphoma-2–associated X protein
(Bax), B-cell lymphoma-2 (Bcl-2), caspase-3, caspase-9, nuclear
factor erythroid-derived 2-related factor 2 (Nrf2), Kelch-like
epichlorohydrin–associated protein 1 (Keap1), and heme
oxygenase-1 (HO-1) using SYBR R© Premix Ex TaqTM II
(Tli RNaseH Plus) reagents (TakaRa, Dalian, China) and
the QuanStudioTM 6 Flex Real-Time PCR detection system
(Applied Biosystems, Foster City, CA, USA). Each reaction
was performed in a 10-µl reaction volume, which contained
5 µl of SYBR Premix Ex TaqTM (2×), 1 µl of each primer,
2 µl of doubled-distilled water, and 1 µl of cDNA template.
The PCR cycling parameters were as follows: 95◦C for 30 s,
40 cycles of 95◦C for 10 s, 60◦C for 25 s, and 72◦C for 5min.
After amplification, melting curve analysis was performed after
each real-time quantitative PCR assay to verify the specificity of
the reactions. The glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) gene was used as the reference gene. The target gene
mRNA expression level was calculated using the 2−11Ct method
(15). Each sample was tested simultaneously in triplicate on the
same PCR plate.

Statistical Analysis
Individual pig was used as the experimental unit, and all data
were analyzed by general liner mode (GLM) procedure of SAS
9.4 (SAS Institute Inc., Cary, NC, USA) after being assessed
for normal distribution using the Shapiro–Wilk’s statistic (W >

0.05). Statistical differences among groups were determined by
Tukey’s multiple-range test. Results were presented as means and
SEMs. Differences were taken to indicate significance when P
< 0.05.

RESULTS

Growth Performance
The growth performance was not significantly affected by CGA
before diquat challenge (1–14 days) (Table 1). However, diquat
challenge resulted in a 44.42% reduction of ADFI and a 86.18%
decrease of ADG compared with the CON pigs (P < 0.05).

TABLE 1 | Effects of CGA on the growth performance in weaned pigs upon

oxidative stress1.

Items CON Diquat DCGA SEM P

1–14 days

ADFI (g) 385.27 386.13 398.24 19.67 0.964

ADG (g) 261.61 266.79 294.40 11.99 0.547

F/G 1.47 1.49 1.37 0.06 0.773

15–21 days

ADFI (g) 540.33a 300.27b 428.19ab 34.86 0.007

ADG (g) 361.67a 50.00c 224.17b 35.57 <0.001

F/G n/a n/a n/a – –

1Results are presented as mean and SEM. Labeled means in a row without a common

superscript letter differ, P < 0.05. ADFI, average daily feed intake; ADG, average daily

gain; F/G, feed efficiency (the ratio of ADFI and ADG); CON, piglets fed a basal diet;

Diquat, piglets fed the basal diet and challenged by diquat; DCGA, piglets fed the basal

diet containing CGA (1,000 mg/kg) and challenged by diquat.

In contrast, dietary supplementation with CGA (1,000 mg/kg)
suppressed the diquat-induced decreases in ADFI (P < 0.05).
Besides, dietary CGA supplementation attenuated the decrease
of ADG in pigs upon diquat challenge (P < 0.05) although the
ADG of pigs in DCGA group was still lower than that in the CON
group (P < 0.05).

Serum Parameters
As shown in Figure 1 and Table 2, diquat-challenged pigs
showed a significant increase in serum levels of DAO, D-lactate,
and MDA (P < 0.05), while a significant decrease in serum
activities of SOD and GSH-Px (P < 0.05). However, dietary
CGA supplementation attenuated the increase of DAO and D-
lactate levels (P < 0.05) and the decrease of GSH-Px and SOD
activities (P < 0.05) in the serum to levels observed in pigs of
CON group. Meanwhile, CGA supplementation suppressed the
diquat-induced increase of serum MDA concentration but still
higher than that in the CON group (P < 0.05). There were no
significant differences in the levels of CAT and T-AOC among
the groups (P > 0.05).

Intestinal Morphology
As shown in Figure 2, compared with the CON group, diquat-
challenged pigs showed a significant decrease in villus height and
the VCR in jejunum and ileum (P < 0.05), while a significant
increase in crypt depth in jejunum (P < 0.05). Compared with
pigs in the Diquat group, pigs in the DCGA group exhibited
increased villus height and VCR in jejunum as well as villus
height in ileum to the levels observed in pigs of the CON group
(P < 0.05). However, the ileal VCR of pigs in DCGA group was
still lower than that in the CON group.

Enzyme Activities and the mRNA
Expression Levels of Digestion and
Absorption-Related Genes
As shown in Table 3, diquat challenge not only decreased the
mucosal activities of disaccharidases such as the sucrase, lactase,
and maltase in the duodenum and jejunum (P < 0.05) but
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FIGURE 1 | Effects of CGA on serum DAO (A) and D-Lactate (B) levels in piglets upon oxidative stress. DAO, diamine oxidase; CON, piglets fed a basal diet; Diquat,

piglets fed the basal diet and challenged by diquat; DCGA, piglets fed the basal diet containing CGA (1,000 mg/kg) and challenged by diquat.

TABLE 2 | Effects of CGA on serum antioxidant parameters in weaned pigs upon

oxidative stress1.

Item CON Diquat DCGA SEM P

SOD (U/ml) 77.84a 56.31b 76.80a 8.19 <0.0001

MDA (nmol/ml) 3.40c 11.94a 7.53b 0.94 <0.0001

GSH-Px (U/ml) 411.04a 272.05b 387.88a 32.39 <0.0001

CAT (U/ml) 11.06 10.10 14.08 1.07 0.302

T-AOC (U/ml) 5.96 5.76 5.51 0.27 0.812

1Results are presented as mean and SEM. Labeled means in a row without a common

superscript letter differ, P< 0.05. GSH-Px, glutathione peroxidase; CAT, catalase; T-AOC,

total antioxidant capacity; SOD, superoxide dismutase; MDA, malondialdehyde; CON,

piglets fed a basal diet; Diquat, piglets fed the basal diet and challenged by diquat; DCGA,

piglets fed the basal diet containing CGA (1,000 mg/kg) and challenged by diquat.

also decreased the mucosal activity of AKP in the jejunum and
ileum (P < 0.05). However, compared with pigs in the Diquat
group, dietary CGA supplementation significantly increased the
activities of sucrose, lactase, and maltase in duodenum; the
activities of sucrase, maltase, and AKP in jejunum; and the
activities of sucrase and AKP in ileum (P < 0.05). The lactase
activity of duodenum and jejunum as well as the sucrase activity
of ileum in pigs of DCGA group were still lower than those in
the CON group (P < 0.05). Meanwhile, lower mRNA expression
levels of SGLT1 in duodenum as well as SGLT1 and GLUT2
in jejunum were observed in pigs of Diquat group (Figure 3).
However, dietary CGA supplementation mitigated the negative
effects of diquat (P < 0.05).

mRNA Expression Levels of Intestinal
Function and Barrier-Related Genes
As presented in Figure 4, diquat strongly increased the mRNA
expression levels of Bax and Bax/Bcl2 in the duodenum and
jejunum as well as the mRNA expression levels of caspase-3
and caspase-9 in the three intestinal sections. However, dietary
CGA supplementation mitigated the negative effects of diquat
(P < 0.05), although the caspase-3 mRNA expression levels
in duodenum and the caspase-9 mRNA expression levels in
duodenum and jejunum were still higher than those in the
group (P < 0.05). In addition, a significant decrease in mRNA
expression levels of occludin in duodenum and jejunum, ZO-1 in

jejunum and ileum, and claudin-1 in the three intestinal sections
was observed under diquat stimulation (Figure 5), which was
strongly inhibited by CGA (P < 0.05). However, the mRNA
expression levels of claudin-1 in duodenum and jejunum of
pigs in DCGA group were still higher than those in the CON
group (P < 0.05).

mRNA Expression Levels of Critical
Molecules in Antioxidant Signaling
Pathway
As shown in Figure 6, diquat challenge significantly decreased
the expression levels of Nrf2 and HO-1 in duodenum and
jejunum (P < 0.05). However, dietary CGA supplementation
significantly suppressed the diquat-induced decrease in the
expression levels of Nrf2 and HO-1 (P < 0.05). Moreover,
duodenal HO-1 mRNA expression level of pigs was still lower in
DCGA group than that in the CON group (P < 0.05).

DISCUSSION

Oxidative stress is one of the critical factors leading to growth
retardation and disruption of various tissues and organs in
neonatal mammals (3). Accumulating evidences showed that
the intestine was more susceptible to oxidative stress than
other tissues because of the frequent renewal of enterocytes
and continuous exposure to various stimuli from the intestinal
tract (4, 5). Oxidative stress could lead to overproduction of
ROS, which would damage the integrity of intestinal barrier
by disrupting the tight junction and triggering apoptosis of
intestinal epithelium (15, 17). Previous research indicated that
pigs subjected to oxidative stress usually showed negative growth
performance (18). Similarly, in the present study, intraperitoneal
injection of diquat significantly decreased the ADFI and ADG in
weaned pigs. However, dietary CGA supplementation improved
the growth performance in the diquat-challenged weaned
pigs, which is consistent with previous study (19), indicating
that dietary CGA supplementation could alleviate the growth
retardation of weaned pigs upon oxidative stress.

Diamine oxidase, an intracellular enzyme, is mainly
synthesized and distributed in the intestinal epithelium
(20). Moreover, D-lactate is the special end product of bacteria
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FIGURE 2 | Effects of CGA on intestinal morphology in the Duodenum (A), Jejunum (B), and Ileum (C) of piglets upon oxidative stress. CON, piglets fed a basal diet;

diquat, piglets fed the basal diet and challenged by diquat; DCGA, piglets fed the basal diet containing CGA (1,000 mg/kg) and challenged by diquat.

TABLE 3 | Effects of CGA on intestinal enzyme activities in weaned pigs upon

oxidative stress1.

Item CON Diquat DCGA SEM P

Duodenum

Sucrase (U/mg prot) 75.37a 41.63b 65.71a 4.83 0.007

Lactase (U/mg prot) 60.01a 30.80c 45.09b 4.93 0.020

Maltase (U/mg prot) 259.11a 206.07b 257.16a 9.25 0.018

AKP (U/mg prot) 60.66 54.42 64.42 4.76 0.713

Jejunum

Sucrase (U/mg prot) 185.81a 97.88b 154.17a 10.70 <0.0001

Lactase (U/mg prot) 77.88a 41.84c 61.32b 4.88 0.002

Maltase (U/mg prot) 265.75a 193.79b 267.38a 10.60 0.001

AKP (U/mg prot) 38.08a 22.60b 40.84a 2.30 <0.0001

Ileum

Sucrase (U/mg prot) 121.87a 56.14c 95.29b 10.37 0.004

Lactase (U/mg prot) 65.45 57.92 63.86 2.96 0.584

Maltase (U/mg prot) 236.62 212.72 240.66 9.63 0.468

AKP (U/mg prot) 54.81a 32.21b 48.74a 2.67 <0.0001

1Results are presented as mean and SEM. Labeled means in a row without a common

superscript letter differ, P < 0.05. AKP, alkaline phosphatase; CON, piglets fed a basal

diet; Diquat, piglets fed the basal diet and challenged by diquat; DCGA, piglets fed the

basal diet containing CGA (1,000 mg/kg) and challenged by diquat.

in intestinal epithelia which exists mainly in cytoplasm. Once
the integrity of intestinal barrier is destroyed, the levels of serum
DAO and D-lactate will increase (16). Therefore, the DAO

activity and D-lactate level in serum are commonly adopted
to monitor the injury degree of the intestinal barrier. In the
present study, diquat-challenged pigs exhibited an increase
in the serum levels of DAO and D-lactate, indicating that
the intestinal barrier function was impaired and intestinal
oxidative damage model was successfully constructed. Inversely,
CGA significantly alleviated these adverse effects induced
by diquat, which was in line with the previous results that
dietary CGA supplementation effectively decreased the serum
DAO activity in lipopolysaccharide (LPS)-challenged weaned
rats (21), demonstrating that dietary CGA supplementation
helped to maintain the intestinal integrity of weaned pigs under
oxidative stress.

Oxidative stress, a consequence of the imbalance of redox
status, is closely related to animal health. GSH-Px and CAT are
two critical antioxidant enzymes responsible for elimination of
organic hydroperoxides and hydrogen peroxide (22), and MDA
is widely considered to be an index used to monitor the degree
of lipid peroxidation in mammals (23). Therefore, their serum
levels have been widely used as biomarkers for monitoring the
antioxidant capacity of the body. Present study showed that
supplementation of dietary CGA could attenuate the negative
effects of diquat challenge on activities of GSH-Px and SOD
in weaned pigs and suppress the diquat-induced increase in
the MDA concentration in serum. Similarly, a previous study
in rat showed that CGA supplementation had protective effect
against methotrexate-induced liver oxidative injury through
increasing glutathione (GSH) activity and decreasing MDA
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FIGURE 3 | Effects of CGA on expression levels of intestinal digestion and

absorption-related genes in the Duodenum (A), Jejunum (B), and Ileum (C).

SGLT1, sodium glucose transport protein-1; GLUT2, glucose transporter-2;

CON, piglets fed a basal diet; Diquat, piglets fed the basal diet and challenged

by diquat; DCGA, piglets fed the basal diet containing CGA (1,000 mg/kg) and

challenged by diquat. a,b Bars with different letters between treatment groups

indicate significant differences (P < 0.05).

concentration (9). A recent study in porcine jejunum epithelial
cell line (IPEC-J2) cells also demonstrated that CGA could
attenuate diquat-induced intestinal oxidative injury, which was
associated with elevated antioxidant capacity (24). Therefore,
CGA could maintain the antioxidant capacity of weaned pigs
by improving the antioxidant enzymes activities. In addition,
the antioxidant property of CGA may partly result from its
special chemical structure. The CGA contains five hydroxyl
groups, allowing itself to have the ability to scavenge the free
radical (12).

Oxidative stress-induced overproduction of ROSwas reported
to cause intestinal morphological impairment (25). The integrity
of intestinal villus-crypt morphological structure acts as the
basis of nutrient digestion and absorption and is critical for
maintaining the intestinal barrier function (26). The villus
extends into the lumen to increase the surface area available
for nutrition absorption, and the crypt is formed by the

physically protected epithelial invagination that surrounds the
villus base (27). In the current study, CGA administration
significantly alleviated diquat-induced villus atrophy and crypt
hyperplasia in jejunum of weaned pigs, suggesting that dietary
CGA supplementation could improve the intestinal development
of pigs upon oxidative stress possibly by the enhancing intestinal
mucosal morphology integrity. Intestinal epithelium is the most
important site for nutrient digestion and absorption, in which a
variety of enzymes are expressed and secreted by the enterocytes
(2). Obviously, disruption of the intestinal epithelium will result
in a decrease of the enzyme activities in the intestinal mucosa.
Previous study has shown that diquat-induced oxidative stress
could cause serious dysfunctions of nutrient digestion and
absorption in weaned pigs (14). Consistently, the results of the
current study indicated that intraperitoneal injection of diquat
significantly decreased the mucosal activities of disaccharidases
(sucrase, lactase, and maltase) in the duodenum and jejunum
and suppressed the activity of AKP in the jejunum and ileum
of weaned pigs. However, CGA supplementation significantly
alleviated the negative effects of diquat administration on
intestinal mucosal enzyme activities, indicating the protective
effects of CGA on digestion and absorption function of intestine
in weaned pigs under oxidative stress. In addition, oxidative
stress was also found to affect the expressions of nutrient
transporters, leading to a decrease in nutrient absorption
capacity (14, 15). Consistently, we further detected the mRNA
expression of SGLT1 and GLUT2, which are critical glucose
transporters located in the mucosa of the small intestine (28).
The results showed that supplementation with CGA significantly
suppressed the reduction of SGLT1 and GLUT2 expression
levels induced by oxidative stress, indicating an increase energy
supply for the growth of diquat-challenged weaned pigs. These
results suggested that CGA supplementation was helpful in
improving the intestinal digestion and absorption function of
weaned pigs under oxidative stress, which may partly account
for the promoting effect of CGA on growth performance as
mentioned above (14).

Previous study reported that intraperitoneal injection of
diquat could lead to the imbalance of redox status and
then destroy the intestinal barrier function by influencing
the expression of key molecules (15). Therefore, we further
quantified the expression levels of critical genes related to the
intestinal barrier functions. The intestinal barrier is mainly
composed of the intercellular tight junction proteins, including
transmembrane proteins (e.g., occludin and claudin families),
intracellular linker proteins (ZOs), and many other regulatory
proteins (29). Thus, tight junction proteins are essential for the
integrity of the intestinal barrier by regulating the paracellular
permeability. As expected, the present study showed that
diquat challenge decreased the expression levels of occludin
and claudin-1 in the duodenum and jejunum, which was
consistent with a previous study that the increased intestinal
permeability of pigs was associated with downregulation of
tight junction proteins upon oxidative stress (30). Notably,
CGA supplementation enhanced their expression levels in
the intestinal mucosa. These results indicated that dietary
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FIGURE 4 | Effects of CGA on expression levels of intestinal barrier-related genes in the Duodenum (A), Jejunum (B), and Ileum (C). ZO-1, zonula occludens 1; CON,

piglets fed a basal diet; Diquat, piglets fed the basal diet and challenged by diquat; DCGA, piglets fed the basal diet containing CGA (1,000 mg/kg) and challenged by

diquat. a,b Bars with different letters between treatment groups indicate significant differences (P < 0.05).

CGA supplementation could alleviate oxidative stress-induced
intestinal barrier dysfunction, which was associated with the
improvement of intercellular junctions between epithelial cells.
In addition, a previous study suggested that the oxidative
stress-induced atrophy of intestinal villus and barrier dysfunction
were partially associated with the apoptosis of intestinal epithelial
cells (31). It is a well-known fact that the cell apoptosis is
mainly regulated by multiple molecules, especially by the Bcl-2
and caspase family (32). Oxidative stress was found to promote
the expression of a series of apoptosis-related genes (30). In

this study, diquat challenge significantly elevated the expression
levels of the Bax, caspase-3, and caspase-9 in the duodenal and
jejunal mucosa. Interestingly, CGA significantly decreased the
Bax, caspase-3, and caspase-9 expression levels in small intestinal
mucosa, which was probably due to the elevated antioxidant
capacity of pigs in DCGA group. Therefore, these results
suggested that CGA could improve the intestinal barrier integrity
partly by maintaining the tight junction protein expression and
suppressing the excessive apoptosis of intestinal epithelial cells in
weaned pigs under oxidative stress.
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FIGURE 5 | Effects of CGA on expression levels of apoptosis-related genes in the Duodenum (A), Jejunum (B), and ileum (C). Bcl2, B-cell lymphoma-2; Bax, B-cell

lymphoma-2–associated X protein; CON, piglets fed a basal diet; Diquat, piglets fed the basal diet and challenged by diquat; DCGA, piglets fed the basal diet

containing CGA (1,000 mg/kg) and challenged by diquat. a,b Bars with different letters between treatment groups indicate significant differences (P < 0.05).

The elevated antioxidative capacity was also supported by
the expressions of several critical antioxidant genes. Nrf2,
as a master regulator of the antioxidant response, has been
implicated in regulating the expression levels of endogenous
antioxidant enzymes that protect against oxidative stress (33).

It has been reported that the activities of antioxidant enzymes
could be enhanced by increasing the mRNA expression levels
of Nrf2 (34). Similarly, we found that CGA significantly
elevated the expression levels of Nrf2 in the diquat-challenged
weaned pigs in this study, which was in line with the
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FIGURE 6 | Effects of CGA on expression levels of intestinal antioxidant-related key genes in the Duodenum (A), Jejunum (B), and Ileum (C). Nrf2, nuclear factor

erythroid-derived 2-related factor 2; Keap1, Kelch-like epichlorohydrin–associated protein 1; HO-1, heme oxygenase-1; CON, piglets fed a basal diet; Diquat, piglets

fed the basal diet and challenged by diquat; DCGA, piglets fed the basal diet containing CGA (1,000 mg/kg) and challenged by diquat. a,b Bars with different letters

between treatment groups indicate significant differences (P < 0.05).

increased activities of antioxidant enzymes mentioned above. A
previous study in mice has suggested that polyphenols could
further upregulate the expression of many antioxidative and
cytoprotective genes by activating Nrf2 in the small intestine
(35). HO-1 is one of the key antioxidant enzymes, which is
located downstream of the Nrf2 and plays an important role
in regulating the ROS levels of cells challenged by various
stress (36). In this study, CGA supplementation significantly
elevated the expression level of HO-1 in diquat-challenged
pigs, which was in accord with the results of previous study
(36), further indicating that CGA supplementation could

enhance the antioxidant capacity in oxidative stress-challenged
weaned pigs.

CONCLUSION

In conclusion, our results showed that oxidative stress not only
decreased the growth performance but also induced disruption
of the intestinal barrier in the weaned pigs. Dietary CGA
supplementation could attenuate the oxidative stress-induced
growth retardation and intestinal barrier disruption, which was
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associated with elevated antioxidant capacity and improved
intestinal barrier integrity.
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Effects of Hydroxylated Lecithin on
Growth Performance, Serum Enzyme
Activity, Hormone Levels Related to
Lipid Metabolism and Meat Quality in
Jiangnan White Goslings

Hongzhi Wu 1,2,3†, Sibo Wang 1†, Yong Tian 2, Ning Zhou 2, Chunqin Wu 4, Ruiqing Li 2,

Wenwu Xu 2, Tieshan Xu 3, Lihong Gu 5, Fengjie Ji 3, Li Xu 1* and Lizhi Lu 2*

1College of Animal Science and Technology, Northeast Agricultural University, Harbin, China, 2 State Key Laboratory for

Managing Biotic and Chemical Threats to the Quality and Safety of Agro-Products, Institute of Animal Science & Veterinary,

Zhejiang Academy of Agricultural Science, Hangzhou, China, 3 Tropical Crop Genetic Resource Research Institute, Chinese

Academy of Tropical Agricultural Sciences, Haikou, China, 4Wenzhou Vocational College of Science and Technology,

Wenzhou, China, 5 Institute of Animal Science & Veterinary, Hainan Academy of Agricultural Science, Haikou, China

The objective of the present study was to evaluate the effects of hydroxylated lecithin on

growth performance, serum enzyme activity, hormone levels related to lipid metabolism

and meat quality in Jiangnan White goslings. Six hundred 1-day-old goslings were

randomly divided into five treatments with six replicates and 20 for each replicate. The

control group (CG) was fed the basal diet, while the experimental group was fed the

basal diet with 50, 100, 200 mg/kg hydroxylated lecithin and 100 mg/kg soy lecithin

(HLG50, HLG100, HLG200, and LG100, respectively) in the form of powder. Feed and

water were provided ad libitum for 32 days. Compared with the CG, (a) the average daily

feed intake was higher (P < 0.05) in HLG100, the final body weight and average daily

gain were higher (P < 0.05), and the feed conversion ratio was lower in the HLG200; (b)

the alanine aminotransferase, malate dehydrogenase, leptin, glucagon, thyroid hormone,

Triiodothyronine contents in the HLG200 were lower (P < 0.05); (c) The breast muscle

water holding capacity was higher (P < 0.05) in groups with hydroxylated lecithin, the

breast muscle shear force and fiber diameter were lower (P < 0.05) in the HLG100;

(d) the inositic acid, intramuscular fat, phospholipid contents were higher (P < 0.05),

the triglyceride content was lower (P < 0.05) in HLG100 of the breast muscle; (e) the

relative expression of sterol regulatory element-binding protein-1 genes were higher (P

< 0.05) in the treated groups of muscles, the phosphorylase kinase gamma subunit

1 gene expression was shown an opposite trend. In comparison with LG100, (a) the

feed conversion ratio was lower (P < 0.05) in HLG200; (b) the alanine aminotransferase

and adiponectin contents were higher (P < 0.05), the malondialdehyde and free fatty

acid contents were lower (P < 0.05) in HLG200; (c) the water holding capacity and
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intramuscular fat contents in the breast and leg muscles were higher (P < 0.05) in

HLG200. The hydroxylated lecithin concentration of 200 mg/kg improved the growth

performance, serum enzyme activity, hormone levels related to lipid metabolism, and the

meat quality of Jiangnan White goslings.

Keywords: hydroxylated lecithin, Jiangnan White goslings, enzymes activity, hormone levels, lipid metabolism,

meat quality

INTRODUCTION

Hydroxylated lecithin is a substance that introduces hydroxyl
groups into the fatty acid double bonds of concentrated
and purified soy lecithin (1, 2). It is considered a safe
feed additive for its enriched content of phosphatidylcholine,
lecithin, unsaturated fatty acids, choline and inositol. Moreover,
lecithin is generally recognized as an essential nutrient for
maintaining various physiological metabolism of animals (2–4).
In livestock production, hydroxylated lecithin can be used as
a nutritional supplement, emulsifier, humectant, and thickener.
Its emulsification and hydrophilic properties are preferred to
those in soy lecithin (5). Both hydroxylated lecithin and soy
lecithin contain hydrophobic and hydrophilic groups in their
molecular structures, forming stable emulsions of immiscible
phases in feeds, which can be acted as surfactants (2, 6).
Hydroxylated lecithin and soy lecithin can further disperse lipids
entering the intestinal tract of poultry, increase the contact
area between intestinal villous membrane and lipids and fat-
soluble vitamins, and promote the lipids digestion, absorption
and transfer (7, 8). In the initial stage of growth and development,
due to the digestive system imperfect development of poultry, the
secretion of bile and digestive enzymes is insufficient, making
the lipid substances in the feed not be fully digested and
absorbed (9–12). The emulsification function of hydroxylated
lecithin and soy lecithin contributes to lipid digestion and
absorption, and it was found that soy lecithin can improve
the utilization of animal oil in feed for poultry (13, 14). Both
hydroxylated lecithin and soy lecithin have a fatty flavor and
good poultry appetizers (2). Moderate lecithin could increase
poultry feed intake and daily weight gain, and decrease the
feed conversion ratio of broilers; the daily weight gain was
positively correlated with the soy lecithin content (15, 16). The
hydroxylated lecithin and soy lecithin are rich in unsaturated
fatty acids, which impact the synthesis and metabolism of fatty
acids in poultry (2, 15). Lecithin can promote poultry to digest
and absorb excess cholesterol under the lecithin cholesterol
acyltransferase action increasing the polyunsaturated fatty acids
deposition (as a percentage) (17, 18), making poultry meat
more recognized by consumers. At present, the application
of soy lecithin is still dominant in poultry production, and
few hydroxylated lecithin applications have been reported. In
this study, we based on comparing the structure and function
between soy lecithin and hydroxylated lecithin, and it was
hypothesized that hydroxylated lecithin would be superior to soy
lecithin in promoting poultry production and was verified in
this experiment.

The lipid content has a critical influence on meat quality,
especially the flavor and tenderness, in poultry (19, 20). Jiangnan
White goose is a fast-growing commercial goose cultivated
by Jiangsu Lihua Animal Husbandry Co., Ltd. in China, and
its lipid metabolism in the chick stage has a vital influence
on its overall production performance. This study intends to
(a) study the effects of hydroxylated lecithin on the growth
performance, serum enzymes activity, hormone levels related to
lipid metabolism, and meat quality of Jiangnan White gosling
by adding hydroxylated lecithin to the Jiangnan White gosling
diets, (b) discuss the feasibility and appropriate contents of
hydroxylated lecithin in the production of Jiangnan White
gosling, and (c) preliminarily explore the impact mechanism of
the hydroxylated lecithin on production performance of Jiangnan
White goslings, to further develop and use the hydroxylated
lecithin, and accumulate experience and theoretical basis for safe
and reliable additives.

METHODS AND MATERIALS

The Chinese guidelines for animal welfare conducted this
study and with the animal welfare standards of the College
of Animal Science and Technology, Northeast Agricultural
University (NEAU-2018-0232).

Experimental Material
Jiangnan White goslings: 1-day-old, with an average initial body
weight 120.00 ± 5.00 g, provided by Jiangsu Lihua Animal
Husbandry Co., Ltd.

Hydroxylated lecithin: EINECSNo. 232-307-2, CASNo. 8029-
76-3, with purity 99%, in the form of powder added to the basal
diets, purchased from Sichuan Huayuan Shengtai Biotechnology
Co., Ltd.

Lecithin: EINECS No. 232-307-2, CAS No. 8002-43-5, with
purity 99%, in the form of powder added to the basal
diets, purchased from Sichuan Huayuan Shengtai Biotechnology
Co., Ltd.

Enzyme-linked immunoassay kits were purchased from
Shanghai Sangon Biotechnology Co., Ltd.

Experiment Design and Sample Collection
Six hundred 1-day-old female healthy Jiangnan White goslings,
with body weight 120.00 ± 5.00 g, were randomly divided into
five treatments with six replicates, with 20 goslings for each
replicate. The control group (CG) was fed the basal diet (BD),
in the granule form, while the treated groups were fed the BD
with 50, 100, and 200mg/kg hydroxylated lecithin and 100mg/kg
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TABLE 1 | Composition (kg/100 kg) of the basal experimental dietsa for Jiangnan

White goslings.

Items 1–16 days 17–32 days

Ingredients

Corn 40.00 42.00

Corn protein power 8.00 7.00

Soybean oil 1.50 1.20

Soybean meal 19.00 17.00

Wheat bran 10.00 10.00

Defatted rice bran feed 16.25 17.25

Dicalcium phosphate 0.90 0.90

Limestone 3.60 3.90

Sodium chloride 0.35 0.35

Premixb 0.40 0.40

Total, kg 100.00 100.00

Nutrient levels, on air-dry basis:

Metabolic energyc, ME, MJ/kg 12.04 11.04

Crude proteind, CP, % 20.00 18.00

Crude fiberd, CF, % 5.00 8.00

Calciumd, Ca, % 0.90 0.90

Total phosphorusd, P, % 0.60 0.50

Available phosphorusd, AP,% 0.38 0.32

Lysined, Lys, % 1.10 0.90

Methionined, Met, % 0.60 0.50

aBased on the NRC (21) nutrient requirements for goslings.
bThe premix provided the following per kg of diet: VA 15,000.00 IU, VD3 5,300.00 IU,

VE 100.00mg, VK 4.00mg, VB1 2.00mg, VB2 1,200.00mg, pantothenic acid 50.00mg,

nicotinic acid 10.25mg, VB6 3.85mg, VB12 0.10mg, folic acid 2.00mg, biotin 0.21mg,

VC 200.00mg, Mn as manganese sulfate 80.00mg, Fe as ferrous sulfate 60.00mg, Cu as

copper sulfate 20.00mg, I as potassium iodide 3.00mg, Se as sodium selenite 0.50mg,

Zn as zinc sulfate 100.00mg, Choline as choline chloride 1,400.00 mg.
cCalculated value (21).
dAnalysed content.

lecithin in the form of powder (HLG50, HLG100, HLG200,
LG100, respectively). The composition (kg/100 kg) of the BD was
shown in Table 1, and the fatty acid composition (g/100 g) of BD
and lecithin was shown in Table 2. Feed and water were provided
ad libitum for 32 days. The gosling house temperature was kept at
30◦C in the first week, then was reduced gradually over the next
9 days to the outside temperature, the humidity at 63%, and the
light was applied 24 h a day with 15-watt fluorescent lighting on
1–16 days. Moreover, the house temperature and humidity were
kept pace with the outside environment, with natural light during
the day and 8-watt fluorescent lighting at night on 17–32 days.
The other feeding management and immunization procedures,
including ventilation of the birdhouse and vaccine injection for
goslings, were carried out following the goose farm guidelines.

Feed intake and weight gain of goslings were recorded during
the experiment period for calculating the average daily feed
intake (ADFI), average daily gain (ADG), and feed conversion
ratio (FCR). On the 32nd day, one gosling was randomly
chosen from each replicate for sampling. Blood (10mL) was
collected with disposable vacuum blood collection tubes from
the neck vein of each gosling. After resting the blood for

15min, it was centrifuged at 3,000 rpm for 15min to obtain
the serum, divided into Eppendorf tubes and stored at −20◦C
refrigerators for biochemical indicators testing. Right side breast
and leg muscles (10 g) were collected into 15mL centrifuge
tubes filled with formalin and stored at room temperature for
section hematoxylin and eosin (HE) staining to determine the
muscle fiber diameter and density. In addition, the pH value
(Meat Ph direct measuring instrument PH-STAR, Germany),
water holding capacity (HP607 meat hydraulic tester, China)
and shear force (C-LM4 Muscle Tenderness Meter, China) were
determined on breast and leg muscles. Ten gram from each
muscle were collected into plastic packaging bags and stored until
analyses at −20◦C of the inosinic acid (HPLC, Chromaster R©,
Japan), intramuscular fat (Soxhlet Extractor, China), triglycerides
and phospholipid (Gas Chromatograph-Mass Spectrometer, the
U.S.A.). The inter-assay variation coefficients of inosinic acid,
intramuscular fat, triglycerides and phospholipid were 4.66,
4.98, 4.20, 4.22%, respectively; and the intra-assay variation
coefficients were 4.55, 4.66, 4.78, 4.82%, respectively. Two gram
of muscles were collected into freezing tubes and stored at−80◦C
refrigerators for RNA extraction.

Serum Index Determination
The kits information of serum biochemical indexes in this study
was shown inTable 3. And all kits were purchased from Shanghai
Sangon Biotechnology Co., Ltd.

The total cholesterol (TC), alanine aminotransferase (ALT),
glucose (GLU) were measured with a fully automatic biochemical
analyzer, CG3040B, Changchun Guangji Medical Instrument
Co., Ltd. In addition, the malate dehydrogenase (MDH),
adiponectin (ADPN), leptin (LEP), triiodothyronine (T3),
thyroid hormone (T4), thyrotropin-releasing hormone (TRH),
lipoprotein lipase (LPL), free fatty acid (FFA), glucagon (GLC),
insulin (INS), triglycerides (TG), and malondialdehyde (MDA)
were determined with the multifunctional marker (SuPerMax
3100, China). The relevant determination operations were
carried out according to the kit instructions.

Quantification of Genes With Real-Time
PCR
Fifty milligram collected breast and leg muscles with 1mL
TRIzol reagent (Invitrogen, CA) was thoroughly ground in
liquid nitrogen and transferred into a 1.5mL Eppendorf tube
for further analysis. Total RNA was extracted with an RNA
extraction kit (Vazyme Cat. RC112-01, 50 rxn), and levels of
relative expression of sterol regulatory element-binding protein-1
(SREBP-1) and phosphorylase kinase gamma subunit 1 (PHKG1)
genes were determined with real-time PCR. Primers for SREBP-
1 and PHKG1 were selected according to the geese sequences
registered in NCBI and designed by using Beacon Designer 7,
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used
as an internal control. The primer sequences were shown in
Table 4. The total real-time PCR system volume was 10 µL, and
the reaction system was as follows: SYBR Green Mix 4.4 µL,
upstream and downstream primers 0.3µL each, and cDNA 5 µL.
The real-time PCR procedure was as follows: 95◦C for 10min,
one cycle, 95◦C for 10 s, 60◦C for 34 s, and 40 cycles. The Ct
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TABLE 2 | The fatty acid composition of the basal experimental diets and lecithin for Jiangnan White goslings (g/100 g).

Items 1∼16 days 17–32 days Hydroxylated lecithin Soy lecithin

Caprylic, C8:0 0.39 0.42 0 0

Capric, C10:0 0.21 0.22 0 0

Lauric, C12:0 3.94 3.91 0 0

Myristic, C14:0 1.55 1.51 0 0

Palmitic, C16:0 16.06 16.12 23.89 22.98

Palmitoleic, C16:1 0.22 0.19 2.98 4.12

Stearic, C18:0 1.81 1.74 9.87 8.74

Oleic acid, C18:1 n9c 24.88 24.91 45.98 44.91

Linoleic acid, C18:2 n6c 46.36 46.49 14.98 15.98

α-Linolenic acid, C18:3 n-3 3.06 3.05 0.46 0.42

Arachidie acid, 20:0 0.45 0.44 0.26 0.24

cis-11-Ecosenoic acid, C20:1 0.47 0.45 0 0

cis-11,14-Ecosenoic acid, C20:2 0 0 0.25 0.22

Arachidonic acid, C20:4 n-6 0 0 2.20 2.19

cis-5,8,11,14,17-Ecosenoic acid, C20:5 0 0 0.02 0.03

cis-4,7,10,13,16,19-Docosahexaenoic acid, C22:6 n-3 0 0 0.18 0.17

Behenic acid, C22:0 0.32 0.29 0 0

Lignoceric acid, C24:0 0.28 0.26 0 0

TABLE 3 | The kits information of serum biochemical indexes.

Items Abbreviation Kits No. Coefficients of variation

Inter-assay Intra-assay

Alanine aminotransferase ALT D7921044 4.39% 4.21%

Lipoprotein lipase LPL BC2440 4.56% 4.43%

Malate dehydrogenase MDH A610373 4.96% 4.95%

Adiponectin ADPN D711336 4.20% 4.62%

Leptin LEP D721019 4.22% 4.32%

Glucagon GLC D721189 4.15% 4.17%

Insulin INS D721159 4.56% 4.58%

Thyroid hormone T4 A602869 4.98% 4.78%

Triiodothyronine T3 HY-60029 4.80% 4.72%

Thyrotropin-releasing hormone TRH BK7017 4.58% 4.78%

Glucose GLU A501991 4.66% 4.62%

Total cholesterol TC D799799 4.99% 4.38%

Triglycerides TG D799795 4.87% 4.59%

Malondialdehyde MDA HY-60003 4.62% 4.54%

Free fatty acid FFA HY-60053 4.27% 4.29%

values of the target genes and the internal reference genes were
measured, and the relative gene expression levels were calculated
by the 2−11Ct method. Each test was repeated at least three times.

Statistical Analysis
Statistical analyses were conducted using SAS 9.4 statistics
software. Data were expressed as mean ± SEM. Statistical
comparisons of different treatments were performed using one-
way ANOVA. Each replicate pen served as an experimental unit
for the growth performance statistical analyses. One gosling
from each replicate served as an experimental unit for the

serum biochemistry indexes and meat quality statistical analyses.
Duncan’s multiple range tests determined significant differences
among the treatment means at P < 0.05.

RESULTS

Effects on the Growth Performance
As shown in Table 5, the average initial body weight (AIBW)
was no significant difference (P > 0.05) among groups. The
final body weight (FBW) and ADG were higher (P < 0.05)
in HLG200 than those in CG and HLG50. The ADFI was
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higher (P < 0.05) in the treated groups with hydroxylated
lecithin and soy lecithin than that in CG, it was higher
(P < 0.05) in HLG100 than that in HLG200. The FCR in
HLG200 was lower (P < 0.05) than that in CG, HLG50
and LG100.

Effects on Serum Biochemistry Indexes
Related to Lipid Metabolism
Effects on Serum Enzymes Activity Related to Lipid

Metabolism
Enzyme activity related to lipid metabolism data were
summarized in Table 6. The ALT contents in treated groups
were lower (P < 0.05) than those in CG, and the contents
in LG100 were lower (P < 0.05) than those in groups
with hydroxylated lecithin. The LPL contents in HLG100,
HLG200, and LG100 were higher (P < 0.05) than those
in CG and HLG50. The MDH contents in treated groups,
especially in HLG200, were lower (P < 0.05) than those in

TABLE 4 | Primer sequences of lipid metabolism-related genes.

Genes Primer sequences (5′-3′) Product length (bp)

SREBP-1 F:CCGCTCATCCATCAACGACA 84

R:AGGATCGCCGACTTGTTGAG

PHKG1 F:CCCCTTCTTCCAGCAGTACG 104

R:AGTAAATGCGGACGGATGCC

GAPDH F:TAGTGAAGGCTGCTGCTGAT 102

R:AGGTGGAGGAATGGCTGTC

SREBP-1, sterol regulatory element-binding protein-1; PHKG1, phosphorylase kinase

gamma subunit 1; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

CG, and the contents in HLG200 were lower than those
in LG100.

Effects on Serum Hormone Levels Related to Lipid

Metabolism
The effects of hydroxylated lecithin on hormone levels related to
lipid metabolism were shown in Table 7. The ADPN contents
in treated groups were higher (P < 0.05) than those in CG,
and it was higher (P < 0.05) in HLG200 than that in LG100.
The LEP contents were lower (P < 0.05) in HLG100, HLG200,
and LG100 than those in CG and HLG50. The GLC contents
in treated groups were lower (P < 0.05) than those in CG,
and it was lower (P < 0.05) in HLG200 than that in LG100.
The INS contents in treated groups were higher (P < 0.05)
than those in CG, and it was higher (P < 0.05) in LG100
than that in HLG100. The T4 and T3 contents in treated
groups were lower (P < 0.05) than those in CG, and they
were lower (P < 0.05) in HLG200 than those in LG100. The
TRH contents in treated groups were lower (P < 0.05) than
those in CG, and it was lower (P < 0.05) in HLG100 than that
in LG100.

Effects on Serum Other Biochemical Indicator Levels

Related to Lipid Metabolism
The other biochemical indicator levels related to lipid
metabolism data were summarized in Table 8. The GLU
contents in treated groups were lower (P < 0.05) than those in
CG, and it was lower (P < 0.05) in HLG50 and HLG200 than
that in LG100. The TC and TG contents in treated groups were
lower (P < 0.05) than those in CG, and the TG content was
lower (P < 0.05) in HLG200 than that in LG100. The MDA
contents in treated groups were lower (P < 0.05) than those in
CG, and it was lower (P < 0.05) in groups with hydroxylated
lecithin than that in LG100.The FFA contents in treated groups

TABLE 5 | Effects of hydroxylated lecithin on growth performance of Jiangnan White goslings.

Items CG HLG50 HLG100 HLG200 LG100 P Value

AIBW, g 119 ±4.00 118 ±2.55 120 ±4.82 120 ± 3.09 119 ± 3.80 0.072

FBW, g 1,647 ±46.06b 1,659 ±31.16b 1,779 ±37.91ab 1,801 ± 21.06a 1,691 ± 22.87ab 0.043

ADFI, g/d 187 ±2.08c 196 ±1.52ab 198 ±2.63a 192 ± 2.94b 193 ± 3.72ab 0.034

ADG, g/d 47.32 ±1.75b 48.25 ±1.61b 51.51 ±1.81ab 53.03 ± 1.21a 49.01 ± 2.51ab 0.044

FCR, kg/kg 3.95 ±0.10a 4.03 ±0.16a 3.86 ±0.15ab 3.52 ± 0.15b 3.95 ± 0.14a 0.045

AIBW, Average initial body weight; FBW, Final body weight; ADFI, Average daily feed intake; ADG, Average daily gain; FCR, Feed conversion ratio.
a,b,cDifferent lowercase letters in the peer data indicate that the difference is significant (P < 0.05), and no letters indicate that the difference is not significant (P > 0.05).

TABLE 6 | Effects of hydroxylated lecithin on enzymes activity related to lipid metabolism in serum of Jiangnan White goslings.

Items CG HLG50 HLG100 HLG200 LG100 P Value

ALT, U/L 18.12 ± 2.10a 14.89 ± 1.10b 12.01 ±1.60c 12.02 ±1.45c 9.35 ± 1.02d 0.032

LPL, umolFFA/mL·h 1.83 ± 0.01d 1.88 ± 0.01d 2.48 ±0.04c 2.71 ±0.04b 2.82 ± 0.02a 0.029

MDH, U/mL 57.69 ± 10.33a 37.68 ± 2.26b 33.65 ±2.07c 20.18 ±6.06e 30.56 ± 4.21d 0.033

ALT, Alanine aminotransferase; LPL, Lipoprotein lipase; MDH, Malate dehydrogenase.
a,b,c,d,eDifferent lowercase letters in the peer data indicate that the difference is significant (P < 0.05).
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TABLE 7 | Effects of hydroxylated lecithin on hormone levels related to lipid metabolism in serum of Jiangnan White goslings.

Items CG HLG50 HLG100 HLG200 LG100 P Value

ADPN, mg/L 8.99 ± 1.46d 12.58 ± 1.20c 16.26 ± 2.10ab 16.44 ± 2.21a 15.44 ± 1.22b 0.035

LEP, ng/mL 4.72 ± 0.10a 4.67 ± 0.14a 3.54 ± 0.20b 3.32 ± 0.22b 3.57 ± 0.21b 0.044

GLC, pg/mL 111 ± 10.20a 95.15 ± 4.76b 85.59 ± 4.39c 75.29 ± 4.69d 85.06 ± 3.31c 0.026

INS, uIU/mL 8.64 ± 1.04d 10.83 ± 1.09c 11.02 ± 0.15bc 12.75 ± 0.05b 14.77 ± 1.02a 0.033

T4, ng/mL 24.44 ± 1.56a 21.30 ± 1.57b 19.32 ± 1.05c 17.61 ± 1.01d 21.11 ± 1.05b 0.039

T3, ng/mL 1.84 ± 0.31a 1.14 ± 0.01b 1.11 ± 0.01b 1.03 ± 0.03c 1.13 ± 0.01b 0.046

TRH, pg/mL 19.60 ± 1.17a 12.03 ± 1.60d 14.81 ± 1.10c 16.71 ± 1.18b 17.52 ± 1.04b 0.034

ADPN, Adiponectin; LEP, Leptin; GLC, Glucagon; INS, Insulin; T4, Thyroid hormone; T3, Triiodothyronine; TRH, Thyrotropin-releasing hormone.
a,b,c,dDifferent lowercase letters in the peer data indicate that the difference is significant (P < 0.05).

TABLE 8 | Effects of hydroxylated lecithin on other biochemical indicator levels related to lipid metabolism in serum of Jiangnan White goslings.

Items CG HLG50 HLG100 HLG200 LG100 P Value

GLU, mmol/L 14.60 ± 1.50a 8.36 ± 1.50c 11.52 ± 1.47b 8.35 ± 1.51c 11.43 ± 1.56b 0.044

TC, mmol/L 5.45 ± 0.34a 4.72 ± 0.46b 3.73 ± 0.24c 3.67 ± 0.23c 3.57 ± 0.26c 0.047

TG, mmol/L 1.66 ± 0.05a 1.48 ± 0.04b 1.39 ± 0.00bc 1.31 ± 0.00c 1.44 ± 0.01b 0.043

MDA, nmol/mL 4.95 ± 0.10a 4.53 ± 0.08c 4.17 ± 0.31d 3.63 ± 0.22e 4.72 ± 0.12b 0.029

FFA, mmol/L 0.50 ± 0.01e 0.53 ± 0.01d 0.57 ± 0.02c 0.60 ± 0.01b 0.63 ± 0.01a 0.026

GLU, Glucose; TC, Total cholesterol; TG, Triglycerides; MDA, Malondialdehyde; FFA, Free fatty acid.
a,b,c,d,eDifferent lowercase letters in the peer data indicate that the difference is significant (P < 0.05).

were higher (P < 0.05) than those in CG, and it was lower
(P < 0.05) in groups with hydroxylated lecithin than that
in LG100.

Effects on Meat Quality
Effects on Meat Physiological Indexes
As shown in Table 9, the breast muscle pH value was higher (P <

0.05) in LG100 than that inHLG100 andHLG200. Legmuscle pH
value was lower (P < 0.05) in treated groups than that in CG, and
it was lower (P< 0.05) in LG100 than that in HLG100. The breast
muscle water holding capacity was higher (P < 0.05) in groups
with hydroxylated lecithin than that in CG and LG100. The leg
muscle water holding capacity was higher (P < 0.05) in HLG100
than that in CG and LG100. The breast muscle shear force was
lower (P < 0.05) in HLG100 than that in CG and LG100, and
leg muscle shear force was lower (P < 0.05) in the treated groups
than that in CG (P < 0.05). The breast muscle fiber diameter was
lower (P < 0.05) in HLG100 than that in CG and LG100 (P <

0.05), while the leg muscle fiber diameter was lower (P < 0.05)
in HLG100 than that in CG. The breast muscle fiber density was
higher (P < 0.05) in HLG200 and LG100 than that in CG, and
the leg muscle fiber density was higher (P < 0.05) in the treated
groups than that in CG.

Effects on Meat Biochemistry Indexes
The meat biochemistry indexes were summarized in Table 10.
In the breast muscle, the inositic acid and intramuscular fat
contents were higher (P < 0.05) in HLG100 than those in CG
and LG100. The triglyceride content was lower (P < 0.05) in
HLG100 than that in CG and LG100. Phospholipid content was

significantly higher (P < 0.05) in the treated groups than that in
CG. In the leg muscle, the inositic acid, intramuscular fat and
phospholipid contents were higher in HLG100 than those in CG.
The triglyceride content was lower (P < 0.05) in HLG100 and
LG100 than that in CG.

Effects on Genes Relative Expression in Breast and

Leg Muscles
As shown in Figure 1, the relative expression levels of the SREBP-
1 gene in the treated groups were higher (P < 0.05) than those
in the CG of breast and leg muscles. The PHKG 1 gene relative
expression in HLG100, HLG200, and LG100 was lower than that
in the CG of breast and leg muscles.

DISCUSSION

Effects on Growth Performance
Growth performance is an indispensable indicator of poultry
growth status under different conditions (22, 23). The utilization
of unsaturated fatty acids in poultry is much higher than that
of saturated fatty acids (24, 25). Hydroxylated lecithin and soy
lecithin provide nutrients and many unsaturated fatty acids to
poultry (15).

In this study, the results of adding 50, 100, and 200 mg/kg
of hydroxylated lecithin and 100 mg/kg of soy lecithin to the
basal diet of goslings showed that the FBW was significantly
higher in HLG200 than that in the CG and HLG50. The ADFI
in the treated groups with hydroxylated lecithin and soy lecithin
was considerably higher, the ADG in HLG200 was substantially
higher than that in the CG, but the FCR was shown an opposite
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TABLE 9 | Effects of hydroxylated lecithin on meat muscle water holding capacity and shear force of Jiangnan White goslings.

Items CG HLG50 HLG100 HLG200 LG100 P Value

BMpH 5.84 ±0.15ab 5.84 ± 0.16ab 5.71 ± 0.04b 5.71 ± 0.08b 5.95 ± 0.15a 0.046

LMpH 5.90 ±0.12a 5.74 ± 0.13b 5.76 ± 0.11b 5.55 ± 0.11c 5.54 ± 0.10c 0.039

BMWHC, % 14.56 ±0.41c 15.00 ± 0.73b 15.80 ± 0.61a 15.09 ± 0.22b 14.80 ± 0.20c 0.042

LMWHC, % 13.34 ±0.41d 15.04 ± 0.04c 16.34 ± 0.09a 16.31 ± 0.63b 15.04 ± 0.09c 0.036

BMSF, N 58.10 ±2.74b 55.07 ± 1.73b 50.72 ± 2.38c 50.32 ± 2.78c 61.28 ± 2.03a 0.043

LMSF, N 41.45 ±2.35a 33.48 ± 2.88c 36.45 ± 2.15b 36.73 ± 2.43b 37.57 ± 1.14b 0.046

BMFD, µm 25.25 ±2.00a 26.57 ± 2.04a 20.88 ± 2.75b 16.29 ± 1.50c 16.48 ± 1.82c 0.042

LMFD, µm 92.79 ±5.76a 91.90 ± 5.87a 81.65 ± 3.61b 65.39 ± 4.54d 71.47 ± 6.52c 0.036

BMFY, N/mm2 1120 ±29.50b 1063 ± 22.56b 1057 ± 17.13b 1358 ± 32.27a 1434 ± 47.85a 0.048

LMFY, N/mm2 110 ±11.63d 125 ± 11.01c 127 ± 17.20c 167 ± 20.72b 237 ± 29.60a 0.034

BMpH, Breast muscle pH value; LMpH, Leg muscle pH value; BMWHC, Breast muscle water holding capacity; LMWHC, Leg muscle water holding capacity; BMSF, Breast muscle

shear force; LMSF, Leg muscle shear force; BMFD, Breast muscle fiber diameter; LMFD, Leg muscle fiber diameter; BMFY, Breast muscle fiber density; LMFY, Leg muscle fiber density.
a,b,c,dDifferent lowercase letters in the peer data indicate that the difference is significant (P < 0.05).

TABLE 10 | Effects of hydroxylated lecithin on muscle inosinic acid and other indicators of Jiangnan White goslings.

Items CG HLG50 HLG100 HLG200 LG100 P Value

Breast muscle inosinic acid, mg/g 2.04 ± 0.10d 2.05 ± 0.10d 2.80 ± 0.11a 2.48 ± 0.11b 2.41 ± 0.10c 0.036

Breast muscle intramuscular fat, % 3.13 ± 0.15c 3.48 ± 0.01a 3.49 ± 0.01a 3.49 ± 0.01a 3.42 ± 0.10b 0.041

Breast muscle triglycerides, mg/g 3.12 ± 0.11a 3.14 ± 0.10a 2.75 ± 0.03c 3.14 ± 0.10a 2.85 ± 0.05b 0.043

Breast muscle phospholipid, mg/g 0.98 ± 0.02d 1.05 ± 0.03c 1.31 ± 0.10a 1.15 ± 0.04b 1.30 ± 0.10a 0.037

Leg muscle inosinic acid, mg/g 2.40 ± 0.02d 2.56 ± 0.06bc 2.75 ± 0.11a 2.52 ± 0.06c 2.70 ± 0.09ab 0.032

Leg muscle intramuscular fat, % 3.00 ± 0.02b 3.15 ± 0.11a 3.17 ± 0.10a 3.16 ± 0.10a 3.15 ± 0.11a 0.046

Leg muscle triglycerides, mg/g 3.16 ± 0.11a 2.95 ± 0.13ab 2.76 ± 0.05c 2.93 ± 0.10b 2.77 ± 0.06c 0.036

Leg muscle phospholipid, mg/g 1.04 ± 0.09c 1.16 ± 0.02b 1.22 ± 0.03a 1.22 ± 0.01a 1.21 ± 0.02a 0.043

a,b,c,dDifferent lowercase letters in the peer data indicate that the difference is significant (P < 0.05).

trend. Ren et al. (26) found that hydroxylated lecithin could
significantly improve the average daily weight gain and average
daily feed intake of three-yellow chickens. Gu and Li (27) found
that soy lecithin had a significant effect on the average daily
weight gain and the feed-to-weight ratio of piglets and could
significantly reduce the feeding costs. Wang et al. (28) found
that phosphatidylcholine, one of the main components of soy
lecithin and hydroxylated lecithin, could dramatically improve
the production performance of broiler chicks. Mandalawi et
al. (29) found that soy lecithin could significantly improve the
feed-to-egg ratio of laying hens. Furthermore, the results in this
study were consistent with the above results, indicating that both
hydroxylated lecithin and soy lecithin could improve the growth
performance of goslings and the effect of hydroxylated lecithin
is better than that of soy lecithin. Huang et al. (30) found no
significant effect of soy lecithin on the performance of broiler
chicks, which is not consistent with the results of this experiment,
which may be related to the experimental animal species,
conditions, soy lecithin ingredients and supplementation.

The hydroxylated lecithin and soy lecithin are effective
emulsifiers, and both can promote the absorption of fat in feed
for poultry (2, 15). Sibbald and Kramer (31) found that soy
lecithin could improve the animal fats utilization in poultry,
and Dei et al. (32) found that soy oil could improve the fats

digestibility coefficient of broiler chickens. In this study, the
hydroxylated lecithin significantly reduced goslings’ FCR, which
may be associated with the increasing cholecystokinin secretion
stimulated by the hydroxylated lecithin in the small intestine
that can delay the gastrointestinal emptying. This physiological
process can extend the feed residence time in the gastrointestinal
tract so that nutrients can be fully digested and absorbed
in goslings.

Effects on Serum Biochemistry Indexes
Related to Lipid Metabolism
Effects on Serum Enzymes Activity Related to Lipid

Metabolism
The ALT activity can indirectly reflect the fatty acid synthesis
state, and it is the most sensitive indicator of damage to
hepatocytes. Liver damage can directly cause lipid metabolism
disorders in animals (33). Liang et al. (34) found that the ALT
activity increase in crucian carp indicated that the hepatocytes
oxidative damage, which would cause the lipid metabolism
disorder in the body of crucian carp. Song et al. (35) found that
the ALT activity decrease in cells was accompanied by a reduction
of intracellular fatty acid deposition, which indicates that ALT
can effectively respond to lipid metabolism in the body and signal
the formation or treatment for fatty liver and other pathologies.
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FIGURE 1 | The relative expression levels of genes relative to meat quality in breast and leg muscle of Jiangnan White goslings. The data in CG, HLG50, HLG100,

HLG200, and LG100 in breast muscle were (A) SREBP-1 gene: 1.00 ± 0.10b, 1.59 ± 0.08a, 1.62 ± 0.08a, 1.64 ± 0.12a, 1.61 ± 0.10a, respectively; (B) PHKG 1

gene: 1.00 ± 0.10a, 0.86 ± 0.04b, 0.76 ± 0.04c, 0.72 ± 0.05c, 0.70 ± 0.06c, respectively; The data in CG, HLG50, HLG100, HLG200, and LG100 in leg muscle

were (C) SREBP-1 gene: 1.00 ± 0.10b, 1.39 ± 0.07a, 1.42 ± 0.06a, 1.44 ± 0.10a, 1.41 ± 0.11a, respectively; (D) PHKG 1 gene: 1.00 ± 0.10a, 0.80 ± 0.06b, 0.66 ±

0.06c, 0.67 ± 0.09c, 0.69 ± 0.08c, respectively.

In this study, the serum ALT activity was significantly decreased,
indicating that the hydroxylated lecithin and soy lecithin can
effectively maintain the healthy state of liver cells and reduce
the ALT activity, thus enabling the lipid metabolism process
to proceed smoothly. In addition, the decrease of triglycerides
and increase of free fatty acids in the serum of goslings in this
study also verified the effect of alanine aminotransferase on the
body. Further, it reflected that a healthy liver is an indispensable
guarantee for lipid metabolism in the body.

LPL is one of the lipid metabolism limiting enzymes in
poultry and has a vital influence on body fat deposition and
intramuscular fat content (36). LPL catalyses the breakdown of
TG into fatty acids and monoglycerides in the poultry, providing
the organism with the energy needed for various metabolism
(37). He et al. (38) found that increasing LPL mRNA and
protein levels in hepatocytes could accelerate intracellular lipid
metabolism. Kaneko et al. (39) found that LPL in the body of lean
juvenile red seabream showed an increasing trend followed by a
decreasing trend with the fat level increase in the diet. However,
if the fat level in the diet were too high, the LPL activity would
be inhibited, and the accumulation of fat deposition in the liver
would harm the health of lean juvenile red seabream. In this
study, the serum LPL activity in treated groups except for HLG50
was significantly increased, indicating that hydroxylated lecithin
and soy lecithin could improve the LPL activity in goslings,
which played a regulatory role in the fatty acids synthesis

and metabolism. Furthermore, the serum GLU, TG and TC of
goslings in this study were lower than those in the CG, which
also verified to a certain extent the regulatory role of LPL on lipid
metabolism in the organism.

MDH is a vital enzyme in the malate shuttle system of poultry
to ensure that NADH generated by glycolysis in the cytosol enters
the mitochondria for complete oxidation to produce energy,
which plays an indispensable role in the complete oxidation or
mutual transformation of nutrients in poultry (40, 41). In this
study, the MDH activity in goslings was significantly decreased,
indicating that the hydroxylated lecithin and soy lecithin reduced
the oxaloacetate content, a raw material in the tricarboxylic
acid cycle, thus inhibiting the fatty acid oxidation process and
enhancing the deposition of lipids in poultry.

Effects on Serum Hormone Levels Related to Lipid

Metabolism
ADPN is an endogenous bioactive cytokine and hormone
secreted by adipocytes in poultry (42). After binding to the
receptor, ADPN has a vital role in regulating the sugars and
lipids metabolism in the organism, and it can improve insulin
sensitivity, accelerate glucose metabolism and promote lipids
metabolism in poultry (43). De Koster et al. (44) found that the
ADPN could reduce the levels of β-hydroxybutyric acid, non-
lipidated fatty acids and triacylglycerol in periparturient cows,
i.e., ADPN could promote the lipids metabolism. Tahmoorespur
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et al. (45) found that the expression levels of adiponectin and
its receptors were significantly increased when broilers needed
much energy for body growth and development underfeeding
restriction and other conditions, i.e., ADPN has an essential
regulatory role in lipid metabolism and energy metabolism in
poultry. In this study, the serum lipocalin content in treated
groups was significantly increased due to the vigorous growth of
goslings requiring more energy to prompt the lipids metabolism.
The results in this study are consistent with the above studies.

LEP in poultry can regulate lipid metabolism in the organism
by exciting the sympathetic nervous system (46, 47). Li et al.
(48) found that LEP could inhibit lipid synthesis in hepatocytes,
promote hepatocyte lipolysis and lipid deposition in Siniperca
chuatsi under a high-fat feeding environment; Lin et al. (49)
found that LEP could improve insulin resistance and increase
insulin sensitivity in rats, and Steinberg Greg and Dyck (50)
found that the LEP content decrease accelerated the lipid
metabolism in obese rats caused by high-fat diets. In this study,
except for HLG50, the LEP contents in the treated groups
were significantly decreased, indicating that the hydroxylated
lecithin and soy lecithin can reduce LEP content to promote
lipidmetabolism,making the goslings produce foraging behavior,
which was consistent with the above study results.

GLC has a decisive role in promoting glycogenolysis and
gluconeogenesis, which can cause a significant increase in blood
GLC. In contrast, INS promotes the GLC uptake and utilization
by tissue cells and stimulates glycogen synthesis inhibiting
gluconeogenesis, causing the blood GLU decrease in poultry (51–
53). Gallagher et al. (54) found that improving INS sensitivity
and reducing INS resistance can regulate the metabolic level
of adipocytokines in patients with metabolic syndrome. Adeva-
Andany et al. (55) found that fat oxidation metabolism was
inhibited when INS level increased, and fat anabolism was
inhibited if GLC level increased in animals. In this study, the GLC
contents in the groups treated with hydroxylated lecithin and soy
lecithin were significantly lower than those in CG. In contrast,
the INS contents were showed an opposite trend, indicating that
the hydroxylated lecithin and soy lecithin regulated the lipid
anabolism by increasing the INS content and decreasing the GLC
content in goslings.

The TRH, a 3-peptide hormone secreted by the hypothalamus,
can stimulate the pituitary gland thyrotropin-secreting cells to
secrete the thyrotropic hormone (56). Thyroid hormones mainly
include T4 and T3, which promote gluconeogenesis and hepatic
glycogen synthesis in poultry (57). Sinha et al. (58) found that
excessive T4 caused more fat breakdown than fat synthesis,
leading to decreased cholesterol levels and weight loss in mice.
Schering et al. (59) found that T4 in beef cattle could promote
fatty acid oxidation and accelerate TC degradation if the level
of T4 in beef cattle was within a reasonable range, the lipid
synthesis and decomposition were in a dynamic balance, and
the blood lipids were maintained at an average level. Ge et
al. (60) found that the high energy level diets would reduce
T3 in broiler breeders and thus promote lipid metabolism. In
this study, the treated groups’ TRH, T3, and T4 contents were
significantly decreased, resulting from hydroxylated lecithin and
soy lecithin regulating the TRH content, handling the T4 and

T3 contents to complete the lipid synthesis and metabolism
regulation in goslings.

Effects on Meat Quality
The poultry meat quality can generally be evaluated by pH value,
water holding capacity and shear force (61). Various aspects
influence muscle pH value changes, and the direct influence
factor is muscle glycolysis. The pH value visualizes muscle acidity
and alkalinity and can directly impact muscle tenderness and
drip loss (61). In this study, the BMpH in HLG100 and HLG200
was lower, the LMpH in the treated groups with hydroxylated
lecithin and soy lecithin was lower, indicating that hydroxylated
lecithin could reduce the pre-growth muscles pH value of geese.
Poultry muscle water holding capacity has a critical impact on
meat processing. If the muscle water holding capacity is strong,
the muscle itself can be well-preserved nutrients and flavor
components in the production and processing to enhance the
muscle quality. Lee et al. (62) found that the higher muscle
water holding capacity can increase the muscle flavor of broiler
breasts. In this study, the BMWHC was higher in HLG100
and HLG200, and the LMWHC was significantly higher in
the treated groups, indicating that hydroxylated lecithin and
soy lecithin can improve the breast and leg muscle water
holding capacity of goslings, thus improving its meat quality.
Stefania et al. (63) found that muscle tenderness improved with
reduced muscle shear force in pigs. In this study, the BMSF
in HLG200 was lower, and LMSF in the treated groups was
more downward, indicating that the hydroxylated lecithin and
soy lecithin could improve the breast and leg muscle tenderness
of goslings.

The muscle fiber small-diameter and large-density
can improve the meat tenderness in poultry (64). In
this study, the BMFD and LMFD in HLG100, HLG200,
and LG100 were lower, the BMFY and LMFY were
higher in HLG200 and LG100, indicating that the
hydroxylated lecithin and soy lecithin could improve the
meat tenderness goslings, which echoes the decrease in
breast and leg muscle shear force above to increase the
meat tenderness.

The inosinic acid has a vital influence on the meat flavor
in poultry (65). Zhang et al. (66) found that the inosinic acid
was correlated with the meat flavor of broilers, and Wang et
al. (65) found that different feed additives could determine
the meat freshness grade by affecting the muscle inosinic acid
content. In this study, the higher breast muscle inosinic acid
content in HLG100, HLG200, and LG100, and the higher
leg muscle inosinic acid content in treated groups, indicating
that the hydroxylated lecithin and soy lecithin could improve
the meat flavor of goslings. Intramuscular fat includes lipid
droplets within muscle fibers and fat deposited between muscle
fibers and fiber bundles (67). The intramuscular fat content
in muscle critically influences the meat flavor and tenderness.
Zhang et al. (68) found that the expression of the SREBP-
1 gene, PHKG 1 gene, fatty acid synthase gene, hormone-
sensitive lipase gene, and lipoprotein lipase gene could regulate
intramuscular fat deposition, thus improving the pork flavor
and tenderness. Yang et al. (69) found that the meat tenderness
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of Peking duck could be enhanced with the intramuscular fat
content increase. In this study, the intramuscular fat content in
goslings’ breast and leg muscles was increased, indicating that the
hydroxylated lecithin affects the intramuscular fat deposition in
the muscles, improving the meat tenderness flavor of goslings.
And the results of SREBP-1 gene and PHKG 1 gene relative
expression in HLG100 also validated the above results at the
RNA levels. TG, the most abundant lipids, can be broken down
to provide energy for poultry (70). The phospholipid is an
indispensable part of the biological membrane structure (70).
Therefore, TG and phospholipids can affect the meat quality
of poultry in different ways. In this study, the breast and
leg muscle TG contents in HLG100 and LG100 were lower;
and the phospholipids content in treated groups was higher,
indicating that the hydroxylated lecithin could improve the meat
quality by decreasing the triglycerides content and increasing the
phospholipids content.

CONCLUSION

The effects of hydroxylated lecithin on growth performance,
serum enzyme activity, hormone levels related to lipid
metabolism and meat quality of Jiangnan White goslings in
the different treatment groups were assessed. The final body
weight, average daily gain, feed conversion ratio, alanine
aminotransferase, malate dehydrogenase, leptin, glucose,
triiodothyronine, thyroid hormone, malondialdehyde, free
fatty acid, breast muscle water holding capacity, leg muscle
water holding capacity, intramuscular fat contents, relative
expression levels of the sterol regulatory element-binding
protein-1 and phosphorylase kinase gamma subunit 1 genes in
HLG200 were improved compared with the CG and/or LG100.
Overall, the hydroxylated lecithin concentration of 200 mg/kg
improved the growth performance, serum enzyme activity,

hormone levels related to lipid metabolism, and the meat
quality of Jiangnan White goslings. Therefore, hydroxylated
lecithin can be widely used as a safe and reliable additive in
livestock production.
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This study was designed to appraise the effect of licorice herbal supplement on the

immune status of rainbow trout fingerlings. Accordingly, five diets were formulated with

different levels of licorice extract (LE) including 0 (control), 0.5 g kg−1 (LE0.5), 1 g kg−1

(LE1), 2 g kg−1 (LE2), and 3 g kg−1 (LE3). The fingerlings (10.0± 0.1 g initial mean weight)

received the diets in triplicates (30 fish in each replicate) for 56 days. The results showed

that the white blood cells and their differential number (lymphocytes and monocytes)

were remarkably increased by LE2 supplementation (P < 0.05). The oral administration

of LE2 significantly increased the levels of serum immunoglobulin (Ig), lysozyme activity,

and complement components (C3 and C4) compared with others. Meanwhile, the serum

bactericidal activity against Yersinia ruckeri in LE2 and LE3 treatments was significantly

higher than others except for LE1 (P < 0.05). In addition, serum alternative complement

activity significantly improved in all treated groups except LE0.5 compared with the

control group (P < 0.05). In terms of skin mucosal immunity, the fish fed with LE2 and

LE3 diets exhibited notably higher lysozyme activity, alkaline phosphatase activity, and Ig

value than other groups (P < 0.05). The highest skin mucus bactericidal activity against

Y. ruckeri was obtained in LE2 treatment (P < 0.05). In addition, dietary LE2 significantly

increased the relative expression of immune-associated genes including tumor necrosis

factor-α, interleukin-1β, interleukin-8, and IgM and the former treatments showed higher

values than the control group. The cumulative mortality of fish against Y. ruckeri infection

was notably reduced from 53.6% in the control group to 29.0% in LE3 treatment. Overall,

the dietary administration of LE at 2 g kg−1 had the best effects on immunocompetence

in rainbow trout.

Keywords: bactericidal activity, cytokines, disease resistance, herbs, innate immunity
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INTRODUCTION

Over the past decade, the global production of rainbow trout
(Oncorhynchus mykiss) has grown significantly and nearly
doubled. However, the immune system of fish can be suppressed
by various stressors in captivity conditions, and the emergence
of infectious diseases has hampered the growth performance
and survival rate of rainbow trout in aquaculture sectors (1).
It has been widely proven that the improvement of aquafeed
plays a chief role in fish health status (2–4). Therefore, a
healthy balanced diet should not only be formulated based on
the essential requirements of aquatic animals but should also
contain some ingredients to ameliorate the overall performance
of fish in captivity (5–7). In this regard, several functional
feedstuffs such as acidifiers, probiotics, and medicine plants with
diverse biological activities such as antioxidant and immune-
boosting properties have entered into aquaculture nutrition
(8–11). In recent years, there has been increasing attention
to the use of herbal supplements in aquaculture due to
their high potency (i.e., availability, relatively low price, easy
processing, and eco-friendly) (8–11). In fact, herbal supplements
display immunostimulatory effects on the host due to several
bioactive compounds that are unique for each medicinal plant
species (12).

Licorice, Glycyrrhiza glabra, is a medicinal plant belonging
to the Fabaceae family and native to the Mediterranean,
southern Russia, and Asia. In addition, it is cultivated
throughout Europe, the Middle East, and Asia (13). The roots
are the most important part of the plant, which is widely
used in the pharmaceutical, health, and food industries (13,
14). Flavonoids, glycyrrhizinic acid (glycyrrhizin), glabridin,
liqueurite, and liqueurizine are the main biomolecules of the
roots, which have potential antimicrobial, anti-inflammatory,
antihepatotoxic, antimutagenic, and antioxidant effects (14–
17). Recent studies have found that dietary licorice roots
can boost the non-specific immune system in several fish
species, such as common carp, Cyprinus carpio (18), and Nile
tilapia, Oreochromis niloticus (19). Moreover, other findings
showed that licorice root powder enhances hepatoprotective
and anti-stress effects in aquatic animals (20, 21). Herbal
extract supplements have become more common in aquaculture
nutrition than botanical powders due to higher absorption
rates, higher bioactive compounds, and lower dietary dosage
to meet the medicinal benefits. As with most plant extracts,
licorice root extract has more potency and consistency than
the powder form due to higher bioactive phytochemicals,
especially glycyrrhizin (22). However, the information about
the dietary effects of licorice root extract on immunological
defense mechanisms in fish or shellfish is scarce. Therefore,
in this research, the influence of dietary licorice extract (LE)
was evaluated for the first time on the immune system (skin
mucus and serum immune responses), the expression of related
genes, and Yersinia ruckeri resistance in rainbow trout as
one of the most widely introduced species in the finfish
aquaculture industry.

MATERIALS AND METHODS

Plant Hydro-Alcoholic Extraction Process
The dried and cleaned rhizomes and roots of licorice (G. glabra)
were prepared from Dineh Company, Tehran, Iran. Then, they
were pulverized into a fine powder (0.2mm) using a grinder.
Then, the powder (300 g) was soaked in 70% ethanol (1.5 L)
at 4◦C, and the mixture was stirred periodically. After 72 h,
the mixture was filtered by Whatman No. 1 paper. The solvent
(ethanol) was removed by vacuum rotary method at 90 rpm at
50◦C. A final 50ml of concentrated extract was obtained from
300 g of dried rhizomes. Finally, the extract was dried at room
temperature and then stored in a refrigerator until use (23).

Experimental Diets
The basal diet (42.5% protein, 16.4% fat, and 9.6% ash) was
prepared by mixing the dry ingredients including 42% fish meal,
20.8% soybean meal, 16.8% wheat flour, 6% Kilka fish oil, 4%
soybean oil, 2%mineral premix, 2% vitamin premix, 1% cellulose,
0.3% phytase, 0.1% DL-methionine, and 0.2% antioxidant. To
make five experimental diets, different levels of LE including 0
(control), 0.5 g kg−1 (LE0.5), 1 g kg−1 (LE 1), 2 g kg−1 (LE 2), and
3 g kg−1 (LE 3) along with 250ml of distilled water were mixed
with the feed stuffs for each experimental group. In the next step,
the prepared paste was turned into pellets using a meat grinder
(Pars Khazar, Tehran, Iran; 3-mm die), and then, the produced
pellets were dried at room temperature using a conventional fan
until their moisture content reached below 10%.

Experimental Fish
In this study, 500 rainbow trout fingerlings were purchased
from a private farm in Firuzkuh (Tehran, Iran) and transferred
alive to the Khojir Research Station (Tehran, Iran). The fish
health was checked by examining their physical appearance
and behavior such as skin color, swimming style, eye and gill
status, abnormalities in the spine, fin rot, and external parasitic
contaminations. Before the start of the feeding trial, the fish were
stored for 2 weeks in circular tanks (1,000 L) to acclimate to new
conditions (water temperature of 15.0–15.8◦C, dissolved oxygen
of 7.5–8.5mg L−1, and pH 7.2–7.8), and they were fed with
the basal diet. At the end of 14 days, 450 rainbow trout (mean
weight± SD; 10.0± 0.1 g) were distributed in 15 square concrete
tanks (700 L; 30 fish in each tank) with a 0.3 L s−1 water flow
rate. During the rearing period, feeding was done three times a
day (8:30, 12:30, and 16:30) on the basis of apparent satiety for
56 days.

Blood and Epidermal Mucus Sampling
At the end of the rearing period, the fish were deprived of feed
for 24 h and three fish were randomly caught from each tank and
then anesthetized with clove powder (150mg L−1). Then, 2ml of
blood was taken from each rainbow trout using a syringe from the
caudal vein. To measure hematological parameters, a part of the
individual blood sample was transferred to a heparinized tube.
The other part was transferred to a non-heparinized tube and
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kept in the refrigerator for 4 h (for clotting) and then centrifuged
at 3,000×g for 15min at 4◦C. The collected supernatants (serum)
were stored at−80◦C for further analysis.

To measure mucosal immune parameters, three fish were
randomly caught from each tank and individually placed in
polyethylene bags containing 2ml of chloride sodium (50mM).
The fish was gently rubbed for ∼2min, the skin mucus was
collected and centrifuged at 1,500 ×g for 10min, and then the
supernatants were transferred to sterile tubes and kept at −80◦C
for further experiments (24).

Blood and Skin Mucus Immune Parameters
White blood cells (WBCs) were calculated using a
hemocytometer slide on the basis of the method of Martins
et al. (25). In addition, the differential count of WBC including
neutrophils (Neu), lymphocytes (Lym), monocytes (Mono), and
eosinophils (Eos) was performed by preparing and staining the
blood smear according to the method recommended by Borges
et al. (26) under an optical microscope (Alphaphot-2 YS2, Nikon,
Japan). The total protein (TP) values of the skin mucus and
serum samples were estimated using the method described by
Lowry et al. (27).

Total immunoglobulin (Ig) of the serum or skinmucus sample
was measured according to the method previously recommended
by Siwicki and Anderson (28), in which the amount of Ig was
calculated by subtracting the protein concentration of the sample
before and after the addition of polyethylene glycol.

The serum or skin mucus lysozyme (LYZ) activity was
measured according to the protocol described by Ellis (29) using
the turbidimetric method. For this purpose, 50µl of the serum or
skin mucus sample was mixed with 2ml of bacterial suspension
along with citrate-phosphate buffer (0.2mg ml−1 in a 0.05M
sodium phosphate buffer, pH 6.2). Then, the rate of reduction
of light absorption of each sample up to 15min at 450 nm was
measured by an ELISA reader (800 TS, BioTek Instruments
Inc., USA). The amount of LYZ activity in each serum or
mucus sample was calculated using the standard egg white LYZ
curve (Sigma-Aldrich).

Serum alternative complement activity (ACH50) was
measured on the basis of the method described by Yano (30)
using sheep red blood cell hemolysis. The volume yielding 50%
hemolysis was estimated and, in turn, used for quantifying
the complement activity of the serum. In addition, the serum
complement components (C3 and C4) and skin mucus alkaline
phosphatase (ALP) weremeasured using the relevant commercial
diagnostic kits for fish (Hangzhou Eastbiopharm Co., Hangzhou,
China) by a clinical automated blood analyzer (Prestige 24i,
Tokyo Boeki, Japan) as previously used for rainbow trout (31).
Serum and mucus bactericidal activity (BA) against Y. ruckeri
(KC291153; isolated from infected rainbow trout and maintained
at the Faculty of Veterinary Science, University of Tehran, Iran)
was evaluated according to the method described by Fazelan et al.
(32). In brief, the bacterium was cultivated in a nutrient broth,
washed, and suspended in phosphate-buffered saline (PBS). The
optical density of the bacterial suspension was adjusted to 0.5
at 600 nm (33). This suspension was serially diluted five times
(1:10) by PBS. Afterward, 20 µl of the serum and 100 µl of

the mucus were added to 2 µl of the bacterial suspension and
incubated at 22◦C for 1 h. In addition, PBS (20 µl) was used as
the control. Finally, the samples were cultured on trypticase soy
agar medium at 22◦C for 24 h, and the grown colonies on the
plates (in triplicates) were counted to determine BA against Y.
ruckeri as log10 colony-forming unit (CFU) ml−1.

Gene Expression Study
To evaluate the expression of the immune-related gene, three
fish were randomly taken from each tank, and after euthanasia
with clove powder, the anterior kidney was removed on ice and
immediately stored at −196◦C in sterile tubes. In the Genetic
Laboratory of Zakariya-Razi Complex Center (Science and
Research University, Tehran, Iran), 100mg of the head kidney
was ground, transferred to sterilized tubes, and subjected to the
total RNA extraction process via an RNX-Plus kit R© (SinaClon
Co., Tehran, Iran) according to the manufacturer’s instructions.
Besides, DNase (Invitrogen, USA) was used to remove possible
genomic DNA in the extracted RNA. The extracted RNA was
stored at −80◦C until the synthesis of cDNA. For this purpose,
a cDNA synthesis kit (GeNet Bio Co., Daejeon, South Korea)
was used. Accordingly, 2 µl of the template RNA was transferred
to a 0.2-ml tube, and oligonucleotide reagents and primers were
added. Then, the mixture was incubated at 44◦C for 60min. In
the next step, the reaction was subjected to 75◦C for 5min to
inactivate the cDNA degrading enzymes. The volume of solution
containing the synthesized cDNA was adjusted to 20 µl (34).

Quantitative real-time PCR was carried out using a SYBR
GreenMaster Mix kit (GeNet BIO Inc., Daejeon, South Korea) in
a real-time thermal cycler (Rotor-Gene Q, QIAGEN, Germany).
The thermal profile for the reactions consists of 2min at 94◦C
for initial denaturation; then 40 cycles for 30 s at 94◦C, 30 s at
62◦C, and 45 s at 72◦C for annealing temperature; and one cycle
for 5min at 70◦C for the final extension.

The intensity of fluorescence at the end of each cycle was
recorded by the qPCR device (Rotor-Gene Q). β-actin gene
was used as a reference gene to normalize the expression of
the target genes. The primers used in this experiment were
designed using Primer3 online software version 0.4 (Table 1).
The relative expression of candidate genes in different treatments
was performed on the basis of the 2−11Ct method.

In vivo Fish Infection Model
After the feeding trial, the resistance of the remaining fish against
Y. ruckeri (KC291153), the cause of redmouth disease in rainbow
trout, was evaluated for 10 days. In summary, the fish from
different treatments (N = 10) were transferred into 15 circular
fiberglass tanks (150 L) located in the Research Station laboratory
under the isolated and quarantined conditions. A dose of 1× 107

bacterial cells/ml [based on the median lethal dose (LD50) test]
in PBS was prepared from Y. ruckeri using standard McFarland
tubes, and the fish were injected intraperitoneally (0.1ml per
fish). The fish were fed with the experimental diets during the
challenge text. The mortality and clinical signs of the infected
fish were recorded daily. In addition, the standard bacteriological
culture was performed on the kidney tissue samples of all dead
fish to confirm the cause of death due to the pathogenic bacteria.
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The cumulative mortality was calculated on the basis of the
following equation:

Cumulative mortality (%) = (total number of dead fish/ total
number of stocked fish)× 100.

Statistical Analysis
First, the homogeneity and normality of the data were
investigated using the Levene’s test and Kolmogorov–Smirnov
test, respectively. Then, the data were analyzed by ANOVA
using SPSS software (version 20). The mean comparison between
different treatments was determined on the basis of the Tukey’s
multiple-range test at 5% probability level (P < 0.05).

RESULTS

Total and Differential Leukocyte Counts
Cellular immune responses of rainbow trout at the end of the
feeding trial are presented in Table 2. The WBC count in the
groups fed with LE1 and LE2 diets was significantly higher than
LE0.5 and the control groups (P < 0.05). In addition, Lym
and Mono percentages in the fish fed with dietary LE2 were
remarkably higher than those receiving the diet free from LE

TABLE 1 | Sequences of the oligonucleotide primers used in this study for

real-time qPCR*.

Gene Primer sequences Efficiency Accession

(F/W forward and reverse primers) (%) number

TNF-α F: GGGGACAAACTGTGGACTGA 98.0 AJ277604.2

R: GAAGTTCTTGCCCTGCTCTG

IgM F: ACCCTCCTCTTGGTCGTTTC 96.7 S63348

R: TGATGACACCAACAGCAACA

IL-1 β F: ACATTGCCAACCTCATCATCG 97.1 AJ223954.1

R: TTGAGCAGGTCCTTGTCCTTG

IL-8 F: AGAATGTCAGCCAGCCTTGT 96.6 AJ279069

R: TCTCAGACTCATCCCCTCAGT

β-actin F: ACATCAAGGAGAAGCTGTGCTAC 97.8 AB196465

R: TACGGATGTCCACGTCACAC

*TNF-α, tumor necrosis factor α; IgM, immunoglobulin M; IL-1β, interleukin-1β; IL-

8, interleukin-8.

(control diet). Conversely, the lowest percentage of neutrophils
belonged to the trout fed a diet containing LE2, which recorded a
significant decrease compared with the control fish (P < 0.05). In
the case of eosinophils, no significant differences were recorded
between the different experimental groups (P > 0.05).

Serum Immune Parameters
As shown in Figure 1, the serum immune responses were affected
by different levels of LE in rainbow trout. The fish fed with
LE2 diet indicated significantly higher Ig, LYZ, C3, and C4
values than other treatments (P < 0.05). In addition, TP was
remarkably higher in fish fed diets supplemented with LE2
and LE3 than other groups (P < 0.05). ACH50 activity was
significantly enhanced in response to diets treated with LE1,
LE2, and LE3, whereas no significant differences were observed
between LE0.5 treatment and the control group (P > 0.05).
Furthermore, the BA was significantly increased in the serum
of the fish treated with dietary LE, and the strongest reduction
of Y. ruckeri counts was recorded in the fish fed with LE2 and
LE3 diets.

Skin Mucus Immune Parameters
Figure 2 displays the effect of different levels of LE on the
skin mucosal immunity of rainbow trout. The supplemented
diets with LE2 and LE3 significantly enhanced the levels of
LYZ activity, Ig, and TP values (P < 0.05). The highest level
of ALP was determined in the fish treated with LE2 diet, and
other treatments showed intermediate values and a significant
difference compared with the control group (P < 0.05). The fish
fed LE2 showed a higher value of mucus BA compared with other
groups (P < 0.05). The control group, on the contrary, had the
lowest mucus BA against Y. ruckeri.

Immune-Related Gene Expression
Expression of immune-related genes was significantly
upregulated by LE dietary supplementation (Figure 3). The
expression of IL-1β , IgM, and TNF-α genes was significantly
increased in LE2 group (P < 0.05). In addition, the treated fish
with LE2 and LE3 diets significantly indicated a higher level of
IL-8 gene expression, when compared with the control group
and LE0.5 treatment (P < 0.05).

TABLE 2 | Blood cell response of rainbow trout fed with diet containing different levels of licorice extract (LE) for 56 days*.

Leukogram variables Treatments (g kg−1)

Control LE0.5 LE1 LE2 LE3

WBC (× 103 µl−1) 21.55 ± 0.01c 25.61 ± 0.02b 25.80 ± 0.08a 25.83 ± 0.08a 25.69 ± 0.06ab

Neu (%) 17.00 ± 1.00a 16.33 ± 1.53a 16.33 ± 0.58a 12.00 ± 2.00b 15.33 ± 0.58a

Lym (%) 76.33 ± 1.53b 77 ± 1.00b 77.33 ± 1.53b 80.00 ± 1.00a 77.33 ± 1.53b

Mono (%) 5.33 ± 0.58b 6.33 ± 1.15ab 6.38 ± 0.58ab 7.67 ± 0.58a 7.00 ± 1.00a

Eos (%) 0.67 ± 0.58a 1.00 ± 0.66a 0.67 ± 0.58a 0.33 ± 0.58a 0.33 ± 0.85a

*Different letters in each column show significant differences among the experimental groups (P < 0.05). Value are showed as mean ± SD (n = 3). WBC (g), white blood cells; Neu,

neutrophils; Lym, lymphocytes; Mono, monocytes; Eos, eosinophils.
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FIGURE 1 | Evaluation of the serum immunological values of total immunoglobulin (Ig) (A), lysozyme activity (LYZ) (B), complement component 3 (C3) (C),

complement component 4 (C4) (D), complement pathway hemolytic activity (ACH50) (E), total protein (TP) (F), and serum bacterial count (G) in rainbow trout fed with

different levels of licorice extract (LE) supplemented diets. Bars assigned with the same superscripts are not significantly different (P > 0.05). Values are presented as

the mean ± SD (n = 3).
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FIGURE 2 | Evaluation of the skin mucosal immunological values of total protein (TP) (A), alkaline phosphatase (ALP) (B), total immunoglobulin (Ig) (C), lysozyme

activity (LYZ) (D), and mucus bacterial count (E) in rainbow trout fed with different levels of licorice extract (LE) supplemented diets. Bars assigned with the same

superscripts are not significantly different (P > 0.05). Values are presented as the mean ± SD (n = 3).

Challenge Test
The trend of rainbow trout mortality during 10 days of
experimentally challenged with Y. ruckeri infection is shown in
Figure 4. A significant reduction (P < 0.05) in the mortality was
observed in the fish fed with LE at higher concentrations than

0.5 g kg−1. In addition, the highest percentage of mortality was
recorded in the control (53.66%) and 0.5 g kg−1 LE (50.00%) at
the end of the bacterial challenge test. However, the mortality was
started with a delay of 1 day (fourth day) in the groups of 2 and
3 g kg−1 LE. The lowest mortality was observed in the fish fed
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FIGURE 3 | Measurement of the levels of interleukin-1β (IL-1β), interleukin-8 (IL-8), tumor necrosis factor α (TNF-α), and immunoglobulin M (IgM) gene expression in

rainbow trout fed with different levels of licorice extract (LE) supplemented diets. Bars assigned with the same superscripts are not significantly different (P > 0.05).

Values are presented as the mean ± SD (n = 3).

FIGURE 4 | The cumulative mortality of rainbow trout fingerlings fed with different levels of licorice extract (LE) supplemented diets after experimentally challenged with

Yersinia ruckeri for 10 days. Bars assigned with the same superscripts are not significantly different (P > 0.05). Values are presented as the mean ± SD (n = 3).
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with LE2 diet (29%), which was not significantly different from
LE3 treatment (33.66%; P > 0.05).

DISCUSSION

The application of feed supplements to improve the immune
system of aquatic animals can reduce the economic losses due
to infectious diseases outbreak in aquaculture sectors. In this
regard, traditional plants are considered a common strategy
to boost the immune system according to their remarkable
antimicrobial, antioxidant, and therapeutic properties (3, 5, 7).
Licorice is one of the most important medicinal plants and can be
effective as a strong immunostimulant, which is also supported
by our results on rainbow trout. However, the indicators of
immunocompetence at the highest dietary LE level were slightly
decreased compared with the fish belonging to LE2 treatment.
This outcome may be associated with various factors such
as the presence of anti-nutritional factors (saponin), allergic
reactions, hyperglycemia, excessive excretion of potassium ions,
and elevated plasma pH by consuming a high level of licorice
(5, 20). However, finding the accurate mechanisms of the above
topic in fish requires extensive studies in the future.

Improving leukocytes quantity and differential count is one
of the vital parameters in the specific and non-specific immune
system of fish that can be beneficially affected by adding herbal
supplements in the diets (2, 4, 35, 36). On the basis of the
results, the highest number of total leukocytes was observed in
LE-added groups, which was significantly higher than the control
group. The bioactive compounds in licorice (more than 20
triterpenoids and nearly 300 flavonoids), especially glycyrrhizin,
18β-glycyrrhetinic acid, licochalcone A and E, glabridin, and
liquiritigenin, exert strong antimicrobial properties, which can
modulate the immune system functions (37). Similar results
were reported in great sturgeon, Huso huso (38) and striped
catfish Pangasianodon hypophthalmus (35), when they were
administrated orally with Origanum vulgare and Phyllanthus
amarus, respectively. The main components of WBC engaged
in the innate immune system are neutrophils, monocytes,
macrophages, and eosinophils, which are potentially involved in
bactericidal activities and phagocytosis (35). Unlike the innate
mechanisms, B lymphocytes play a manifest role in specific
immunity via producing antibodies against pathogens (36). The
findings of the current study indicated that supplementation
of rainbow trout with LE, especially at the level of 2 g kg−1,
enhanced the lymphocyte and monocyte percentages, which
can reveal the positive impacts of dietary LE in enhancing
the defense system functions of rainbow trout. Moreover, our
findings indicated that the neutrophils count has an inverse
pattern with the lymphocytes. In agreement with our results,
Rashmeei et al. (24) showed a decrease in the neutrophils
count of goldfish (Carassius auratus) followed by an increase
in dietary chasteberry (Vitex agnus-castus) extract concentration.
Neutrophils and eosinophils are motile cells that accumulate at
infectious sites and kill pathogens by producing O2− and OH−

ions through the process of respiratory burst (39). However, we
could not find a strong explanation for the role of LE on the

neutrophils. Therefore, further studies are needed to elucidate the
dietary effect of LE on fish neutrophils.

The humoral immune system has many molecules with
diverse activities. For instance, the complement system contains
35 types of soluble proteins that play a vital role in chemotaxis,
inflammatory, and phagocytic responses (40). Besides, LYZ and
Ig are two other known components of humoral immunity
that are involved in bacteria wall lysis and virus neutralization,
respectively (36). In our study, rainbow trout fed with LE2 diet
indicated higher values of serum LYZ, C3, C4, ACH50, and Ig
than the control fish. Similarly, Abdel-Tawwab and El-Araby (19)
reported that Nile tilapia fed the diet treated with 20 g kg−1

licorice powder remarkably increased serum LYZ activity. In
addition, Adineh et al. (18) elucidated higher serum LYZ and
ACH50 activities as well as Ig value in common carp fed diets
enriched with different levels of licorice powder. Improving
liver function by licorice root is one of the main reasons for
the increased serum TP, C3, C4, and ACH50 levels that were
previously suggested by Elabd et al. (20) and Yin et al. (21).
These findings may be related to the role of LE to improve liver
and other organs functions that produced serum proteins (18).
Earlier reports indicated that dietary administration of licorice
(main active compound: glycyrrhizin) can decrease liver damages
due to the hepatoprotective and antioxidant effects of G. glabra
in fish (19, 20). In fact, the protective effect of licorice against
liver fibrosis and cirrhosis may be related to its anti-inflammatory
activity and enhancement of antioxidant defense in the host
(41). In addition, an increase in the serum TP content can be
accompanied by increasing in the Ig and total globulin levels (17).
Moreover, it seems that increasing the number of lymphocytes
could beneficially affect the level of LYZ activity and Ig value of
rainbow trout (42, 43). In this study, the highest level of serum
BA activity was recorded in the fish fed LE2 diet by observing the
lowest Y. ruckeri count. This can be interpreted by improving the
integrity of the mucosal tissues due to the phenolic compounds
(mainly glycosides of liquiritigenin and isoliquiritigenin) found
in LE (44). Similarly, previous studies have also confirmed that
enhancing serum immune responses by diets containing plant
extracts such as Taraxacum officinale (45), Viscum album (46),
Mentha piperita (47), and Ziziphora clinopodioides (48) led to
increase serum BA in rainbow trout.

The skin and gills of fish are constantly exposed to
destructive agents such as pathogens, toxins, and stressors
(49, 50). Therefore, improving their protective layer, such as
epidermal mucus, is crucial in the first line of defense against
invading pathogens. Skin mucosal barrier in the fish defense
contains a variety of biomolecules such as lectins, peptides,
LYZ, immunoglobulin, and proteolytic enzymes (44, 45). In
recent years, several nutritional studies have been performed to
improve mucosal immunity (51–53). The possible mechanism
of immunostimulants in the regulation of mucosal immune
parameters is through stimulation or contact with lymphatic
tissue related to the skin or gills (51). Several studies have
shown that the oral administration of medicinal plants and their
derivatives stimulate lymph tissues to secrete more epidermal
mucus defense elements (53–55). Our findings showed that
dietary supplementation with different levels of LE, especially

Frontiers in Veterinary Science | www.frontiersin.org 8 February 2022 | Volume 9 | Article 811684109

https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles


Darvishi et al. Dietary Licorice Extract in Rainbow Trout

at 2 and 3 g kg−1, resulted in a significant improvement in
LYZ and ALP activities as well as Ig value compared with
the control group. These findings were supported by previous
reports in rainbow trout fed with other medicinal plants. For
instance, Gholamhosseini et al. (56) showed that dietary Tarragon
(Artemisia dracunculus) improved LYZ and ALP activity and
TP value in rainbow trout. In another study, Ghafarifarsani
et al. (57) indicated that rainbow trout fed diet enriched
with oak acorn (Quercus liaotungensis) extract had remarkably
higher skin mucus LYZ and ALP activities compared with the
control group. The beneficial effects of licorice on the immune
responses may be due to immunomodulatory compounds such
as glycyrrhizin, which was previously reported (18–20). The
present findings on themucus BA confirmed that LE can improve
skin mucus immune parameters in rainbow trout as a potential
source of antibacterial substances. Similarly, Oroji et al. (48)
reported that oral administration of Ziziphora clinopodioides
extract significantly increased the BA of skin mucus in rainbow
trout. In addition, Ghafarifarsani et al. (57) reported the strong
antibacterial effect of skin mucus extract against Y. ruckeri in
rainbow trout treated by dietary oak acorn extract.

Fish immune systems are complex and significantly influenced
by nutritional status (10, 58). In the context of immune and
inflammatory responses, cytokines are soluble glycoproteins
that play a major role in regulating immune responses and
can be divided into various groups such as interferons,
interleukins, tumor necrosis factor, and chemokines (59, 60).
Several studies have suggested that the expression of pro-
inflammatory cytokines genes (IL-1β , IL-6, IL-8, and TNF-α) was
upregulated by plant-fortified diets such as Ginkgo biloba (61),
Phoenix dactylifera (62), Origanum vulgare (4), and Taraxacum
officinale (45). In this study, the expression of TNF-α and IL-
8 genes significantly increased in response to different levels
of LE, especially at 2 g kg−1. In fact, TNF-α is involved in
initiating and enhancing inflammatory processes against gram-
negative bacteria and other pathogens (63). In addition, pro-
inflammatory cytokines such as IL-8 play a fundamental role in
the acute inflammatory process, neutrophil oxidative burst, and
wound healing (64). In the present study, the expression of IL-
1β and IgM genes significantly increased with the increase of
dietary LE and peaked at LE2; however, thereafter, they were
slightly decreased. IL-1β plays a key role in systemic responses
to infections and tissue injuries, and it has a similar function
with TNF-α and enhances the activity of LYZ and cytokines with
antibacterial properties such as IL-17 (65). To our knowledge,
no data are available on the effect of licorice on the expression
of immune-related genes of rainbow trout or other species.
However, a pair of studies showed that the supplementation
of rainbow trout diet with Polygonum minus (66) and Aloysia
citrodora (67) could upregulate the expression of TNF-α, IL-1β ,
and IL8 genes. In this study, the expression of pro-inflammatory
cytokine genes was elevated in LE-added groups, especially at
2 g kg−1, which may indicate the importance of phytogenic
bioactive compounds in LE to modulate immune responses in
rainbow trout.

The efficacy of dietary supplements can be evaluated in
aquaculture by exposing the fish to pathogens. Y. ruckeri is
the cause of enteric red mouth disease or yersiniosis, which

is a septicemic infection that affects salmonids, and rainbow
trout is more susceptible to this infection at early life stages
(68). This infectious disease is widespread and has caused
significant economic losses in the trout aquaculture industry
(69). In the present study, the infected rainbow trout with
Y. ruckeri indicated a significantly lower mortality rate in the
LE-added groups, especially in LE2 treatment, compared with
the control group. The positive effect of various medicinal
plants in increasing the survival rate of rainbow trout against
yersiniosis has been previously reported (23, 57, 66, 70, 71). The
increase in the survival and resistance of rainbow trout against
Y. ruckeri infection in LE 2 and LE3 treatments can confirm
the enhancement of the fish innate immunity and health, which
are in line with the improvements in the measured immune
parameters of serum and skin mucus.

Our findings revealed that using LE as a feed additive
can enhance innate immune responses in rainbow trout.
In this study, a diet containing LE at 2 g kg−1 effectively
improved the leukocyte count, serum, and mucus immune
responses as well as some immune-mediated genes in the
head kidney. The oral administration of LE, especially at
2 g kg−1 increased the resistance of fish to Y. ruckeri infection.
Therefore, it seems that the use of LE in rainbow trout diet
as an immunomodulatory agent can be effective to boost the
immune system.
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This study was conducted to evaluate the impact of feeding postbiotics and

paraprobiotics produced from Lactiplantibacillus plantarum on colon mucosa microbiota

in broiler chickens. In this study, 336 one-day-old COBB 500 chicks were randomly

allotted to eight treatment groups and replicated six times with seven birds per replicate.

The treatment included T1 (Negative control) = Basal diet, T2 (Positive control) = Basal

diet + 0.01% oxytetracycline, T3 = Basal diet + 0.2% postbiotic TL1, T4 = Basal diet

+ 0.2% postbiotic RS5, T5 = Basal diet + 0.2% paraprobiotic RG11, T6 = Basal diet +

0.2%postbiotic RI11, T7=Basal diet+ 0.2%paraprobiotic RG14, and T8=Basal diet+

0.2% paraprobiotic RI11. There were reported changes in the bacterial community using

16S rRNA sequencing of the colon mucosa. The results of the sequencing of 16S rRNA

genes in the colon mucosa samples indicated that compared to birds fed the negative

control diet, birds fed paraprobiotic RI11 diets were recorded to have a lower relative

abundance of Proteobacteria, while those fed the positive control were recorded to have

a higher proportion of Firmicutes. Also, lower Enterococcuswas reported in paraprobiotic

RI11, while the most abundant genus was Bacteroides in postbiotic TL1. This study

revealed that supplementation of postbiotics and paraprobiotics in the diets of broilers

demonstrated positive effects on the microbiota by supporting the increase of beneficial

microbes like the Firmicutes while decreasing harmful microbes like the Proteobacteria.

Therefore, this study has provided knowledge on the modification of chicken mucosa

microbiota through the feeding of postbiotics and paraprobiotics.
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INTRODUCTION

The gastrointestinal tract (GIT) of chicken hosts a great microbial
community, and its integrity play an important role in nutrient
absorption, development of immunity, and disease resistance (1).

When changes occur in the GIT microbiome, feed efficiency,
productivity, and health of the birds can be influenced (2–4). The

different sections of the GIT of chickens are heavily populated
with complex microbiome (bacteria, fungi, Archaea, protozoa,
and virus) dominated by bacteria (5). The gut microbiota can

create a protective barrier by attaching to the epithelial walls
of enterocytes, thereby reducing the possibility of colonising
pathogenic bacteria (6).

Primarily, the commensal microbiota can benefit the host
in terms of competitive exclusion of pathogens or non-
indigenous microbes, immune stimulation and programming,
and contributions to the host nutrition (7). In addition,
they can stimulate the development of the immune system,
including mucus layer, epithelial monolayer, intestinal immune
cells (e.g., cytotoxic and helper T cells, immunoglobulin
producing cells, and phagocytic cells), and the lamina propria
(7–9). The gut mucus layer increases mucin secretion and
epithelial cell turnover through the influence of the commensal
microbiota. This helps keep the GIT lubricated while preventing
microorganisms from taking over the intestinal epithelial cells of
the host (1).

The microbiota in the hindgut (caeca and colon) can produce
energy and nutrients like vitamins, amino acids, and short-chain
fatty acids (SCFA) from the undigested feed, which are later
available to the host (2, 7). The bacteriostatic properties of SCFA
can destroy foodborne pathogens such as Salmonella sp. (10).
Previous reports have already established that the pH of the colon
becomes lower as a result of SCFA production, which inhibits the
conversion of bile to secondary bile products (11).

Diets greatly impact the intestinal microbiome of chickens.
Different constituents of diet that escape digestion and
absorption by the host are being utilised as a substrate for growth
by the bacteria (12). The diversity and composition of the gut
microbiome in poultry are greatly impacted by diets (13).

The composition of the mucosa attached microbiota is
influenced by several host factors such as the expression of
specific adhesion sites on the enterocyte membrane, secretion
of secretory immunoglobulins, and mucus production rate (1).
It is well established that diet can alter luminal and mucosa-
attached microbiota to influence gut health (3). The use of
postbiotics as a replacement for antibiotics in broiler chicken
diets has been well documented (14–17). Postbiotic has been
defined as any factors resulting from the metabolic activity of
a probiotic or any released molecules capable of conferring
beneficial effects to the host directly or indirectly (18). Postbiotics
are also known as non-viable bacterial products or metabolic by-
products from probiotic microorganisms with biological activity
in the host (18, 19). In contrast, the term paraprobiotics was
coined to indicate the use of inactivated probiotic cells (non-
viable) or probiotic cell fractions to confer health benefits to the
host (20). Hence, paraprobiotics are also known as “inactivated
probiotics” or ghost probiotics (20). The benefits of postbiotics

include inhibiting pathogenic bacteria growth, leading to efficient
nutrient utilisation and improvement in growth (21–23). On the
other hand, the benefits provided to the host by paraprobiotics
include modulation of the immune system, whereby the cell wall
components may boost the immunological responses (24, 25).

Extensive studies with postbiotics effects on targeted caecum
microbial population have been carried out (14, 17, 26, 27).
However, the effect of postbiotics and paraprobiotics on the
colon bacterial microbiota is yet unknown. Similarly, postbiotics
and paraprobiotics affect the microbiota living in the outer
mucosa layer, which differs from the caecal microbiome. Mucosa
microbiota found within the outer mucous layer plays an
important role in the intestine (28, 29). Therefore, the colon
mucosal genome was studied using next-generation sequencing
(16S rRNA). This study aimed to evaluate the impact of
postbiotics and paraprobiotics on the colon mucosal microbiota
in broiler chickens.

MATERIALS AND METHODS

Postbiotic and Paraprobiotic Preparations
The active culture of Lactiplantibacillus plantarum strains was
washed once with sterile 0.85% (w/v) NaCl (Merck, Darmstadt,
Germany) solution and adjusted to 109 CFU/ml to be used as
a 10% (v/v) inoculum according to the method described by
Mohamad et al. (30). Both postbiotics and paraprobiotics were
prepared according to the method described by Ooi et al. (31)
using deMan, Rogosa, and Sharpe (MRS) medium and incubated
at 30◦C for 24 h under anaerobic conditions. As for postbiotic
preparation, cell-free supernatant was collected as postbiotics
after centrifugation at 10,000 × g for 15min at 4◦C. The cell
suspension of L. plantarum strains was frozen for 7 days at−30◦C
to produce paraprobiotics.

Broiler Chicken and Management
A total of 336 day-old COBB 500 chicks (DOCs) were
obtained from a commercial hatchery. The DOCs were randomly
distributed to 8 dietary treatments managed in a closed house
system. The house temperature was set at 33◦C ± 1◦C on day
1 and was gradually reduced to about 25◦C ± 1◦C by day
15. The average relative humidity ranged between 60 and 75%.
Each treatment group was replicated six times with seven birds
per replicate and was managed in a 120 × 120 cm (length ×

width) pen cage. The dietary treatment included T1 (Negative
control) = Basal diet, T2 (Positive control) = Basal diet +

0.01% oxytetracycline, T3 = Basal diet + 0.2% TL1 postbiotic,
T4 = Basal diet + 0.2% RS5 postbiotic, T5 = Basal diet + 0.2%
RG11 paraprobiotic, T6 = Basal diet + 0.2% RI11 postbiotic,
T7 = Basal diet + 0.2% RG11 paraprobiotic, and T8 = Basal
diet + 0.2% RI11 paraprobiotic. The birds were vaccinated
against Newcastle disease and infectious bronchitis disease (ND-
IB) through eye drop at 7 and 21 days. The infectious bursal
disease (IBD) vaccination was done on day 14 by eye drop.
Water and feed were offered ad libitum until day 35. The starter
and finisher diets (Tables 1, 2) were offered from days 0 to 21
and days 22 until 35 days of age, respectively. The experiment
was undertaken based on the guidelines approved by the
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TABLE 1 | Nutrient composition of starter diets (days 1–21).

Ingredients Treatment diets

T1 T2 T3 T4 T5 T6 T7 T8

Corn 47.50 47.49 47.20 47.20 47.20 47.20 47.20 47.20

Soybean meal 40.10 40.10 40.20 40.20 40.20 40.20 40.20 40.20

Wheat pollard 1.50 1.50 1.60 1.60 1.60 1.60 1.60 1.60

CPO 6.00 6.00 5.90 5.90 5.90 5.90 5.90 5.90

l-Lysine 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50

dl-Methionine 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50

Dicalcium phosphate 2.50 2.50 2.50 2.50 2.50 2.50 2.50 2.50

Calcium carbonate 0.45 0.45 0.45 0.45 0.45 0.45 0.45 0.45

Choline chloride 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10

Salt 0.35 0.35 0.35 0.35 0.35 0.35 0.35 0.35

Mineral mix 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15

Vitamin mix 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15

Antioxidant 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10

Toxin binder 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10

Antibiotics 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00

Postbiotic TL1 0.00 0.00 0.20 0.00 0.00 0.00 0.00 0.00

Postbiotic RS5 0.00 0.00 0.00 0.20 0.00 0.00 0.00 0.00

Paraprobiotic RG11 0.00 0.00 0.00 0.00 0.20 0.00 0.00 0.00

Postbiotic RI11 0.00 0.00 0.00 0.00 0.00 0.20 0.00 0.00

Paraprobiotic RG14 0.00 0.00 0.00 0.00 0.00 0.00 0.20 0.00

Paraprobiotic RI11 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.20

Total 100 100 100 100 100 100 100 100

Calculated analysis

ME (kcal/kg) 3,215.70 3,215.70 3,201.40 3,201.40 3,201.40 3,201.40 3,201.40 3,201.40

Protein (%) 22.00 22.00 22.03 22.03 22.03 22.03 22.03 22.03

Fat (%) 7.99 7.99 7.88 7.88 7.88 7.88 7.88 7.88

Fibre (%) 4.11 4.11 4.12 4.12 4.12 4.12 4.12 4.12

Calcium (%) 1.08 1.08 1.08 1.08 1.08 1.08 1.08 1.08

Total Phos (%) 0.89 0.89 0.89 0.89 0.89 0.89 0.89 0.89

Avail. P (%) 0.48 0.48 0.48 0.48 0.48 0.48 0.48 0.48

Negative control = T1 (Basal diet), positive control = T2 (Basal diet + 0.01% (w/w)Oxytetracycline), T3 = Basal diet + 0.2% (v/w) postbiotic TL1, T4 = Basal diet + 0.2% (v/w)

Postbiotic RS5, T5 = Basal diet + 0.2% (v/w) paraprobiotic RG11, T6 = Basal diet + 0.2% (v/w) postbiotic RI11, T7 = Basal diet + 0.2% (v/w) paraprobiotic RG14, T8 = Basal diet +

0.2% (v/w) paraprobiotic RI11. Dicalcium phosphate 18%; vitamin premix provided per kilogram of diet: vitamin A 35.000 MIU; vitamin D3 9.000 MIU; vitamin E 90.000 g; vitamin K3

6.000 g; vitamin B1 7.000 g; vitamin B2 22.000 g; vitamin B6 12.000 g; vitamin B12 0.070 g; biotin 300.000mg; pantothenic acid 35.000 g; nicotinic acid, 120.000 g; folic acid 3.000g;

phytase 25,000.000 FTU. Mineral mix provided per kilogram of diet: Se 0.2 g, Cu 15 g, Fe 80 g, I 1 g, Mn 100g, Na 1.5 g, Zn 80 g, K 4 g, and Co 0.25 g. Antioxidant contains butylated

hydroxyanisole (BHA). Toxin binder contains natural hydrated sodium calcium aluminium silicates to reduce the exposure of feed to mycotoxins. Oxytetracycline (200 mg/kg, purity ≥

64.7%, Y.S.P. Industries (M) SDN BHD). The diets were formulated using FeedLIVE International software (Nonthaburi, Thailand).

Institutional Animal Care and Use Committee of the Universiti
Putra Malaysia (IACUC) with reference no. UPM/IACUC/AUP-
R098/2018, which ensures that the care and use of animals for
scientific purposes are humane and ethical.

Mucosa Bacterial Metagenomic DNA
Sample Preparation
At the end of day 35 of the experiment, six chickens were
randomly selected from each treatment. The chickens were
slaughtered, and the mucosal scrapings from the colon were
collected, quickly frozen, and later stored at−80◦C until the time
for analysis.

Bacterial Genomic DNA Extraction
The bacterial genomic DNA (gDNA) was extracted from the

colonic mucosa samples using the NucleoSpin R© DNA stool
kit (Macherey-Nagel, GmbH and Co. KG, Düren, Germany).

Approximately 200mg of frozen colonic mucosa samples was
lysed in ST1 buffer, the lysate was filtered using the NucleoSpin R©

Inhibitor Removal column, and Buffer ST2 was added to
precipitate contaminants. Buffer ST3 was added to adjust the
binding conditions, and the NucleoSpin R© DNA Stool column
was used to bind theDNA. TheNucleoSpin R©DNAStool column
was washed in four steps using buffers ST3, ST4, and ST5. Buffer
SE was used to elute the DNA after the washing steps. DNA

Frontiers in Veterinary Science | www.frontiersin.org 3 March 2022 | Volume 9 | Article 859284116

https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles


Danladi et al. Impact of Postbiotics and Paraprobiotics

TABLE 2 | Nutrient composition of finisher diets (days 22–35).

Ingredients Treatment diets

T1 T2 T3 T4 T5 T6 T7 T8

Corn 51.60 51.59 51.60 51.60 51.60 51.60 51.60 51.60

Soybean meal 33.50 33.50 33.50 33.50 33.50 33.50 33.50 33.50

Wheat pollard 4.80 4.80 4.60 4.60 4.60 4.60 4.60 4.60

CPO 5.20 5.20 5.20 5.20 5.20 5.20 5.20 5.20

l-Lysine 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50

dl-Methionine 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50

Dicalcium phosphate 2.50 2.50 2.50 2.50 2.50 2.50 2.50 2.50

Calcium carbonate 0.45 0.45 0.45 0.45 0.45 0.45 0.45 0.45

Choline chloride 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10

Salt 0.35 0.35 0.35 0.35 0.35 0.35 0.35 0.35

Mineral mix 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15

Vitamin mix 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15

Antioxidant 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10

Toxin binder 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10

Antibiotics 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00

Postbiotic TL1 0.00 0.00 0.20 0.00 0.00 0.00 0.00 0.00

Postbiotic RS5 0.00 0.00 0.00 0.20 0.00 0.00 0.00 0.00

Paraprobiotic RG11 0.00 0.00 0.00 0.00 0.20 0.00 0.00 0.00

Postbiotic RI11 0.00 0.00 0.00 0.00 0.00 0.20 0.00 0.00

Paraprobiotic RG14 0.00 0.00 0.00 0.00 0.00 0.00 0.20 0.00

Paraprobiotic RI11 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.20

Total 100 100 100 100 100 100 100 100

Calculated analysis

ME (kcal/kg) 3,180.83 3,180.83 3,176.68 3,176.68 3,176.68 3,176.68 3,176.68 3,176.68

Protein (%) 19.92 19.92 19.89 19.89 19.89 19.89 19.89 19.89

Fat (%) 7.29 7.29 7.29 7.29 7.29 7.29 7.29 7.29

Fibre (%) 4.01 4.01 3.99 3.99 3.99 3.99 3.99 3.99

Calcium (%) 1.06 1.06 1.06 1.06 1.06 1.06 1.06 1.06

Total Phos (%) 0.89 0.89 0.88 0.88 0.88 0.88 0.88 0.88

Avail. P (%) 0.48 0.48 0.48 0.48 0.48 0.48 0.48 0.48

Negative control = T1 (Basal diet), positive control = T2 [Basal diet + 0.01% (w/w) Oxytetracycline], T3 = Basal diet + 0.2% (v/w) postbiotic TL1, T4 = Basal diet + 0.2% (v/w)

Postbiotic RS5, T5 = Basal diet + 0.2% (v/w) paraprobiotic RG11, T6 = Basal diet + 0.2% (v/w) postbiotic RI11, T7 = Basal diet + 0.2% (v/w) paraprobiotic RG14, and T8 = Basal diet

+ 0.2% (v/w) paraprobiotic RI11. Dicalcium phosphate 18%; vitamin premix provided per kilogram of diet: vitamin A 35.000 MIU; vitamin D3 9.000 MIU; vitamin E 90.000 g; vitamin K3

6.000 g; vitamin B1 7.000 g; vitamin B2 22.000 g; vitamin B6 12.000 g; vitamin B12 0.070 g; biotin 300.000mg; pantothenic acid 35.000 g; nicotinic acid, 120.000 g; folic acid 3.000g;

phytase 25,000.000 FTU. Mineral mix provided per kilogram of diet: Se 0.2 g, Cu 15 g, Fe 80 g, I 1 g, Mn 100g, Na 1.5 g, Zn 80 g, K 4 g, and Co 0.25 g. Antioxidant contains butylated

hydroxyanisole (BHA). Toxin binder contains natural hydrated sodium calcium aluminium silicates to reduce the exposure of feed to mycotoxins. Oxytetracycline (200 mg/kg, purity ≥

64.7%, Y.S.P. Industries (M) SDN BHD). The diets were formulated using FeedLIVE International software (Nonthaburi, Thailand).

quality was verified using a NanoDrop 2000 spectrophotometer
(Thermo Scientific, Wilmington, DE, USA) with a concentration
(260/280 nm ratio absorbance) of extracted DNA.

16S RRNA Sequencing of Colon Mucosa Microbiota

Bacterial 16S V3–V4 Amplicon Sequencing
Twenty-four (24) purified gDNAs were sent to Apical
Scientific Laboratory, Sdn Bhd, Seri Kembangan,
Malaysia, for the sequencing. The quality of the
purified DNAs was first monitored on 1% Tris–acetate–
EDTA (TAE) agarose gel. The concentration of DNA
was measured using a spectrophotometer (Implen

NanoPhotometer R© N60/N50) and fluorometric quantification
using iQuantTM Broad Range dsDNA Quantification
Kit (Figure 1).

The purified gDNA that passed DNA sample QC was
amplified using locus-specific sequence primers: 16S V3–
V4 forward: CCTACGGGNGGCWGCAG, 16S V3–V4 reverse:

GACTACHVGGGTATCTAATCC. All the PCRs were carried
out with REDiant 2× PCR Master Mix (1st BASE). Library
preparations were done in two stages. The first stage of the PCR of
bacterial 16S rRNA gene of the selected regions (16S V3–V4) was
amplified using locus-specific sequence primers with overhang
adapters, as follows:
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FIGURE 1 | Bacterial gDNA fluorometric quantification.

Forward overhang: 5
′
TCGTCGGCAGCGTCAGATGTGTAT

AAGAGACAG-[locus-specific sequence]
Reverse overhang: 5

′
GTCTCGTGGGCTCGGAGATGTGTAT

AAGAGACAG-[locus-specific sequence]. All the PCRs were
done using KOD, Multi & Epi R© (Toyobo, Osaka, Japan).

At the second stage of PCR, dual indices were attached
to the amplicon PCR using Illumina Nextera XT Index Kit
v2 following the manufacturer’s protocols. The quality of the
libraries was measured using Agilent Bioanalyzer 2100 System
by Agilent DNA 1000 Kit and fluorometric quantification by
Helixyte GreenTM Quantifying Reagent.

The libraries were normalised and pooled according to the
protocol recommended by Illumina and proceeded to sequence
using the MiSeq platform using 300 PE.

A phylogenetic tree was created using a combination of
Multiple Alignment using Fast Fourier Transform (MAFFT)
and FastTree algorithms. The MAFFT algorithms were used to
construct a multiple sequence alignment (MSA), which was then
passed to FastTree to construct a phylogenetic tree based on
maximum-likelihood nearest-neighbour interchanges (NNIs). In
addition, FastTree utilises the CAT estimation. It uses heuristics
to restrict the search for a better phylogenetic tree and estimates a
rate of evolution for each site at lower memory consumption and
faster inference times.

Data Analysis
The sequence adapters and low-quality reads were removed from
the paired-end reads before the first 200,000 raw reads were

extracted using BBTools. Then, the forward and reverse reads
were merged using QIIME. DADA2 pipeline (https://benjjneb.
github.io/dada2/) was used to remove and correct error reads
and to remove low-quality regions and chimeric errors. The
resulting data were in the form of amplicon sequence variant
(ASV) and was used in the next steps accordingly. The taxonomic
classification was done using scikit-learn (https://scikit-learn.
org/stable/) and naive Bayes classifier against database SILVA
(release 132).

It is truly common in amplicon sequencing to involve a
portion of the 16S rRNA gene or 18S gene, where the sequences
are classified taxonomically. However, this involves few software
and pipelines. The DADA2 pipeline comes with a naive Bayesian
classifier that can classify large sequences across multiple ranks—
from kingdom to genus—and provide an output in the form of
taxonomy assignments with bootstrap confidence. It compares a
set of taxonomically assigned sequences provided from formatted
reference fasta files databases such as SILVA for ribosomal
rRNA database and make individual taxonomic assignment (32).
SILVA database (Release 132) was used to analyse the sequence
similarity within the ASV reads with recommended parameters
at a 97% similarity threshold (33).

Bioinformatic Analyses
Sequencing the region in 16S rRNA was done with a paired-end
(PE) Illumina MiSeq platform that generates 300-bp raw reads.
Sequence adapters and low-quality reads were removed from the
raw reads using BBDuk (version 38.76). The raw reads are aligned
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and merged using QIIME2 (version 2019.10). The Divisive
Amplicon Denoising Algorithm 2 (DADA2) pipeline (version
1.14) was used to denoise as an attempt to remove and correct
error reads and to remove low-quality regions and chimeric
errors to obtain ASV (34). DADA2 pipeline was used in this
analysis to substitute the traditional operational taxonomic unit
(OTU) method. DADA2 method is more sensitive and specific
and can detect real biological variation, which is usually missed
by the OTU classification methods. DADA2 can accurately
resolve sequence variants differing by just one nucleotide and
present in as few as two reads, making this pipeline more precise,
comprehensive, and reproducible (35).

Alpha diversity was measured through 5 indices—Observed,
Chao1, Shannon, Simpson, and Fisher—to determine the
richness and the diversity of the bacteria in the colon mucosa
according to the different dietary treatments. A rarefaction curve
plot of the number of species (species richness) was plotted as a
function of the number of samples (sequence sample size).

Statistical Analysis
Statistical tests for sequencing analysis were done based on alpha
diversity. Statistical tests were performed in R Studio version
3.6.2 by using the following packages:

a. phyloseq (https://www.bioconductor.org/packages/release/
bioc/html/phyloseq.html),

b. vegan (https://cran.r-project.org/web/packages/vegan/index.
html), and

c. Venn Diagram (https://cran.rproject.org/web/packages/
VennDiagram/index.html).

RESULTS

Taxonomic Composition
The 16S rRNA gene sequencing is a rapid and accurate
identification method for bacterial isolates; however, it is not
applicable for several genera and only provides resolution till
the genus level and the presence of nucleotide variations in
rRNA operons in a single genome. Under this category, species
distribution under the classification level of phylum up to the
classification level of the genus was done. The distribution
histogram of the relative abundance was generated as shown in
Figures 2, 3. The DADA2 pipeline of colon mucosa samples was
classified into six bacterial phyla. Overall, Firmicutes (85.41%) in
T2, Bacteroidetes (40.24%) in T3, and Proteobacteria (10.03%) in
T7 were the three most dominant phyla (Figure 2). The overall
genus showed that Bacteroides (39.37%) in T3, Faecalibacterium
(17.35%) in T5, Lactobacillus (14.39%) in T6, Ruminococcaceae
UCG-14 (11.01%) in T2, Escherichia-Shigella (10.33%) in T7, and
(Ruminococcus) torques group (4.82%) in T2 were the dominant
genera (Figure 3).

Species Diversity
Alpha Diversity Indices of Colon Mucosa Microbiota
The alpha diversity of colon mucosa microbiota of broiler
chickens fed postbiotics and paraprobiotics was measured
through five indices: Observed, Chao1, Shannon, Simpson, and
Fisher (Figure 4). The Observed and Chao1 indices showed
increases in richness in the paraprobiotics, positive control,
and postbiotics groups. Paraprobiotic RG11 (T5) was recorded
to have a higher richness mean value of above 160 ASVs
according to the Chao1 index. Fisher’s index showed higher

FIGURE 2 | Relative abundance in % of colon microbiota at the phylum level. T1 = Negative control (Basal diet), T2 = Positive control [Basalt diet + 0.01% (w/w)

Oxytetracycline], T3 = Basal diet + 0.2% (v/w) postbiotic TL1, T4 = Basal diet + 0.2% (v/w) Postbiotic RS5, T5 = Basal diet + 0.2%(v/w) paraprobiotic RG11, T6 =

Basal diet + 0.2% (v/w) postbiotic RI11, T7 = Basal diet + 0.2% (v/w) paraprobiotic RG14, T8 = Basal diet + 0.2% (v/w) paraprobiotic RI11. The most predominant

phyla are Firmicutes (85.41%) in T2, Bacteroidetes (40.24%) in T3, Proteobacteria (10.03%) T7, Verrucomicrobia 1.21% T1, Tenericutes 0.11% in T8 and

Actinobacteria 0.06% in T7.
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FIGURE 3 | Relative abundance in % of colon microbiota at the genus level. T1 = Negative control (Basal diet), T2 = Positive control [Basalt diet + 0.01% (w/w)

Oxytetracycline], T3 = Basal diet + 0.2% (v/w) postbiotic TL1, T4 = Basal diet + 0.2% (v/w) Postbiotic RS5, T5 = Basal diet + 0.2%(v/w) paraprobiotic RG11, T6 =

Basal diet + 0.2% (v/w) postbiotic RI11, T7 = Basal diet + 0.2% (v/w) paraprobiotic RG14, T8 = Basal diet + 0.2% (v/w) paraprobiotic RI11. Bacteroides (39.36%) in

T3, Faecalibacterium (17.35%) in T5, Lactobacillus (14.39%) in T6, Ruminococcaceae UCG-14 (11.01%) in T2, Escherichia-Shigella (10.33%) in T7 are the most

dominant genus.

FIGURE 4 | Alpha diversity indices of colon mucosa microbiota of broiler chickens fed postbiotics and paraprobiotics. T1 = Negative control (Basal diet), T2 =

Positive control [Basalt diet + 0.01% (w/w) Oxytetracycline], T3 = Basal diet + 0.2% (v/w) postbiotic TL1, T4 = Basal diet + 0.2% (v/w) Postbiotic RS5, T5 = Basal

diet + 0.2%(v/w) paraprobiotic RG11, T6 = Basal diet + 0.2% (v/w) postbiotic RI11, T7 = Basal diet + 0.2% (v/w) paraprobiotic RG14, T8 = Basal diet + 0.2% (v/w)

paraprobiotic RI11.
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FIGURE 5 | Rarefaction curves of alpha diversity of colon mucosa microbiota. T1 = Negative control (Basal diet), T2 = Positive control [Basalt diet + 0.01% (w/w)

Oxytetracycline], T3 = Basal diet + 0.2% (v/w) postbiotic TL1, T4 = Basal diet + 0.2% (v/w) Postbiotic RS5, T5 = Basal diet + 0.2% (v/w) paraprobiotic RG11, T6 =

Basal diet + 0.2% (v/w) postbiotic RI11, T7 = Basal diet + 0.2% (v/w) paraprobiotic RG14, T8 = Basal diet + 0.2% (v/w) paraprobiotic RI11. T5 had the highest

species richness above 300 detected little above 40,000 sequencing read depth.

species richness in the paraprobiotics, positive control, and
postbiotics groups. According to Fisher’s index, paraprobiotic
RG11 (T5) had the highest richness mean value above 25 ASVs.
Shannon’s index showedmore species diversity in T2 and T5 than
the other treatment groups. The positive control (T2) and T5
were recorded to have higher species diversity of above 4.5 on
Shannon’s index. Similarly, the positive control (T2) and T5 had
a higher value on Simpson’s index at above 0.985.

The sample-based rarefaction curve in Figure 5 matched the
previously determined maximum species richness by Chao1
and Fisher of alpha diversity. Paraprobiotic RG11 (T5) still
maintained the highest richness based on the rarefaction curve.
According to the rarefaction curves, all the curves of the
treatment group reached their plateau, indicating that the read
depth was sufficient and less new (new species) can be detected
with increasing sequencing depth.

Shared and Unique Microbial Composition
The comparison of the control and postbiotics groups showed
that 38 ASVs were common to the five treatment groups, and
146 more unique ASVs were found in T6 (Figure 6A). On
the other hand, the comparison between the control groups
and paraprobiotic groups showed that a total of 45 ASVs were
common to the five treatment groups, and 144 more unique
ASVs were found in T5 (Figure 6B). The Venn diagram in
Figure 6C represents the comparison of ASVs between the
postbiotics and paraprobiotics groups. The results showed that

out of the total abundance ASVs found in the six treatments, T5
had 133 more unique ASVs, and 36 ASVs were common to both
the postbiotics and paraprobiotics groups.

Phylogenetic Tree
The relationship between the bacterial species was studied
by constructing a phylogenetic tree using a combination of
MAFFT and FastTree algorithms based on maximum-likelihood
NNIs. The phylogenetic tree confirms the genus to which the
query sequence strain belongs and its closest neighbours by
comparing it with other sequences from the database. Further,
genotypic, chemotaxonomic, and phenotypic analysis platforms
are designed. The overall most closely related genus among the 30
top genera according to ASVs in colon mucosa microbiota of the
eight dietary treatments was the genus Bacteroides (see Figure 7).

DISCUSSION

Effect of Postbiotics and Paraprobiotics on
16S RRNA Amplicon Sequencing of Colon
Mucosa Microbiota
According to (36), the GIT of chickens harbours a large microbial
community that plays an important role in chicken growth and
health through enhancing nutrient absorption and strengthening
the immune system. The GIT provides a platform for the growth
of a diverse microbiota that provides a second barrier against
colonisation by pathogens, regulates immune development and
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FIGURE 6 | Venn diagram (A) species richness of controls and postbiotic group, (B) species richness of controls and paraprobiotic group. T1 = Negative control

(Basal diet), T2 = Positive control [Basalt diet + 0.01% (w/w) Oxytetracycline], T3 = Basal diet + 0.2% (v/w) postbiotic TL1, T4 = Basal diet + 0.2% (v/w) Postbiotic

RS5, T5 = Basal diet + 0.2% (v/w) paraprobiotic RG11, T6 = Basal diet + 0.2% (v/w) postbiotic RI11, T7 = Basal diet + 0.2% (v/w) paraprobiotic RG14, T8 = Basal

diet + 0.2% (v/w) paraprobiotic RI11. The highest ASVs among the postbiotics group and the controls (A) is 146 T6 and the common number of ASV to them is 38.

T5 has 144 ASV as the highest among the paraprobiotics group and the controls (B) with 45 ASVs common to them all. Venn diagram (C) of species richness of

postbiotics and paraprobiotics. T3 = Basal diet + 0.2% (v/w) postbiotic TL1, T4 = Basal diet + 0.2% (v/w) Postbiotic RS5, T5 = Basal diet + 0.2%(v/w) paraprobiotic

RG11, T6 = Basal diet + 0.2% (v/w) postbiotic RI11, T7 = Basal diet + 0.2% (v/w) paraprobiotic RG14, T8 = Basal diet + 0.2% (v/w) paraprobiotic RI11. T5 had the

highest number of ASV (133) and only 36 ASVs are common postbiotics and paraprobiotics.

maturation, and provides metabolites for host nutrition (37–39).
SCFA, such as butyrate, provides energy for the epithelial cells
that line the intestine and subdues the expression of virulence
factors of harmful (38, 40–42).

There is no doubt that caecal microbiota has the greatest
diversity in the GI tract. It is the source for most, if not

all, mucosa-associated microbiota of the proximal and distal
colon (43). Until now, most studies on chicken intestinal
microbiota are focused more on the caecal section of the
hindgut. However, using 16S rRNA amplicon sequence, we
focused the current research on the colon mucosa microbiota of
broiler chickens.
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FIGURE 7 | Phylogenetic tree of top 30 genus of colon mucosa microbiota. T1 = Negative control (Basal diet), T2 = Positive control [Basalt diet + 0.01% (w/w)

Oxytetracycline], T3 = Basal diet + 0.2% (v/w) postbiotic TL1, T4 = Basal diet + 0.2% (v/w) Postbiotic RS5, T5 = Basal diet+ 0.2%(v/w) paraprobiotic RG11, T6 =

Basal diet+0.2% (v/w) postbiotic RI11, T7 = Basal diet + 0.2% (v/w) paraprobiotic RG14, T8 = Basal diet + 0.2% (v/w) paraprobiotic RI11. The genus Bacteroides

was found in all the treatments, and the overall highest closely related genus.

The six most abundant phyla reported in this study
are Firmicutes, Bacteroidetes, Proteobacteria, Verrucomicrobia,
Tenericutes, and Actinobacteria in the colon mucosa. Similarly,
the five most abundant phyla reported in the duodenum,
jejunum, ileum, colon, and caecum microbiota were Firmicutes,
Bacteroidetes, Proteobacteria, Actinobacteria, and Cyanobacteria
(44); this elucidated the fact that caecal microbiota was the major
source of mucosa-associated microbiota of the distal colon (43).
According to our findings, Firmicutes was the dominant phylum
in all the treatment groups with a significantly higher abundance
of 85.41% in T2 and 82.66% in T5 than other treatments. The
alpha diversity indices (Chao1, Fisher, Observed, Shannon, and
Simpson) indicated an increase in species diversity and richness
in the colon mucosa microbiota.

The implication of the increase in abundance of Firmicutes
as a result of dietary supplementation with postbiotics and
paraprobiotics in this study is more butyrate production.
Firmicutes were reported as the phylum with a larger number
of taxa encoding enzymes required for butyrate production (45).
Previously, postbiotic metabolite combination was reported to
increase the faecal butyric acid concentrations in broiler chickens

(14). Furthermore, butyrate is the main source of energy for
enterocytes, and it helps regulate cellular differentiation and
proliferation within the intestinal mucosa, thereby increasing
intestinal tissue weight (40, 46–48). The stimulation of the release
of gastrointestinal peptides and growth factors by butyrate acting
on cell proliferation is one of the major mechanisms involved
in intestinal mucosa proliferation by butyrate (46). In addition,
previous research findings revealed that butyrate increases the
secretion of IL-10 and decreases the secretion of interferon-g
by activated human lymphocytes in vitro (49, 50). Also, there
was a reported decrease in ex vivo production of inflammatory
cytokines in intestinal biopsies of humans who have Crohn’s
disease and a reduction in the severity of 2,4,6-trinitrobenzene
sulfonic acid-induced colitis in rats caused by butyrate (51).

Bacteroides (39.37%), Faecalibacterium (17.35%),
Lactobacillus (14.39%), Ruminococcaceae UCG-014 (11.01%),
and Escherichia-Shigella (10.33%) were the most dominant out
of the overall genera sequenced in this study. Similarly, it was
reported that Streptococcus, uncultured Ruminococcaceae, and
Lactobacillus were the three most predominant genera in the
colonic digesta and mucosa of pigs (52). The production of
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propionate and succinate was associated with Bacteroides as
terminal products of metabolism, as reported by Adamberg et al.
(53). Propionate is a less preferred substrate of colonocytes but is
transported to the liver and used as an important energy source
for the host (47). The strain Faecalibacterium was reported to
be a carrier of the enzymes necessary for butyrate production
and present from the early stages of development. Therefore,
the strain will actively participate in future intervention and
modulation of the gut microbiota by improving the overall health
and growth performance of poultry (45). It was revealed recently
that some Ruminococcus species in the human colon were found
to play a primary role in the degradation of dietary resistant
starch (54). Lactobacillus, an important probiotic bacterium
in promoting a healthy gut, was the fourth most predominant
genus. A recent study with postbiotics also revealed a significant
(p < 0.05) increase in the population of Lactobacillus in the
caecum of broiler chickens (17). Lactobacillus is a beneficial
microbe that can produce bacteriocins, a natural antimicrobial
compound capable of inhibiting the growth of pathogens at
molecular and cellular levels (55). The presence of Lactobacillus
could explain why the population of chicken pathogens was
significantly inhibited in this study. The phylum Proteobacteria
in the colon mucosa was greatly decreased by postbiotics,
paraprobiotics, and positive control, except for paraprobiotic
RG14 (T7), where its population was higher.

CONCLUSION

This study revealed that supplementation of postbiotics and
paraprobiotics in the broilers’ chicken diet demonstrated a

positive effect on the microbiota by supporting the increase
of beneficial microbes like the Firmicutes while decreasing
harmful microbes like the Proteobacteria. The modification in
themicrobiota can result in a healthier gut. Therefore, postbiotics
and paraprobiotics can positively affect the microbiota of the
colon mucosa.
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Objective: This study was conducted to investigate the effects of different

oligosaccharides on the growth performance and intestinal function in broilers.

Methods: A total of 360 1-day-old yellow-feather chickens were randomly divided into

5 groups and fed with a basal diet supplemented with 50 mg/kg chlortetracycline (ANT),

3 g/kg isomalto-oligosaccharide (IMO), 3 g/kg raffinose oligosaccharide (RFO), and 30

mg/kg chitooligosaccharide (COS). The experiment lasted for 56 days, with 1–28 days

as the starter phase and 29–56 days as the grower phase.

Results: The results showed that dietary supplementation with RFO and COS

significantly improved average daily gain (ADG) and average daily feed intake (ADFI)

(p < 0.05). Relative to the control group, diets supplemented with oligosaccharides

dramatically increased the level of serum IgM (RFO, COS), T-SOD (COS), and GSH-Px

(IMO and RFO) and the expression of ZO-1(IMO) and claudin-1 (RFO) (p < 0.05). Adding

antibiotics or oligosaccharides to the diet could remarkedly increase the villus height and

villus height (VH)/crypt depth (CD) ratio of each group (p < 0.05). Through the ileum

α-diversity analysis and comparison of OTU number in each group showed that the

microbial richness of the IMO group increased in the starter phase, and that of the RFO

and CSO group increased in the grower phase. Additionally, compared with the control

group, IMO supplementation increased the level of ileum sIgA (p < 0.05) and the content

of valeric acid (p < 0.05) in the cecum.

Conclusions: In summary, the addition of oligosaccharides in diet can improve the

immune function and antioxidant capacity and improve intestinal health of broilers.

Keywords: isomalto-oligosaccharide, raffinose oligosaccharide, chitooligosaccharide, gut microbiota, broiler

INTRODUCTION

An intestinal tract is an important place for digestion and absorption of nutrients in poultry. The
intestine plays a dual role that not only maintains the proper permeability to ensure that nutrients
are fully digested, but also generates a certain type of cell junction, thus forming the intestinal
defense barrier, which is consisted of a mechanical barrier, chemical barrier, immune barrier,
and microbial barrier (1). Claudins and occludins are the transmembrane proteins that form the
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backbone of the intestinal epithelium with tight connections (2).
Closed-loop proteins (ZO) are intracellular proteins that provide
structural support for tight junctions (3). Mucin secreted by
intestinal goblet cells, and mucopolysaccharide, lysozyme, bile
salt, and gastric acid secreted by the digestive tract constitute the
chemical barrier (4). The microbiota is a stable microecological
barrier in the intestine. Meanwhile, gut-associated lymphoid
tissue (GALT) and its secreted immune factors form the
immune barrier of the intestine, such as cytokines, secretory
immunoglobulin A (sIgA) (5). Various barriers are coordinated
with each other through different signaling pathways, molecular
regulatory mechanisms, and biological functions of organic
combination to effectively prevent the invasion of harmful
substances through the intestine to poultry.

As feed additives, antibiotics have been widely used in global
animal husbandry, which can not only improve the growth
performance of animals but also prevent and treat diseases,
bringing huge economic benefits to producers (6). These effects
are related to the antibiotic function in the gut. In addition,
antibiotics serve as an inhibitor to suppress the growth of
intestinal bacteria. Bacteria can affect the synthesis of bacterial
peptidoglycan, which results in incomplete cell wall components
and declined osmotic pressure, which leads to bacterial
deformation, rupture, and death (7). However, the excessive
use of antibiotics will lead to an imbalance of microecological
balance, drug residues in animal products, and antibiotic
resistance (8). Thus, it is critical to find alternative substituent
products with similar antibiotic effects but without severe
contaminations to the environment or public health. Functional
oligosaccharides, which are natural, versatile, non-toxic, and
non-resistant compounds, are considered as new feed additives
that can replace antibiotics environmental-friendly under certain
conditions (9). Studies have shown that oligosaccharides could
improve animal performance, intestinal microflora, immune
regulation, antioxidant, antimicrobial, anti-inflammatory, and
cholesterol reduction (10, 11). At present, many studies about
the effects of oligosaccharides on animal production are to
investigate the consequences of dietary supplementation of a
single oligosaccharide (12, 13). There are few studies on the
comparison of the effects of various oligosaccharides. In our
research, three different kinds of oligosaccharides, isomalto-
oligosaccharide (IMO), raffinose oligosaccharide (RFO), and
chitooligosaccharide (COS), were added to the basal diet to
investigate their effects on growth performance, immune and
antioxidant functions, intestinal morphology, and microbiota.

MATERIALS AND METHODS

Animal, Diets, and Experimental Design
The IMO and COS were provided by the Baolingbao Biology
Company (Shandong, China). The RFO was provided by Xinrui
Biotech (Hunan, China). Based on a single-factor completely
randomized design, a total of 360 1-day-old yellow-feather
broilers were randomly assigned to five groups with six replicates
per treatment and 12 birds per replicate. Five treatments
included: (1) CON group: supplied corn-soybean meal basal
diet; (2) ANT group: supplied with chlortetracycline (50 mg/kg)

TABLE 1 | Diet composition and nutrient levels (as-fed basis, %).

Item Starter phase

(1–28 days)

Grower phase

(29–56 days)

Ingredient (%)

Corn 65.80 66.30

Wheat bran 0 1.00

Wheat middlings 0.60 0

Soybean meal 25.90 26.90

Fish meal 2.00 0

Soybean oil 1.70 1.80

Vitamin and mineral premixa 4.00 4.00

Totalb 100.00 100.00

Calculated nutrient level

ME (MJ/kg) 12.88 12.32

CP (%) 18.66 17.19

Lys (%) 0.99 0.88

Met (%) 0.27 0.26

Ca (%) 0.19 0.10

Total P (%) 0.42 0.36

aPremix provided per kilogram of diet: vitamin A, 12,000 IU; vitamin D3 2,500 IU; vitamin E

20mg; vitamin K3 3mg; vitamin B1 3.0mg; vitamin B2 8.0mg; vitamin B6 7.0mg; vitamin

B12 0.03mg; pantothenic acid 20.0mg; nicotinic acid 50.0mg; biotin 0.1mg; folic acid

1.5mg; Fe 96mg; Cu 25mg; I 0.9mg; Zn 98mg; Mn 105.4mg; Se 0.3 mg.
bThese values were calculated from data provided by NRC (18).

based on basal diet; (3) IMO group: supplied with IMO [3
g/kg, according to Thitaram et al. (14) and Zhang et al. (15)]
based on basal diet; (4) RFO group: supplied with RFO [3 g/kg,
according to Hua et al. (16)] based on basal diet; (5) COS group:
supplied with COS [30 mg/kg, according to Khambualai et al.
(17)] based on basal diet. The basal diet used in the current study
was formulated to meet the recommended nutrient requirements
for broilers according to the NRC guidelines [Table 1; National
Research Council (18)]. Broilers were reared in a temperature-
controlled house under a light schedule of 24 h of light and were
provided with mash feed and water ad libitum. The whole test
period is 56 days, which is divided into two phases: the starter
phase (1–28 days) and the grower phase (29–56 days).

Growth Performance
The experiment lasted for 8 weeks. At the beginning of the
experiment, the fourth week of the experiment, and the end of
the experiment, broilers were weighed by pen (replication), and
the feed consumption was recorded by replication, respectively.
Average daily feed intake (ADFI), average daily gain (ADG), and
feed to gain ratio (F/G) were calculated for periods of 1–28, 29–
56, and 1–56 days. In addition, the average body weight on days
28 (D28) and 56 (D56) was calculated.

Sample Collection
At 28, 56 days of age, after 8 h of starvation, 6 birds (1 bird per
replicate) were randomly selected from each treatment group and
collected about 5ml of blood at the venous sinus of the wing vein.
The serum, intestinal samples, ileal chyme, and cecal chyme were
collected and stored at−80◦C for further analysis.

Frontiers in Veterinary Science | www.frontiersin.org 2 April 2022 | Volume 9 | Article 852545128

https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles


Chang et al. Application of Oligosaccharides in Broilers

TABLE 2 | Primer sequence number.

Gene Accession number Primer sequence (5’-3’)

β-actin L08165 F: GAGAAATTGTGCGTGACATCA

R: CCTGAACCTCTCATTGCCA

mucin-2 XM_421035 F: CTACTTCACCTTCAACCATTACAACG

R: TCATAGTCACCACCTACTTCTTCAG

claudin-1 NM_001012611.2 F: GCAGATCCAGTGCAAGGTGTA

R: CACTTCATGCCCGTCACAG

occludin NM_205128.1 F: CCGTAACCCCGAGTTGGAT

R: ATTGAGGCGGTCGTTGATG

ZO-1 XM_413773.4 F: GCGCCTCCCTATGAGGAGCA

R: CAAATCGGGGTTGTGCCGGA

Determination of Antioxidants and
Immunity in the Serum
The serum IgA and IgM were measured using the commercial
assay kits purchased from Well Biotech (Jiangsu, China) (19).
The levels of MDA, GSH-Px, T-AOC, and T-SOD were using the
commercial assay kits purchased from Jiancheng Bioengineering
Research Institute (Nanjing, China). The product serial numbers
are A003-1-1, A005-1-2, A015-1-2, and A001-1-2, respectively.

Intestinal Morphology
Briefly, the intestinal samples were dehydrated with increasing
concentrations of ethanol, cleared with xylene (Surgipath
Medical Industries, Richmond, IL, USA), embedded with paraffin
wax (Thermo Fisher Scientific, Kalamazoo, MC, USA), and cut
into 4-µm-thick histological sections for hematoxylin and eosin
staining. Three straight and well-formed villi were observed for
calculating the villous height (VH) and corresponding crypt
depth (CD) under the microscope.

Determination of SIgA Content
Under cold conditions in an ice water bath, the tissue
homogenate was prepared using 0.9% NaCl at a weight (g)-
to-volume (ml) ratio of 1:9. The homogenate supernatant was
obtained by centrifugation (3,500 rpm) for 10min. The level of
sIgA was assayed in the homogenate supernatant of the ileum
using the commercial assay kits purchased from Well Biotech
(Jiangsu, China).

Gene Expression
Total RNA of the ileum was isolated using the SteadyPure
Universal RNA Extraction Kit (Accurate Bioengineering Co.,
Ltd., Hunan, China). The mRNA expression levels of mucin-
2, claudin-1, occludin, ZO-1, and β-actin were measured by
quantitative real-time PCR (RT-qPCR) technique with the
primers shown in Table 2. The RT-qPCR was performed
using the TB Green Premix Ex Taq (TaKaRa, Biotechnology,
Dalian, China). The mRNA levels were calculated using the
2−11Ct method.

Determination of Volatile Fatty Acids
(VFAs) in the Cecum
The cecum from the frozen tube, thaw, and centrifuge was
removed, then, 1ml of the supernatant was filtered, and the gas
chromatography method was used as mentioned in the previous
study (20). The content of acetic acid, propionic acid, n-butyric
acid, and isobutyric acid was measured by law.

16S rRNA Sequencing Analysis
Five samples of cecal contents obtained separately from six
random replicates were used to extract DNA for subsequent
16S rRNA sequencing analysis. DNA was extracted from
samples of broilers using a Stool DNA Isolation Kit (Tiangen
Biotech Co., Ltd., Beijing, China). Amplicons of the V4
hypervariable region of 16S rRNA were amplified using
the sample-specific sequence barcoded fusion primers
(forward 5’-GTGCCAGCMGCCGCGGTAA-3’ and reverse
5’-GGACTACHVGGGTWTCTAAT-3’, provided by Allwegene
Company, Beijing, China) (21). The volume of PCR reaction was
25 µl, which contains 12.5 µl of Phusion R© High-Fidelity PCR
Master Mix (New England Biolabs Inc., Beverly, MA,USA), 2
µl of forward and reverse primers, 30 ng of template DNA, and
7.5 µl double distilled H2O (ddH2O). Cycling parameters were
98◦C for 1min, followed by 30 cycles at 98◦C for 10 s, 57◦C for
30 s, and 72◦C for 30 s, and a final extension at 72◦C for 10min.
PCR products were mixed in equidensity ratios and purified
with the GeneJET Gel Extraction Kit (Thermo Fisher Scientific
Inc., Schwerte, Germany), quantified using real-time PCR, and
sequenced at Allwegene Company, Beijing. The sequences were
clustered into operational taxonomic units (OTUs) at a similarity
level of 97% to generate rarefaction curves (22) and to calculate
the richness and diversity indices (23). OTUs representing
<0.005% of the population were removed, and taxonomy was
assigned by the Ribosomal Database Project (RDP) classifier.

Statistical Analysis
All statistical analyses were performed using SPSS 20.0 software
(SPSS Inc., Chicago, IL, United States). Alpha and beta diversities
were analyzed with QIIME (v1.7.0) and displayed with R software
(v3.5.1). The differences among groups were compared using
one-way ANOVA and Duncan’s multiple range test. p-values
<0.05 were used to indicate statistical significance. β-diversity
was assessed by MANOVA and principal coordinate analysis.
Significant differences in α-diversity and OTU counts between
the different groups were determined by one-way analysis
followed by Duncan’s multiple comparison test using the SPSS.

RESULTS

Growth Performance
As shown in Table 3, in the starter phase (1–28 days), compared
with the CON group, the ADG of the RFO group increased by
17.25% (p < 0.05), and the ADFI of the RFO group increased by
14.39% (p < 0.01). There was no significant difference in growth
performance between the experimental groups in the grower
phase (29–56 days) (p > 0.05). From the whole phase, compared
with the CON group, the ADG of the RFO group and ANT
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TABLE 3 | Effects of different oligosaccharides on growth performance of broilers.

Items CON Group ANT Group IMO Group RFO Group COS Group p-value

Initial body weight (g) 40.08 ± 0.00 41.27 ± 0.00 41.30 ± 0.71 41.50 ± 0.00 40.44 ± 0.00 0.09

D28 body weight (kg) 0.81 ± 0.08b 0.90 ± 0.07a 0.71 ± 0.06c 0.85 ± 0.04ab 0.77 ± 0.08bc 0.002

D56 body weight (kg) 1.93 ± 0.25ab 2.00 ± 0.21a 1.75 ± 0.11b 2.08 ± 0.10a 1.90 ± 0.15ab 0.035

1∼28 d

ADG(g) 24.52 ± 2.04b 26.54 ± 2.73ab 23.96 ± 2.11b 28.75 ± 1.54a 26.21 ± 2.95ab 0.013

ADFI(g) 45.38 ± 2.91bc 48.20 ± 5.68abc 43.70 ± 2.77c 51.91 ± 3.36a 49.78 ± 3.77ab 0.008

F/G 1.85 ± 0.47c 1.82 ± 0.07c 2.16 ± 0.19a 1.94 ± 0.16bc 2.06 ± 0.17ab 0.001

29∼56 d

ADG(g) 40.12 ± 7.34 40.45 ± 4.93 37.05 ± 2.16 44.12 ± 2.96 40.11 ± 3.19 0.149

ADFI(g) 108.46 ± 14.09 103.70 ± 16.10 99.26 ± 10.93 110.66 ± 11.39 105.15 ± 17.26 0.687

F/G 2.74 ± 0.33 2.56 ± 0.22 2.68 ± 0.21 2.51 ± 0.21 2.65 ± 0.60 0.794

1∼56 d

ADG(g) 33.72 ± 4.50ab 35.02 ± 3.73a 30.51 ± 2.03b 36.44 ± 1.77a 33.16 ± 2.61ab 0.035

ADFI(g) 76.92 ± 7.87 75.95 ± 7.34 71.48 ± 5.52 81.29 ± 6.68 77.46 ± 9.24 0.282

F/G 2.29 ± 0.17 2.18 ± 0.12 2.35 ± 0.11 2.23 ± 0.15 2.35 ± 0.31 0.440

ADFI, average daily feed intake; ADG, average daily gain; F/G, feed to gain ratio. Figures with different superscripts within the same column are significantly different (p< 0.05), n = 6.

Each mean represents 6 replicates per treatment, with 1 layer per replicate.

TABLE 4 | Effects of different oligosaccharides on serum IgA, serum IgM, and secretory IgA levels in broilers.

Items CON group ANT group IMO group RFO group COS group p-value

28d IgA (mg/ml) 2.29 ± 0.74 2.17 ± 0.17 1.78 ± 0.14 1.86 ± 0.79 1.94 ± 0.39 0.632

IgM (mg/ml) 2.33 ± 0.37b 2.75 ± 0.79b 3.79 ± 1.25ab 3.78 ± 0.12ab 4.40 ± 0.28a 0.047

sIgA (µg/ml) 0.17 ± 0.01c 0.17 ± 0.05c 0.47 ± 0.12a 0.25 ± 0.10bc 0.33 ± 0.01ab 0.002

56d IgA (mg/ml) 1.48 ± 0.27 1.78 ± 0.34 1.66 ± 0.35 1.49 ± 0.03 1.42 ± 0.39 0.532

IgM (mg/ml) 2.29 ± 0.89b 4.78 ± 1.15a 2.71 ± 0.27b 4.59 ± 1.95a 2.57 ± 0.86b 0.023

sIgA (µg/ml) 0.42 ± 0.07 0.39 ± 0.09 0.32 ± 0.09 0.52 ± 0.18 0.38 ± 0.07 0.296

IgA, immunoglobulin A; IgM, immunoglobulin M; sIgA, secretory immunoglobulin A. Figures with different superscripts within the same column are significantly different (p < 0.05), n =

6. Each mean represents 6 replicates per treatment, with 1 layer per replicate.

group showed an increasing trend (p > 0.05). Compared with
the IMO group, the ADG of the RFO group increased by 19.44%
(p < 0.05).

Immunoglobulin Concentration
As shown in Table 4, at 28 days, compared to the control
group, diets supplemented with oligosaccharides could improve
the concentration of IgM, and the effect of COS was the most
significant (p < 0.05). Additionally, compared to the control
group, the concentration of sIgA increased in broiler diets
supplemented with oligosaccharides (p < 0.05) except RFO. At
56 days, IgM levels in the ANT group and RFO group were
significantly higher than those in the CON group (p < 0.05).
There was no significant difference in IgA between the starter and
grower phases (p > 0.05).

Antioxidant Capacity
The antioxidant indices that include the MDA, T-AOC, T-
SOD, and GSH-Px content in the serum of broilers are
presented in Figure 1. Compared to the control group, dietary
supplementation with oligosaccharides, which include IMO,
RFO, and COS, remarkably improved the content of T-SOD in

the starter and grower phase (p < 0.05). Additionally, the RFO
group markedly increased the content of GSH-Px in the starter
and grower phase, and the IMO group sharply increased the
content of GSH-Px in the starter phase compared to the control
group. There was no significant difference in MDA levels among
groups (p > 0.05).

Intestinal Histomorphology
The normal function and structure of the intestinal tract were
indicated by the villus height, CD, and villus length/CD (V/C),
as shown in Table 5. In the starter phase, compared with the
CON group, the dietary supplementation of oligosaccharides
significantly increased the villus height and V/C (p < 0.01),
and the dietary supplementation of oligosaccharides significantly
decreased the CD (p < 0.01).In the grower phase, compared with
the CON group, the villus height was significantly increased in
the RFO group (p < 0.01), the CD was significantly decreased
in the ANT, IMO, RFO, and COS groups (p < 0.01), and the
V/C was significantly increased in the ANT, IMO, RFO, and COS
groups (p < 0.01).

Frontiers in Veterinary Science | www.frontiersin.org 4 April 2022 | Volume 9 | Article 852545130

https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles


Chang et al. Application of Oligosaccharides in Broilers

FIGURE 1 | Effects of different treatments on antioxidant indices in serum (n = 6). (A) MDA, (B) T-AOC, (C) T-SOD, and (D) GSH-Px. Graph bars marked with different

letters on top represent statistically significant results (p < 0.05) based on ANOVA with Duncan’s range tests. CON, control group; ANT, ANT group; IMO, IMO group;

RFO, RFO group; COS, COS group.

TABLE 5 | Effect of different oligosaccharides on ileum morphology of broilers.

Items CON group ANT group IMO group RFO group COS group p-value

28d Villus height (µm) 639.75 ± 22.90d 893.75 ± 16.88ab 790.00 ± 36.77c 939.33 ± 46.70a 880.67 ± 29.50b <0.001

Crypt depth (µm) 128.33 ± 1.53b 151.50 ± 7.78a 110.50 ± 4.95c 108.33 ± 4.16c 106.00 ± 9.90c <0.001

V/C 4.91 ± 0.05c 5.87 ± 0.47c 7.16 ± 0.65b 8.69 ± 0.67a 8.27 ± 0.41a <0.001

56d Villus height (µm) 701.25 ± 62.66b 752.00 ± 26.06b 766.50 ± 16.36b 835.75 ± 26.80a 731.00 ± 7.21b 0.005

Crypt depth (µm) 126.50 ± 4.95a 106.75 ± 7.59b 104.67 ± 3.79bc 94.00 ± 1.41c 110.00 ± 4.24b 0.004

V/C 5.62 ± 0.17d 6.90 ± 0.54bc 7.48 ± 0.11b 9.02 ± 0.01a 6.66 ± 00.17c <0.001

Figures with different superscripts within the same column are significantly different (p < 0.05), n = 6. Each mean represents 6 replicates per treatment, with 1 layer per replicate.

Intestinal Mucosal Barrier Function
The effects of dietary supplementation of oligosaccharides on
intestinal mucosal barrier function are presented in Figure 2.
Relative to the CON group, the IMO group markedly increased
the mRNA expression of ZO-1 and claudin-1 (p < 0.05) in the
grower phase, but there was no significant difference in the starter
phase (p > 0.05). RFO group improved the mRNA expression
of claudin-1 (p < 0.05) in the grower phase compared to the
control group.

Ileum Gut Microbiota
Increasing evidence shows that the addition of functional
oligosaccharides to diet can affect the structure and composition
of gut microbiota (24). Therefore, we sequenced ileum content
samples to elucidate the effects of IMO, RFO, and COS on the
gut microbiota structure. At the starter phase, 225 OTUs were
detected in all groups (Figure 3A). There were 76, 20, 20, 75, and
3 unique OTUs in the CON, ANT, IMO, RFO, and COS groups,
respectively. There was no significant difference in the value of
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FIGURE 2 | Effects of different treatments on the expression of intestinal related genes and the immune function of ileum in broilers (n = 6). (A) MUC-2, (B) occludin,

(C) ZO-1, and (D) claudin-1. Graph bars marked with different letters on top represent statistically significant results (p < 0.05) based on ANOVA with Duncan’s range

tests. CON, control group; ANT, ANT group; IMO, IMO group; RFO, RFO group; COS, COS group.

Chao1, Goods_coverage, and Shannon between the CON, ANT,
and IMO groups. However, significant differences in Chao1,
Goods_coverage, and Observed_species were found between
broiler in the ANT and COS groups (Supplementary Table 1).
At the grower phase, 232 OTUs were detected in all groups
(Figure 3B). There were 6, 95, 11, 134, and 22 uniqueOTUs in the
CON, ANT, IMO, RFO, andCOS groups, respectively. Significant
differences were also found in the Chao1, Goods_coverage
measures of the CON and RFO groups (Supplementary Table 2).

The addition of oligosaccharides in diet could reduce
the level of Proteobacteria in the starter phase and increase
the level of Firmicutes in broilers. Compared with the
CON group, the abundance of Bacteroidetes, Tenericutes,
Euryarchaeota, and Spirochaetae in the IMO group was
significantly increased (Figure 3C, Supplementary Table 3).
There was no significant difference in gut microbial community
abundance among broilers in the grower phase (Figure 3D,
Supplementary Table 4). Moreover, the ANT group had
significantly reduced Lactobacillus and significantly increased
Candidatus_Arthromitus, Faecalibacterium, Bacteroides,
Ruminococcaceae_UCG_014, and Treponema_2 compared
to the CON group in the starter phase (Figure 3E,
Supplementary Table 5). Compared with the CON group,
supplemented oligosaccharides in the diet could significantly

increase the abundance of Lactobacillus, except the IMO
group. However, IMO and RFO supplementation significantly
increased the abundance of Ruminocaceae_UCG_014 and
Lachnoclostridium (Figure 3E, Supplementary Table 5). There
was no significant difference in species level of gut microbial
community abundance among broilers in the grower phase
(Figure 3F, Supplementary Table 6). PCA revealed a separation
in the microbiota of the groups (Figures 3G,H). Collectively,
these results indicated that oligosaccharides could modulate the
gut microbiota of the broiler, especially during the starter phase.

Volatile Fatty Acids
Figure 4 shows that compared with CON and ANT groups,
adding IMO in broiler diet can significantly increase the content
of valeric acid (p < 0.05).

DISCUSSION

In the post-antibiotics era, prebiotics are proposed as an
alternative to antibiotic growth promoters in poultry production.
Oligosaccharides can regulate the balance of intestinal flora and
build a healthy and stable ecological environment for animals
(25–27). Supplemented COS in the diet could improve the
production performance, breast meat quality (28), and regulation
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FIGURE 3 | Oligosaccharides alter the composition of the gut microbiota in the broiler (n = 5). Venn diagrams showing the unique and shared OTUs in the gut

microbiota of the groups (A,B). Community taxonomic composition and abundance distribution map at the phylum level (C,D). Community taxonomic composition

and abundance distribution map at the genus level (E,F). PCA clustering analysis (G,H). ANT, IMO, RFO, and COS correspond to supplemented with

chlortetracycline, isomalto-oligosaccharide, raffinose oligosaccharide, and chitooligosaccharide in diet, respectively.

of intestinal microflora in broilers (29). Small dose IMO (0.1 or
0.2%) could improve the performance of laying hens (30). In this
study, the results show that RFO supplementation significantly

increased ADG, but decreased F/G in yellow-feather broilers. It is
worth mentioning that during the whole rearing period, the RFO
group showed improved ADG by 8%, and F/G was significantly
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FIGURE 4 | Effects of different oligosaccharides on cecal VFA in yellow-feather broilers (n = 6). (A) Acetic acid, (B) propionic acid, (C) butyric acid, (D) isobutyric acid,

(E) valeric acid, and (F) isovaleric acid. Graph bars marked with different letters on top represent statistically significant results (p < 0.05) based on ANOVA with

Duncan’s range tests. CON, control group; ANT, ANT group; IMO, IMO group; RFO, RFO group; COS, COS group.

decreased by 2.6%, as compared with the control group, even
slightly better than the ANT group. Similar to our findings, the
previous studies showed that 1.9 mg/embryo RFO significantly
increased the bodyweight of broilers (31). These data suggested
that RFO could be used as a potential alternative to antibiotics.

The animal immune response is closely associated with
immunoglobulins. IgA is associated with mucosal immunity
and IgM is correlated with acute infection (32, 33). sIgA plays
an important role in intestinal mucosal defense and is the
first line of defense on the intestinal surface. sIgA deficiency
resulted in bacterial overgrowth, adherence, and translocation
(34). IMO was found to play an active role in humoral and
cell-mediated immunity for host animals (35). It was reported
that the level of IgA in feces was increased when mice were
fed a diet supplemented with 20% IMO (36). Meanwhile, 100
mg/kg COS could also promote the development of immune
organs in broilers (37, 38). RFO could improve the immunity
of the small intestine (39). Similarly, in the current study,
50 mg/kg COS showed improved IgM by 88.8%, and sIgA
was significantly increased by 94.1%, as compared with the
control group in the starter phase. Simultaneously, IMO and
RFO supplementation also had a positive effect on IgM levels.
Wu et al. (40) suggested that dietary supplementation of IMO
improved the immune function in weaned pigs. Teng and Kim
(41) also indicated that oligosaccharides could improve gut
development and the immunity of broilers. Our study agreed
with the above reports.

GSH-Px and SOD can reduce toxic peroxide and decompose
hydrogen peroxide, respectively, eliminate hydroxyl and oxygen
free radicals, and protect the cell membrane structure from
damage (42). T-AOC is a comprehensive index to reflect
the antioxidant activity in vivo (43). MDA is the product of

membrane peroxidation, and the higher content of MDA
would indicate the higher the degree of lipid attacked by
reactive oxygen species (44). In our study, the addition
of these three oligosaccharides was found to improve the
antioxidant capacity of broilers. The previous studies have
shown that RFO and IMO supplementation in the diet could
significantly improve the antioxidant capacity of yellow-
feathered broilers (45, 46). Consistent with the previous studies,
supplementation with all three oligosaccharides was found
to increased serum T-AOC, T-SOD, and GSH-Px levels in
yellow-feather broilers. Noteworthy, chitooligosaccharide was
a potential antioxidant and its antioxidant activity was linked
to the average molecular weight, the degree of acetylation, and
the degree of polymerization (47). In this study, COS with a
low degree of polymerization was selected, but the effect was
also the most remarkable. It supported the hypothesis that
oligosaccharides had effects to improve the antioxidant ability
of broilers.

The increase in villus height means the increase in the
contact area of nutrients to the intestinal epithelium. The
differentiation ability of intestinal epithelial cells depends on
the depth of the crypt, which determines the numbers of the
intestinal stem cells. When the depth of the crypt is over
than the normal CD, it may indicate intestinal mucosal lesions
(48, 49). It has been found that the villus height and VH/CD
value of broilers increased in a dose-dependent manner with
RFO after treatment of fertilized eggs with different doses of
RFO, but did not affect the depth of the crypt after 21 days
(39). In this research, supplementation with IMO, RFO, and
COS significantly increased villus height and VH/CD ratio and
decreased CD in the ileum. These data might be owned to
the change of intestinal microbiota, which contribute greatly

Frontiers in Veterinary Science | www.frontiersin.org 8 April 2022 | Volume 9 | Article 852545134

https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles


Chang et al. Application of Oligosaccharides in Broilers

FIGURE 5 | Relationship between intestinal microbiota and indices, including growth performance, serum immunity, sIgA in the ileum, and ileum morphological

structure analyzed with a Spearman’s correlation heatmap. (A) Correlation of microbiota with indices on starter phase (1–28 days). (B) Correlation of microbiota with

indices on grower phase (29–56 days). The colors range from blue (negative correlation) to red (positive correlation). *represents p < 0.05 and ** represents p < 0.01.

to changes in intestinal morphology when the dietary was
supplemented with oligosaccharides.

Volatile fatty acids were one of the most important end
products of indigestible foods such as carbohydrates fermented
by intestinal microorganisms (50). The fermented short-chain
fatty acids can provide energy for intestinal epithelial cells (51).
Moreover, intestinal microorganisms can influence the barrier
function of the host intestine and regulate intestinal immune
response, even systematic immune response (52). Therefore,
the logistic characteristics of microbiota can affect the content
and composition of volatile fatty acids and the expression
patterns of intestine-related genes (53). In our study, PCA of
the five treatments showed significant differences in principle
components, and three oligosaccharides improved the microbial
abundance in the ileum. The previous studies had confirmed
that COS had obvious antimicrobial activity, while the intestinal
microbiota of broiler chickens was relatively simple structure
and low abundance (54). The antimicrobial activity of COS was
reflected in its ability to inhibit the growth of pathogens but also
slightly inhibit the development of beneficial bacteria (55, 56).
However, there is an absence of research on the antimicrobial
activity of RFO. According to the differences in performance
during the starter and grower phase, RFO was similar to the
COS group. The content of butyric acid in the IMO group was

significantly greater than that in the RFO and COS groups, and
the content of valeric acid was the highest.

Intestinal microbiota, which is the key factor to regulate
the host intestinal health, can affect the barrier function of
the intestinal tract and regulate intestinal immune response,
and even systematic immune response (57). From our study,
Spearman’s correlation thermogram analysis showed that
Lactococcus and Leuconostoc were a significant negative
correlation with F/G (Figure 5). Lactobacillus were found
to be still the dominant genus in poultry ileum and showed a
significant positive correlation with poultry growth performance,
in agreement with the previous results (58, 59). In the starter
phase, the effects of three different oligosaccharide supplements
on the intestinal microbiota of broilers were quite different. The
proportion of Lactobacillus in the RFO group was dominant.
Although the proportion of Lactobacillus in the COS group
was almost the same as that in the RFO group, the ratio of
Candidatus_Arthromitus was much higher than that of the
RFO group. Both segmented filamentous bacteria SFB and
Arthromitus filaments from arthropod guts were grouped under
the provisional name “Candidatus_Arthromitus” as they share
a striking similarity in morphology and close contact with the
host gut wall (60). It is suggested that Candidatus_Arthromitus
might be a cause of intestinal inflammation (61). These bacteria
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could adhere to the intestinal epithelium, especially the ileum.
SFB played a key role in the maturation of gut innate and
adaptive immune function in the postnatal gut. Notably, SFB
can induce strong IgA responses (62, 63), and it may be one
of the reasons for the difference in growth performance of the
RFO group.

CONCLUSIONS

In summary, both oligosaccharides and antibiotics can alter
the intestinal microbiota, improve the antioxidant capacity,
and then improve the growth performance of yellow-feathered
broilers in our study. However, in terms of improved growth
performance, RFO and COS showed superior effects over IMO.
Additionally, the effect of RFO on growth performance was
comparable to the use of antibiotics. IMO was greater than
RFO and COS in improved intestinal mucosal barrier function.
It is very potential to use oligosaccharides as an alternative
to antibiotics to maintain growth performance and health
in broilers.
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Paeoniae radix alba extract (PRA extract) has the functions of regulating

immunity, resisting inflammation, and has antioxidant properties. However, current

recommendations of dietary PRA extract levels for raccoon dogs were inadequate.

The purpose of this experimental study was to gain information allowing for better

estimating the effects of PRA extract on raccoon dogs, and their PRA requirements. Fifty

healthy male raccoon dogs of (120 ± 5) days old were randomly divided into 5 groups

(group PRA0, PRA1, PRA2, PRA4, PRA8) with 10 animals in each group and 1 in each

replicate. Five kinds of experimental diets were prepared with five levels of Paeoniae

radix alba extract (0, 1, 2, 4, 8 g/kg) in the basic diet. The prefeeding period was 7 days

and the experimental period was 40 days. The results showed that the average daily

feed intake in group PRA1 and PRA2 was significantly higher than that in other groups

(P < 0.01). The dry matter excretion in group PRA8 was significantly higher than that

in other groups (P < 0.01), while the dry matter digestibility and protein digestibility in

group PRA8 were significantly lower than those in other groups (P < 0.01). Nitrogen

retention in group PRA1 and PRA2 was significantly higher than that in group PRA8 (P <

0.05). With the increase of the content of Paeoniae radix alba extract in diet, the activity

of alkaline phosphatase in group PRA2 was significantly higher than that in group PRA0

(P < 0.05); The activity of serum SOD in group PRA4 was significantly higher than that

in other groups (P < 0.01). The content of serum IgA in group PRA2 was significantly

higher than that in other groups (P < 0.05). The content of TNF-α in intestinal mucosa

in group PRA1 and group PRA2 was significantly lower than that in group PRA0 (P <

0.05). In conclusion, we found that dietary Paeoniae radix alba extract intake significantly
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improved the feed intake and nitrogen deposition of Ussuri raccoon dog, increased the

content of serum IgA and reduced the content of TNF-α in the small intestinal mucosa.

We suggest that an estimated dietary Paeoniae radix alba extract level of 1 to 2 g/kg

could be used as a guide to achieve the optimal performance of raccoon dogs.

Keywords: paeoniae radix alba extract, production performance, nutrients digestibility and metabolism, serum

biochemical parameters, raccoon dog, small intestinal histomorphology

INTRODUCTION

Ussuri raccoon dog (Nyctereutes procyonoides) originated in
China and is an economically valuable fur animal. The breeding
capacity of raccoon dogs in China can reach 40 million, which
generates tremendous economic benefits for the country. Animal
intestinal mucosa has a barrier function, which can prevent
invasion of pathogenic antigens (1). If the intestinal mucosa
of a raccoon dog is damaged, the absorption of nutrients by
animals will be affected, and the resistance of the intestinal tract
to pathogenic bacteria will be reduced (2). Thus, the health
of animals will be influenced and the production performance
greatly decline. In production practice, intestinal diseases affect
the health of raccoon dogs and often cause huge economic
losses. The small intestine is located in the middle of the
digestive tract, which can be exposed to a large number of
bacteria and pathogens from both the upper and lower digestive
tracts due to abnormal intestinal movement (3), making the
animal is very susceptible to illness. Inhibiting inflammation and
oxidative stress were helpful for alleviating intestinal diseases in
animals (4).

Many studies have shown that in animal feeding, compound
Chinese herbal medicine has the functions of improving animal
growth performance, nutrient digestibility, antioxidant capacity
and immune capacity, and so on. Paeoniae radix alba (PRA)
is often a component of compound Chinese herbal medicine.
PRA is the root of Paeonia lactiflora pall which has shown
rich medicinal value for more than 2000 years (5–7). Previous
studies have shown that the PRA extract can improve immunity,
improve antioxidant capacity, and alleviate inflammatory bowel
disease in rats and mice (8, 9). There have been numerous
clinical reports on the efficacy and safety of PRA extract in
various diseases. The adverse events of PRA extract were mainly
gastrointestinal tract disturbances, mostly mild diarrhea. Most of
the events were self-resolved in 1–2 weeks. No adverse events on
hepatic, renal, or hematological tests were found (10). According
to Announcement No. 1773 feed raw material catalog of the
Ministry of Agriculture of the People’s Republic of China, PRA
belongs to a natural plant that can be fed to animals. Ussuri
raccoon dog is an omnivorous animal, and its diet generally
contains a certain proportion of plant rawmaterials, which shows
that PRA can be used as the feed component of raccoon dogs.
However, current recommendations of dietary PRA extract levels
for raccoon dogs were inadequate. Therefore, the purpose of this
study was to explore the effect of PRA extract alone in the raccoon
dog diet and the optimal addition level. So, we investigated the
effects of dietary PRA extract levels on the growth performance,
nutrient digestibility and metabolism, serum biochemistry, and

small intestine histomorphology of Ussuri raccoon dog during
the growing period.

MATERIALS AND METHODS

Experimental Animals
The key field scientific observation and test station of Changbai
Mountain Wildlife Resources, owned by the Ministry of
Agriculture, was chosen as the feeding trial site. Fifty healthy
male raccoon dogs of about 120 ± 5 days old were randomly
selected and divided into five groups (group PRA0, PRA1, PRA2,
PRA4, PRA8). Racoon dog litters were split up between groups to

TABLE 1 | Composition and nutrient levels of diets (air-dry basis) %.

Items Content

Ingredients

Fish meal 1.5

Meat and bone meal 4

Chicken meal 2

Hemoglobin powder 1.5

Extruded corn 40.7

Soybean meal 15

Extruded soybean 5

Rice bran meal 12

DDGS 11

Soybean oil 3.5

Glucose 1

CaHPO4 0.6

NaCl 0.5

Premixa 1

Methionine 0.2

Lysine 0.5

Total 100

Nutrient levels (%)

Metabolizable energy/(MJ/kg)b 14.03

Crude Protein 23.99

Ether Extract 6.56

Ca 0.94

Total P 0.89

aThe premix provided the following for per kg diet: VA 6,500 IU; VD3 1,300 IU; VE 70

IU; VK3 2mg; VC 103mg; VB1 12.5mg; VB2 9mg; VB6 7.5mg; VB12 0.02mg; Biotin

0.1mg; Folic acid 0.5mg; nicotinic acid 25mg; Calcium pantothenate 17.5mg; Cu 18mg;

Fe 96mg; Zn 78mg; Mn 48mg; I 1.44mg; Se 0.3mg; Cr 0.24 mg.
bThe ME was a calculated value while the others were measured values.
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eliminate the influence of genetic factors. There were 10 replicates
in each group and one in each replicate. There was no significant
difference in weight among the groups (P > 0.05).

Experimental Design and Experimental
Diet
All animals were weighed prior to the experiment and randomly
distributed to five experimental groups employing the completely
randomized design (CRD), and subjected to diets with PRA
extract levels of 0 g/kg (control group, PRA0), 1 g/kg (PRA1), 2
g/kg (PRA2), 4 g/kg (PRA4), and 8 g/kg (PRA8). According to the
optimal concentration of PRA extract to alleviate various diseases
in rats in previous studies, and the body weight and the daily
feed intake of raccoon dog in this study, the conversion factor
of mg/kg to mg/m2, the appropriate addition level converted into
diet might be 1.0–3.2 g/kg. Therefore, the doses of 1, 2, and 4
g/kg were selected. In order to observe whether the excessive
dose has a negative impact on raccoon dogs, a dose of 8 g/kg
was also selected. The PRA extract was purchased from Nanjing
Dasf biotechnology co., Ltd. The PRA extract was determined by
HPLC, according to the peak area ratio of sample and standard
substance, the content of paeoniflorin in PRA extract was 11.86%,
and the content of albiflorin was 3.92%. Referring to NRC
(1982) (11) and related literature (12, 13) about the nutrient
requirements of raccoon dogs during the breeding period, the
experimental diets were prepared with extruded corn, soybean
cypress, extruded soybean, rice bran cypress, DDGS, fish meal,
meat and bone meal, chicken meal, hemoglobin powder, glucose,
and soybean oil as raw materials. The composition and nutrition
level of the diets were shown in Table 1. The pre-feeding period
lasted for 7 days and the trial lasted for 40 days.

Feeding and Management
Before the study, the raccoon dogs were immunized routinely. In
the study, raccoon dogs were raised in a single cage. They were

Average daily gain (ADG) = =
final weight− initial weight

test days

Average daily feed intake (ADFI) =
sum of daily feed intake

test days

Feed− gain weight ratio (F/G) =
average daily feed intake

average daily gain

Nutrients digestibility (%) =
nutrient intake− total fecal nutrients

nutrient intake
× 100

Nitrogen deposition (g/d) = intake nitrogen− fecal nitrogen− urinary nitrogen

Net protein utilization rate (NPU) (%) =
nitrogen deposition

intake of nitrogen
× 100

Protein biological value (PBV) (%) =
nitrogen deposition

nitrogen intake− fecal nitrogen
× 100

fed by specially assigned personnel once at 07:30 and 14:30 every
day. They had free access to food and water. The breeding houses
were kept clean and dry. The health status of raccoon dogs was
observed and recorded every day.

Digestion and Metabolism Trail
The digestion and metabolism trails were carried out from
September 19, 2020, to September 21, 2020, for 3 days. Using the
total fecal collection method, the feces collected in 3 days were
mixed evenly, sprayed with a small amount of 10% sulfuric acid
solution, dried at 65◦C to constant weight, ground through a 40-
mesh sieve, and preserved. Before urine collection, 10% sulfuric
acid 20mLwas added to the collection bucket to fix nitrogen. The
3-day urine was evenly mixed and filtered and stored at−20◦C.

Preparation of Serum and Small Intestine
Samples
On the 36th day after the beginning of the feeding experiment,
each group of raccoon dogs had blood taken in the morning
(before feeding). Blood samples were collected with a 5ml
procoagulant tube. The samples were quickly transferred to
the laboratory, and centrifuged for 10min by 3,500 r/min.
The separated serum was packed in a 1.5mL Eppendorf
tube and stored at −80◦C. Raccoon dogs were euthanized
and the small intestinal tissue was collected and stored in
liquid nitrogen immediately, then transferred to −80◦C for
further testing.

Determination Index and Method
After the beginning of the trial period, weight on the first
day was recorded as the initial weight, and weight at the
end of the experiment was recorded as the final weight,
the average daily gain (ADG) of each raccoon dog was
calculated. The daily given feed and leftover feed of each
raccoon dog was recorded so that the average daily feed
intake (ADFI) and feed-gain weight ratio (Feed/Gain, F/G)
were calculated. The content of dry matter, crude protein,
crude fat, and crude ash in basic diet was measured, along
with feces (14). Additionally, the protein content in urine
was measured.

The calculation method was as follows:

Serum lactate dehydrogenase (LDH), Aspartate aminotransferase
(AST), Alanine aminotransferase (ALT), and Alkaline
phosphatase (ALP) were determined by automatic biochemical
analyzer Selectra E (the Netherlands). Serum superoxide
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TABLE 2 | Effects of dietary PRA extract levels on growth performance of raccoon dog.

Items Initial weight/kg Final weight/kg Average daily gain/(g/d) Average daily feed intake /(g/d) Feed/Gain

PRA0 4.85 ± 0.34 7.09 ± 0.49 56.13 ± 6.47 286.43 ± 1.55Bc 5.16 ± 0.58

PRA1 4.82 ± 0.26 7.01 ± 0.41 54.75 ± 7.14 288.78 ± 2.77Ab 5.36 ± 0.70

PRA2 4.82 ± 0.37 7.08 ± 0.39 56.63 ± 4.29 290.63 ± 1.10Aa 5.16 ± 0.39

PRA4 4.76 ± 0.33 7.00 ± 0.47 55.88 ± 5.95 285.94 ± 1.99Bc 5.17 ± 0.59

PRA8 4.75 ± 0.41 6.86 ± 0.48 52.75 ± 4.89 284.12 ± 1.51Bd 5.43 ± 0.47

P-value 0.9631 0.7793 0.5963 <0.0001 0.7294

In the same column and the same item, values with no letter or the same letter superscripts mean no significant difference (P > 0.05), while with different small letter superscripts mean

significant difference (P < 0.05), and with different capital letter superscripts mean significant difference (P < 0.01). The same as below in Tables 3–8.

TABLE 3 | Effects of dietary PRA extract levels on nutrients digestibility of raccoon dog.

Items DM output/g DM digestibility/% Protein digestibility/% Fat digestibility/%

PRA0 79.64 ± 6.93Bb 72.19 ± 2.48Aa 68.94 ± 3.10Aa 83.88 ± 7.60

PRA1 78.31 ± 7.65Bb 72.88 ± 2.66Aa 70.22 ± 2.75Aa 82.80 ± 4.60

PRA2 82.76 ± 8.71Bb 71.52 ± 3.06Aa 68.03 ± 3.98Aa 87.13 ± 3.88

PRA4 83.30 ± 7.14Bb 70.86 ± 2.60Aa 67.64 ± 3.05Aa 84.75 ± 4.46

PRA8 92.80 ± 7.84Aa 67.33 ± 2.85Bb 63.06 ± 1.98Bb 82.52 ± 7.63

P-value 0.0011 0.0004 <0.0001 0.4166

TABLE 4 | Effects of dietary PRA extract levels on nitrogen metabolism of raccoon dog.

Items Nitrogen intake/(g/d) Fecal nitrogen/(g/d) Urine nitrogen/(g/d) Nitrogen retention/(g/d) Net protein utilization rate/% Protein biological value/%

PRA0 11.06 ± 0.06Bb 3.43 ± 0.33Bb 4.28 ± 0.51 3.34 ± 0.48ab 30.20 ± 4.22 43.83 ± 5.90

PRA1 11.12 ± 0.11Bb 3.31 ± 0.30Bb 3.91 ± 0.63 3.89 ± 0.75a 35.01 ± 6.80 49.74 ± 8.79

PRA2 11.23 ± 0.04Aa 3.59 ± 0.44Bb 3.72 ± 0.84 3.92 ± 0.85a 34.91 ± 7.58 51.31 ± 10.99

PRA4 10.88 ± 0.08Cc 3.52 ± 0.33Bb 3.98 ± 0.72 3.38 ± 0.63ab 31.03 ± 5.84 45.97 ± 9.04

PRA8 10.84 ± 0.06Cc 4.00 ± 0.20Aa 3.79 ± 0.68 3.05 ± 0.60b 28.13 ± 5.54 44.68 ± 8.94

P-value <0.0001 0.0004 0.4054 0.0223 0.0592 0.5670

dismutase (SOD) activity, glutathione peroxidase (GSH-Px)
activity, malondialdehyde (MDA) content, IgA, IgG, and IgM
were determined by Nanjing Jiancheng kit. Serum D-Lactate
(D-lac), Diamine oxidase (DAO), jejunal mucosal interleukin-18
(IL-18), and Tumor necrosis factorα (TNF-α) were detected by
double-antibody sandwich enzyme-linked immunosorbent assay
(microplate reader, BioTek, Vermont, USA).

Histological Examinations
The small intestine tissue soaked in neutral formaldehyde was
washed with running water for more than 2 h and dehydrated
with gradient alcohol. The fixed tissue was embedded in paraffin
and sectioned into 5-µm thickness. For hematoxylin and ecosin
(H&E) staining, the slices were dewaxed and stained with
hematoxylin (Solaibao, China) for 5min. and stained with eosin
(Sangon Biotech, China) for 3min. The staining was observed
under an optic microscope (Olympus, Japan).

Data Processing and Analysis
The data were processed by Excel 2016, and a one-way analysis of
variance (one-way ANOVA) was carried out by SAS 9.4 software

GLM program. The results were expressed as “mean ± standard
deviation.” Duncan’s method was used for multiple comparisons.
P < 0.01 means extremely significant difference, P < 0.05 means
significant difference, and P > 0.05 means that the difference was
not significant.

RESULTS

Growth Performance
The effects of dietary PRA extract levels on the growth
performance of raccoon dogs were shown in Table 2. There were
no significant differences in final weight, ADG, and F/G among
treatments (P > 0.05), indicating a minimal effect of PRA extract
on the growth of raccoon dogs. In contrast, PRA extract level
had a significant effect on ADFI (P < 0.01). Raccoon dogs in the
PRA1 groups and PRA2 groups had higher ADFI than those in
other groups (P < 0.01).

Nutrient Digestibility
The effects of PRA extract supplementation on nutrient
digestibility are shown in Table 3. Dietary PRA extract
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TABLE 5 | Effects of dietary PRA extract levels on serum enzyme index of

raccoon dog.

Items LDH/(U/L) AST/(U/L) ALT/(U/L) ALP/(U/L)

PRA0 82.32 ± 18.20 25.68 ± 4.59 45.26 ± 12.85 36.76 ± 9.86b

PRA1 77.74 ± 13.99 28.80 ± 7.76 42.34 ± 23.62 41.87 ± 7.19ab

PRA2 69.22 ± 22.39 33.38 ± 13.27 39.22 ± 15.55 50.39 ± 7.56a

PRA4 61.20 ± 15.62 32.55 ± 9.79 26.17 ± 8.13 42.08 ± 8.40ab

PRA8 77.27 ± 26.87 35.89 ± 10.19 45.84 ± 26.60 44.87 ± 8.74ab

P-value 0.2537 0.2488 0.2267 0.0404

supplementation decreased the digestibility of DM, and CP (P <

0.01). Raccoon dogs in the PRA8 groups had higher dry matter
excretion than those in t other groups (P < 0.01). Besides, the
dry matter digestibility and protein digestibility of group PRA8
were significantly lower than those of other groups (P < 0.01).
The level of dietary PRA extract had no significant effect on the
fat digestibility of raccoon dogs (P > 0.05).

Nitrogen Metabolism
As shown in Table 4, there was a very significant difference
among the nitrogen intake groups of raccoon dogs (P < 0.01).
It was significantly higher in group PRA2 than in group PRA0
and PRA1, and nitrogen intake in groups PRA0 and PRA1 was
significantly higher than that in groups PRA4 and PRA8 (P
< 0.01). There was a very significant difference among fecal
nitrogen groups (P < 0.01) and group PRA8 was significantly
higher than that of other groups (P < 0.01). There was a
significant difference among nitrogen deposition groups (P <

0.05), that in group PRA1 and PRA2 was significantly higher
than that in group PRA8 (P < 0.05). There was no significant
difference in urinary nitrogen, NPU, and PBV between the five
groups (P > 0.05).

Serum Biochemical Indexes
Serum Enzyme Indexes
The effects of different dietary PRA extract levels on serum
enzyme indexes of raccoon dogs were shown in Table 5. There
was no significant difference among LDH, AST, and ALT. There
was a significant difference in ALP between groups. With the
gradual increase of the content of PRA extract in diet, the activity
of ALP increased at first and then decreased, and the activity of
ALP in group PRA2 was significantly higher than that in group
PRA0 (P < 0.05).

Serum Antioxidant Indexes
As shown in Table 6, different dietary PRA extract levels had a
very significant effect on the serum SOD activity of raccoon dogs,
and group PRA4 was significantly higher than other groups (P <

0.01). However, the serum GSH-PX activity and MDA content of
raccoon dogs were not affected by the level of dietary PRA extract
(P > 0.05).

Serum Immune Indexes
As shown in Table 7, different dietary PRA extract levels had no
significant effect on serum IgG and IgM of the raccoon dogs (P >

TABLE 6 | Effects of dietary PRA extract levels on serum antioxidant indexes of

raccoon dog.

Items SOD activity(U/mL) GSH-PX (U/L) MDA content (nmol/ml)

PRA0 43.23 ± 6.50Bb 1787.36 ± 108.65 4.83 ± 0.99

PRA1 41.96 ± 8.51Bb 1775.62 ± 131.81 4.60 ± 0.52

PRA2 43.90 ± 7.42Bb 1903.46 ± 121.90 4.40 ± 0.77

PRA4 76.26 ± 16.58Aa 1859.54 ± 153.31 4.79 ± 1.09

PRA8 51.51 ± 7.73Bb 1827.19 ± 220.58 4.53 ± 0.58

P-value <0.0001 0.4465 0.8215

TABLE 7 | Effects of dietary PRA extract levels on serum immune indexes of

raccoon dog.

Items IgA ug/ml IgG mg/ml IgM ug/ml

PRA0 127.02 ± 9.15b 1.06 ± 0.10 61.83 ± 2.84

PRA1 124.99 ± 9.20b 1.05 ± 0.12 67.42 ± 4.14

PRA2 142.68 ± 18.79a 1.01 ± 0.11 67.97 ± 7.86

PRA4 127.67 ± 10.48b 0.95 ± 0.09 66.27 ± 5.53

PRA8 128.49 ± 8.68b 1.03 ± 0.10 66.31 ± 8.15

P-value 0.0376 0.2967 0.2988

TABLE 8 | Effects of dietary PRA extract levels on small intestine of raccoon dog.

Items D-Lac nmol/ml DAO ng/ml IL-18 ug/L TNF-α ng/ml

PRA0 13.77 ± 3.38 22.95 ± 4.39 2.25 ± 0.79 8.17 ± 1.68a

PRA1 13.25 ± 0.55 15.06 ± 3.89 1.89 ± 0.87 3.41 ± 1.12b

PRA2 10.89 ± 2.53 14.65 ± 5.34 1.61 ± 1.06 4.57 ± 2.27b

PRA4 13.45 ± 1.68 19.21 ± 3.76 2.11 ± 0.42 5.88 ± 1.94ab

PRA8 13.36 ± 4.73 19.81 ± 7.86 2.02 ± 0.20 5.42 ± 1.86ab

P-value 0.6502 0.1921 0.7852 0.0252

0.05) but there were significant effects on serum IgA (P < 0.05).
The level of IgA in group PRA2 was significantly higher than that
in other groups (P < 0.05).

Small Intestinal Permeability and
Inflammatory Factors
As shown in Table 8, different dietary PRA extract levels
had no significant effect on the activities of D-Lac and
DAO in the serum of raccoon dogs (P > 0.05). Different
dietary levels of PRA had no significant effect on the
content of IL-18 in the small intestinal mucosa of the
raccoon dogs (P > 0.05) but had a significant effect on
the content of TNF-α in the small intestinal mucosa of
raccoon dog (P < 0.05). The content of TNF-α in group
PRA1 and group PRA2 was significantly higher than that in
group PRA0.

Small Intestinal Histomorphology
As shown in Figure 1A, there was less enteritis cell infiltration
in the small intestine in each group. As shown in Figure 1B,
there was no significant difference in villus height and
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FIGURE 1 | Effects of dietary Paeoniae Radix Alba on intestinal morphology of raccoon dog. (A) HE stained sections of the small intestine (40 ×). (B) Villus height,

crypt depth, and their ratio of small intestine *P < 0.05 vs. group PRA0.

crypt depth among the groups (P > 0.05). Compared with
the group PRA0, the ratio of villus height to crypt depth
in group PRA1and group PRA2 increased significantly (P
< 0.05).

DISCUSSION

Growth Performance
At the end of the experiment, there was no significant
difference in the final weight, average daily gain, and feed-
to-weight ratio among different groups, which indicated that
different dietary PRA extract levels had no effect on the growth
performance of raccoon dogs. In recent years, the research
of PRA extract was mainly focused on its pharmacological
effects, such as analgesia, anti-inflammation, antibacterial, anti-
oxidation, anti-cancantiliver fibrosis, anti-autoimmune diseases,
anti-cardiovascular diseases, anti-cerebrovascular diseases, and
anti-neurodegenerative diseases (5, 7, 9, 15). PRA extract is
mostly in the form of compatibility with other traditional
Chinese medicine to form a compound when it was added to
the feed. The research has shown that the addition of Chinese

herbal medicine residue composed of (Radix astragali, Radix
angelicae sinensis, Radix rehmanniae preparata, Paeoniae raidix
alba, and etc.) could promote the growth and development
of piglets to a certain extent, especially fermented Chinese
herbal medicine residue (16). Furthermore, the compound
prescription of Chinese herbal medicine containing PRA was
also studied in sows. Dietary supplementation with the herb
residues (from Radix astragali, Radix angelicae sinensis, Radix
rehmanniae preparata, Raidix paeoniae alba, and etc.), during
the perinatal period improved the reproductive performance in
sows (17). CZKJKL (composed of saikosaponins, poly-saccharide
of Atractylis macroceohala, TGP) can efficiently relieve weanling
stress in piglets (18).

In this experiment, PRA extract was added to the diet, not
compound Chinese herbal medicine, which did not play a role
in promoting the growth of raccoon dogs. However, with the
increasing of the content of PRA extract, the average daily feed
intake of the raccoon dogs increased at first and then decreased,
indicating that PRA extract had a certain effect on the palatability
of diet, but the palatability of diet will decrease when the content
of PRA extract was too high.
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Nutrient Digestibility
The nutrient digestibility of raccoon dogs can affect the growth
of animals. The main reasons that the addition of Chinese herbal
medicine to feed can improve the absorption of nutrients in
animals can be listed as follows: 1. Chinese herbal medicine is
rich in nutrients, such as amino acids, minerals, vitamins, etc.,
which can make the diet composition better and more balanced,
so as to improve the feed conversion efficiency (19). 2. Chinese
herbal medicine has a local stimulating effect, which can promote
intestinal peristalsis and improve the digestion and utilization of
diet (20). 3. Chinese herbal medicine contains digestive enzymes,
such as lipase, amylase, sugar invertase, and proteolytic enzyme,
which can effectively promote animal digestion of diet (21). 4.
Chinese herbal medicine can adjust the structure of intestinal
flora, improve the intestinal environment of animals, promote
the reproduction of beneficial bacteria, prevent intestinal villus
atrophy, and promote the absorption of nutrients by intestinal
mucosa (22–27). In this study, the addition of PRA extract did
not promote the digestion of nutrients compared to group PRA0
(0 g/kg PRA extract). The reason may be that the PRA extract
plays a role in relieving inflammation and improving immunity,
so it failed to promote the absorption of nutrients in the intestine.
However, when the supplementary amount was 8 g/kg, the PRA
extract did not have a negative effect on the growth of raccoon
dogs, which may be due to the animals themselves being in a
healthy state.

Nitrogen Metabolism
The feed intake of animals determines the amount of nitrogen
intake. The protein was mainly absorbed in the small intestine.
Nitrogen metabolism reflects the utilization rate of protein
by raccoon dogs. Net protein utilization and biological value
of protein were used to measure the degree of protein
utilization in feed and the protein requirement of animals.
The research showed that the addition of Chinese herbal
medicine (30% pine needles, 20% mugwort, 40% garlic, and
10% Astragalus mongholicus as dry matter) to the diet could
decrease fecal and urinary N contents and increased N retention
of Mongolian lambs (28). Moderate dietary CTHM (Fructus
Ligustri Lucidi seed, Radix Astragali root, Radix Codonopsis
root) supplementation (300–500 mg/kg DM) has been reported
to increase the non-ammonia N flux in the small intestine and
absorption of essential amino acids in growing sheep (21). In
this experiment, PRA extract supplemented with 1 and 2 g/kg
did not significantly improve the nitrogen deposition of raccoon
dogs, which was consistent with the results of their growth
performance. This may be because the extract of PRA extract
has no effect on the absorption and utilization of amino acids.
However, when the amount of PRA extract was added to 8 g/kg,
the nitrogen deposition of raccoon dogs decreased, and there was
no significant difference in net protein utilization and protein
biological value groups, which may be due to a decrease in
nitrogen intake and an increase in nitrogen excretion in the high
dose group. The average daily gain of raccoon dogs in the 8 g/kg
PRA extract group was not significantly lower than that in other
groups, however, it was still suggested that it was not suitable to
add a high dose of PRA to the diet for a long time.

Serum Indexes
Serum Enzyme Indexes
LDH is an important oxidoreductase in the glycolysis pathway,
which exists widely in animals. The abnormal content of LDH in
serum can reflect the pathological changes of the myocardium
and liver to some extent. AST is mainly distributed in the
myocardium. When the cardiomyocytes are damaged, the cell
membrane permeability increases, and the content of AST in
blood increases. ALT is mainly found in all kinds of cells,
especially in hepatocytes. When hepatocytes have pathological
changes, ALT is released into the blood in large quantities,
so the content of ALT in blood increases. Therefore, the
contents of AST and ALT in serum can be used as markers of
myocardial and liver injury. PRA extract has a hepatoprotective
effect and can effectively protect against acute-on-chronic liver
failure (29), liver fibrosis (30), liver cancer (31), and so on. Its
mechanismmay be the joint action of a variety of signal pathways
(7). PRA extract significantly decreased serum ALT and AST
activities in Male Sprague-Dawley rats who with non-alcoholic
steatohepatitis (NASH) (32). In this experiment, the contents
of serum LDH, AST, and ALT in each group were within the
normal range, besides, there was no significant difference among
all the groups. It indicated that PRA extract had no effect on
improving myocardial and liver function when raccoon dogs
were in a healthy state. The ALP in the serum of growing animals
mainly comes from bones. The intensity of osteogenesis was
positively correlated with the activity of ALP. In this experiment,
the content of ALP in serum increased at first and then decreased
which indicated that adding an appropriate amount of PRA
extract to the diet was helpful to promote bone calcification and
stimulate bone growth.

Serum Antioxidant Indexes
Many kinds of enzymes can reflect the anti-reaction ability of an
animal body, such as T-SOD, GSH-Px, MDA, and so on (33).
When exposed to oxidative stress, PRA protected H9c2 cells
against decreased antioxidant capacity by increasing the content
of intracellular GSH (34). Moreover, paeoniflorin can protect
human EA.hy926 endothelial cells against gamma radiation-
induced oxidative injury by activating the NFE2-related factor
2/heme oxygenase-1 pathway (35). In this experiment, adding
4 g/kg PRA extract to the diet can improve the activity of SOD
in serum which indicates that adding the appropriate amount of
PRA extract to the diet can enhance the antioxidant capacity of
the body. This may be related to the presence of flavonoids and
triterpenes in PRA extract. Appropriate flavonoids can be used as
reductants and hydrogen donors in the redox reaction of animal
bodies. They improve the ability of antioxidation by neutralizing
oxygen free radicals and scavenging hydrogen peroxide and
superoxide ions produced by oxidative stress (36). Appropriate
triterpenes have antioxidant activity and can prevent liver alcohol
injury by increasing the activities of SOD, CAT, and GPX and
reducing the level of MDA (37, 38).

Serum Immune Indexes
After being stimulated by antigens, animal bodies can produce
immunoglobulins that interact specifically with antigens. The
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main three kinds of immunoglobulins in serum are IgG, IgM, and
IgA, their contents can reflect the immune function of animals
to various bacteria and viruses. The antigenic material in the
small intestine is absorbed by microfold cells (M cell). After a
series of immune reactions, the main immunoglobulin produced
is IgA. IgA forms secretory IgA (sIgA), which is endocytosis
by absorbing cells and released into the intestinal cavity. SIgA
can strongly resist the decomposition of digestive enzymes and
specifically bind to antigens, so as to inhibit or kill bacteria,
neutralize viruses, and prevent antigens from adhering to and
penetrating into the epithelium. PRA extract can exert anti-
inflammatory and immunomodulatory effects in many ways,
such as G-protein-coupled receptors (GPCRs) signaling pathway,
NF-κB signaling pathway, MAPKs signaling, B lymphocytes, T
lymphocytes, and dendritic cells, etc., (39). In this experiment,
adding appropriate PRA extract to the diet can increase the
content of IgA in the serum of raccoon dogs. The conclusion
could be drawn that PRA extract could improve the humoral
immune function of raccoon dogs and their resistance to external
adverse environments.

Small Intestinal Permeability and
Inflammatory Factors
The intestinal barrier function can be indirectly reflected by
detecting intestinal permeability (40). The level of D-lac in
peripheral blood can reflect the changes in intestinal mucosal
damage and permeability (41). The level and activity of DAO
in peripheral blood can reflect the injury and repair of the
intestinal mucosal epithelium (42). Research has shown that
Curcumin, a Chinese herbal medicine, can reduce the levels of
D-lactic acid and DAO in the blood of rats with enteritis induced
by methotrexate (MTX) (43). Treatment with glycyrrhizic acid
significantly reduced D-lac but did not inhibit DAO activity in
MTX-induced enteritis (44). In this experiment, with the PRA
extract, there was no significant change in the levels of D-lac and
DAO in peripheral blood, because the raccoon dogs were in a
healthy physiological state and their intestinal mucosa was not
damaged. IL-18 is mainly produced by activated macrophages
and epithelial cells in the intestine. It plays an important role
in the process of immune injury (45–47). TNF-α can participate
in the intestinal mucosal inflammatory response and play an
important role in promoting the necrosis and exfoliation of
intestinal mucosal epithelial cells (48). TNF-α can also increase
the permeability of local intestinal mucosa by reducing the TJs
protein in the tight junction between cells (49). Paeoniflorin is
one of the effective components of PRA extract. Some studies
have shown that paeoniflorin inhibited the levels of TNF-
α both in sepsis model rats in vivo and RAW264.7 cells in
vitro (50). Furthermore, paeoniflorin inhibited atherosclerotic
inflammatory cytokines IL-1β, IL-6, and TNF-α via the blockade
of the TLR-4-mediated NF-κB signaling path-way (51). Other
results indicate that paeoniflorin protects mice against lethal
LPS challenge, at least in part, through inhibiting TNF-α and
IL-1β production and accelerating IL-10 expression (52). In
this experiment, different dietary levels of PRA extract had no
significant effect on the level of IL-18 in the small intestine of the

raccoon dog, but the added level of 1–2 g/kg PRA extract had a
significant effect on the level of TNF-α, indicating that the PRA
extract has a certain regulatory effect on the intestinal immune
stress response of raccoon dog.

Small Intestinal Histomorphology
The villus length, crypt depth, etc. of the small intestine are
important indexes to measure the digestion and absorption
function of the small intestine. As the length of the villi
increases, the number of absorbing cells on the villi increases,
and the contact area between the small intestine and nutrients
is larger, which is more conducive to nutrient absorption.
crypt depth of the Small intestinal primarily reflects the rate
of epithelial cell update rate. The ratio of villus length to
crypt depth may comprehensively reflect the functional status
of the small intestine. The increase of the ratio indicates that
the digestion and absorption capacity of the small intestine is
enhanced. Plant extracts have a certain effect on improving
the intestinal histomorphology of animals. Research (53) has
shown that resveratrol increased the ratio of villus height to
crypt depth, increased the number of goblet cells, and reduced
the histopathological damage of jejunum of ducks caused by
acute heat stress. Dietary supplementation with Ampelopsis
grossedentata extract facilitated nutrient adsorption in hens via
intestinal histology changes for the reason that the villus height
in duodenum and villus height to crypt depth ratio in duodenum
and jejunum of A. grossedentata extract group was significantly
higher than that of basal diet group (54). Piglets from Forsythia
suspensa extract-fed sows had higher villus height in the ileum,
and villus height to crypt depth ratio in jejunum and crypt
depth in ileum compared with those from sows fed a control
diet (55). In this study, from the villus height, crypt depth, and
their ratio in the small intestine of Ussuri raccoon dog, there
was no significant difference between the diet supplemented
with groups PRA extract and the group control, though there
was still a trend of enhanced digestion and absorption capacity
of the small intestine. This might be related to the different
physiological stages and health status of animals. It can only
explain the preventive effect of PRA extract to a certain extent, the
follow-up observations based on IBD raccoon dog models might
be further helpful in clarifying the effects of PRA extracts.

CONCLUSION

In conclusion, we found that dietary Paeoniae radix alba extract
intake significantly improved the feed intake and nitrogen
deposition of Ussuri raccoon dog, increased the content of serum
IgA and reduce the content of TNF-α in the small intestinal
mucosa.We suggest that an estimated dietary Paeoniae radix alba
extract level of 1–2 g/kg could be used as a guide to achieve the
optimal performance of raccoon dogs.
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1 Institute of Animal Science, Guangdong Academy of Agricultural Sciences, Guangzhou, China, 2 State Key Laboratory of

Livestock and Poultry Breeding, Guangzhou, China, 3 Key Laboratory of Animal Nutrition and Feed Science in South China,
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Yucca contains high a content of saponin that has a glucocorticord-like effect in animals,

e.g., anti-inflammation and anti-microbiota. The objective of the present study was to

test the hypothesis that dietary supplementation of yucca powder may alleviate heat

stress and improve growth performance of growing broilers subjected to cycling high

ambient temperature. A total of 240 male broiler chicks (yellow feathered chicken) aged

28 days, with body weight (BW) of 792 ± 43.7 g, were randomly allocated to one of

four treatments (6 replicates per treatment): control (normal temperature, 24 ± 2◦C,

24 h), fed diets supplemented with 100 mg/kg yucca under normal temperature (Y), high

ambient temperature exposure (HT, 34 ± 2◦C, 11 h), fed diets supplemented with 100

mg/kg yucca (HT+Y) under high ambient temperature. After 7 days of adaption, the

experiment was conducted for 4 weeks (aged 28–56 days). HT significantly reduced

feed intake, BW, and average daily gain (ADG) of broiler, but yucca improved the feed

intake under HT condition. Yucca supplementation reduced (P < 0.05) the HT-induced

increase in temperature of rectum and leg skin. Supplementation of yucca increased

the hypothalamic mRNA expression of TRPV2, TRPV4, and TRPM8 (P < 0.05). Yucca

reduced (P < 0.05) the plasma lipid oxidation product malondialdehyde (MDA), but did

not affect the activities of antioxidant enzyme superoxide oxidase (SOD) and glutathione

peroxidase (Gpx). Yucca did not affect the plasma neuro peptide Y (NPY), which was

reduced by HT, yucca reduced circulation cholecystokinin (CCK) and hypothalamic

mRNA expression of CCK. Supplementation of yucca increased the mRNA expression

of both heat and cool sensing receptors. The results of the present study indicate

that yucca could improve antioxidant status and attenuate the heat stress response by

regulating hypothalamic temperature-sensing genes in growing chickens. Besides, yucca

supplementation improved feed intake probably through modulating CCK in growing

broilers under high ambient temperature.

Keywords: broiler, heat stress, yucca, feed intake, CCK, transient receptor potential vanilloid receptor

149

https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://doi.org/10.3389/fvets.2022.850715
http://crossmark.crossref.org/dialog/?doi=10.3389/fvets.2022.850715&domain=pdf&date_stamp=2022-04-07
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles
https://creativecommons.org/licenses/by/4.0/
mailto:wangjie030@126.com
https://doi.org/10.3389/fvets.2022.850715
https://www.frontiersin.org/articles/10.3389/fvets.2022.850715/full


Luo et al. Yucca Alleviate Heat Stress in Broilers

INTRODUCTION

For poultry production during summer, the compromised
performance of birds causes great economic loss, which
increasingly becomes a great concern worldwide as the global
climate changes. Poultry are air temperature-sensitive and
the elevation of ambient temperature can disrupt the normal
physiological behavior and cause heat stress, most obviously
reflected in the increased breathing rate and reduced feed intake
(1, 2). Under heat stress, in order to adapt the high ambient
temperature (HT), birds reduce feed consumption to reduce
heat production. To date, the exact mechanism on the HT
induced-reduction of feed intake remains unclear, but it has been
assumed to be related to the hypothalamic-pituitary-thyroid axis
(3). The mechanism of food intake regulation has been well-
demonstrated in mammals as food intake is a complex biological
process, involving in both the peripheral and central nervous
system (CNS) control mechanisms (4). Like in mammals, the
CNS, specifically the hypothalamus, has emerged as a key site in
appetite control for birds (5), and are potentially involved in the
regulation of birds’ feed intake under stress.

Researchers have been exploring available ways to alleviate
the negative effects of heat stress on poultry production.
Dietary supplementation of additives with biological activities
are of great concern among these alternatives because of
its practical application. Yucca schidigera (YS, Agavaceae)
is a species of plant prevalent in the Americas, especially
the southwestern United States and northern Mexico (6).
Yucca schidigera contains a variety of phytochemicals such
as steroid saponins, glycol, poly phenols, and resveratrol (7).
Since saponin molecules own a similar molecular structure
with glucocorticord, the saponin exerts a glucocorticord-like
effect through glucocorticord receptor (GR), e.g., antimicrobial
(8, 9), antioxidant (10, 11), anti-inflammatory (12), and
immunomodulatory properties (13, 14). Also, saponin has been
demonstrated to be an effective anti-depressant in animals (15).
However, whether yucca could attenuate heat stress and improve
feed intake of broilers under high ambient temperature remains
unknown. The objective of the present study was, therefore, to
test the hypothesis that dietary supplementation of yucca may
attenuate the heat stress in broilers and improve feed intake
under high ambient temperature, and potential mechanism
were thereafter explored by evaluating the feed intake-related
hormones in hypothalamus, circulation, and intestine. These
expected results have significant implications for modulating
heat stress.

MATERIALS AND METHODS

Ethics Statement
All animal experimental procedures were performed according
to Regulations for the Administration of Affairs Concerning
Experimental Animals of the State Council of the People’s
Republic of China and authorized by AnimalWelfare Committee
of Institutes of Animal Sciences, Guangdong Academy of
Agricultural Sciences (IASCAAS2022).

Animals and Experimental Design
A total of 240 male broiler chickens (yellow feathered chicken,
typical broiler breeder in South China) aged 21 days, with
average BW of 542 ± 61 g, were purchased from Guangdong
Zhiwei Agricultural Technology Co., Ltd. (Guangdong, China).
Birds were caged (two birds per cage) in an environmentally-
controlled room for 7 days of adaption (relative humidity, 60%;
temperature, 24 ± 2◦C). Individual cages were 30 cm wide
× 35 cm deep × 35 cm high. At day 28, birds were weighed
and marked individually and then randomly allocated to 4
treatments with 6 replicates of 10 chickens, were caged (two birds
per cage), and were subjected to the following treatments: (1)
control (CON), room temperature was kept at 24◦C and 60%
humidity for 24 h; (2) fed diets supplemented with 100 mg/kg
yucca powder under room temperature (Y); (3) exposed to high
ambient temperature (HT) for 11 h (34 ± 2◦C, 80% humidity,
8:00 am−19:00 pm per day), and during the other 13 h they
were kept at room temperature (24 ± 2◦C, 60% humidity, 19:00
pm−8:00 am the next day); (4) fed diets supplemented with 100
mg/kg yucca powder under high ambient temperature (HT+Y).
Experiment was conducted for 4 weeks (aged 29–56 days). The
yucca powder product (DK Sarsaponin 40) was provided by
Desert King Company (Baja California, Mexico), and the dose
of yucca supplementation (100 mg/kg) was recommended by
this company based on previous studies on yucca (16, 17).
According to AOAC method of proximate analysis (18), the
yucca powder contains 4.5%moisture, 3.2% crude protein, 26.7%
crude fiber and 9% ash. After extraction of saponins with the
method of Soxhlet reflux extraction (19), the analyzed saponins
content of yucca powder was 12.5% for UV spectrometer and
3% for HPLC method, respectively. Experimental diets (Table 1)
were formulated to meet the nutrient requirement for broilers
recommended by National Research Council (20). Broilers had
free access to feed and water and subjected to 16 h of light
per day.

Performance, Body Temperature
Measurement, and Sample Collection
Ad libitum feed was provided daily and feed refusals were
recorded weekly, which were used in calculating the average
daily feed intake on per replicate basis. Boiler chickens from all
treatments were weighed at the 1st week (aged 35 days), 2nd week
(aged 42 days), 3rd week (aged 49 days), and 4th week (aged 56
days) of the experimental period after 12 h of fasting. The average
daily gain (ADG) and feed conversion ratio (FCR) of each week
were calculated accordingly.

Rectal temperatures were recorded according to the method
of Farghly et al. (21), with minor modifications. Briefly, two
chickens were randomly selected from each replicate at day 53.
A digital thermometer (Braun, model Prt1000) was inserted into
the cloaca for 2min at 3 cm depth in the afternoon (between
14:00 and 15:00), rectal temperatures were then recorded
individually. Skin temperature at both of the left and right leg
was measured using an infrared temperature gun (Raytek, model
MiniTemp MT6).
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TABLE 1 | Composition and nutrient levels of the basal diet (air-dry basis, %).

Ingredients %

Corn 70.40

Soybean meal 16.75

Wheat bran 6.00

Soybean oil 3.00

Lys.HCl 0.19

Met 0.13

Thr 0.10

CaHPO4 1.60

Limestone 0.53

NaCl 0.30

Premixa 1.00

Total 100.00

Calculated nutrient levels

Metabolizable energy, MJ/kg 12.89

Crude protein, % 17.56

Ether extract, % 2.54

Ash, % 4.75

Calcium, % 0.87

Total phosphorus, % 0.40

Lys, % 0.81

Met, % 0.35

Met+Cys, % 0.58

Trp, % 0.15

Thr, % 0.63

Arg, % 0.91

aPremix provided per kilogram of diet: D-pantothenic acid, 10.9mg; folic acid, 0.95mg;

nicotinic acid, 30mg; biotin, 0.16mg; vitamin A, 8,000 IU; vitamin B1, 1.7mg; vitamin B2,

8.2mg; vitamin B6, 2.78mg; vitamin B12, 0.015mg; vitamin D, 2,800 IU; vitamin E, 30 IU;

vitamin K3, 3.32mg; Zn, 68mg; Fe, 81mg; Mn, 82mg; I, 0.5mg; Cu, 9mg; Se, 0.27 mg.

At the end of experiment (day 56), one bird from each
replicate was randomly weighed and selected for sample
collection after 12 h of fasting. At 8:00 am of each sampling
day, five milliliters of blood were drawn from the wing
vein and collected in non-heparinized collecting tubes.
After centrifugation at 3, 000 × g, 4◦C for 10min, serum
was collected with six aliquots and stored at −80◦C. After
blood sampling, broilers were killed by cervical dislocation.
Hypothalamus and duodenal tissues were harvested,
immediately frozen in liquid nitrogen, and stored at−80◦C until
subsequent analysis.

Serum Biochemistry
Serum concentration of corticosterone, ghrelin, NPY,
and CCK were determined using ELISA kit, according
to the manufacturer’s instructions (MEIMIAN, Jiangsu
Feiya Biological Technology Co. Ltd., Jiangsu, China).
Serum superoxide oxidase (SOD), glutathione peroxidase
(Gpx) and malondialdehyde (MDA) were analyzed using
commercial kit, according to the manufacturer’s instructions
(JIANCHENG, Nanjing Jiancheng Biotechnology Co. Ltd.,
Nanjing, China).

TABLE 2 | Specific gene primers used for real-time quantitative PCR.

Gene Accession

number

Primers sequences Product

length, bp

GAPDH NM_204305.1 F:GGTGAAAGTCGGAGTCAACGG 108

R:TCGATGAAGGGATCATTGATGGC

CCK NM_001001741 F:CAGCAGAGCCTGACAGAACC 121

R:AGAGAACCTCCCAGTGGAACC

POMC NM_001031098 F:ATCAAGGTGTACCCCAACGG 300

R:CCTTCTTGTAGGCGCTTTTG

Ghrelin AB075215 F:CCTTGGGACAGAAACTGCTC 203

R:CACCAATTTCAAAAGGAACG

TRPV1 395259 F:TGGGACCGATTTGTCAAGCA 126

R:AAAAGCGAAGGGAGGCTTGT

TRPV2 XM_004946685.4 F:CTGAACTATCGGCCTGGACT 224

R:TCTTCCCCGTCTTTGCATCT

TRPV3 771945 F:TTACTGTTACTGAGGCTGAAGGC 314

R:GCCTTACAGGGTTTCTTACATCTTT

TRPV4 NM_204692.1 F:CCTGGTGATGATTGCAGATG 176

R: GGTGCCTGTACACTGGGTCT

TRPM8 XM_027461829.2 F:AGTGGAACCAACTGGACCTG 234

R:TTGCAATCTGCAGGTTCTTG

GAPDH, glyceraldehyde-3-phosphate dehydrogenase; CCK, cholecystokinin; POMC,

proopiomelanocortin; TRPV1–4, transient receptor potential vanilloid receptor type 1–4;

TRPM8, transient receptor potential melastatin type 8.

Tissue RNA Extraction and Real-Time
Quantitative PCR
Total RNA was extracted from hypothalamus and duodenum
tissues using Trizol reagent according to the manufacturer’s
instructions (Invitrogen, Carlsbad, CA). RNA quality was
determined by examining the absorption rate at 260 nm and
280 nmwith UV spectrophotometry. After RNAwas treated with
DNAase, cDNA was then transcribed via reverse transcription
kits (PrimeScript RT reagent Kit with gDNA Eraser, RR047A,
Takara, Dalian, China).

The mRNA abundance of the target gene in hypothalamic
and duodenum were detected by the real-time quantitative PCR.
Real-time PCR reaction system was composed of a total volume
of 20 µL containing 1 µL of the cDNA product, 10 µL of
SYBR-green PCRmasterMix (TBGreen Premix ExTaq, RR420A,
TAKARA), and 0.2 µmol/L of gene-specific forward and reverse
primers (Table 2). Real-time PCR reactions were carried out on
the CFX96 Touch Real Time PCR Detection System (BIO-RAD,
Hercules, CA) according to the following steps: 5min at 95◦C,
39 cycles of denaturation at 95◦C for 30 s, annealing at 58◦C for
30 s, and extension at 72◦C for 30 s. The relative fold change
was performed using the 2−11Ct method with GAPDH as an
internal control.

Statistical Analysis
Data for a 2 × 2 factorial arrangement of treatments, with
the main effects for ambient temperature (24◦C vs. 34◦C) and
yucca (100 mg/kg yucca vs. no yucca) and the interaction effects
between temperature and yucca were analyzed using general
linear model procedures for analysis of variance (ANOVA) (22).
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TABLE 3 | Effects of high ambient temperature and yucca on the growth performance of broiler chickens.

24◦C 34◦C SEM P-value

–Yucca +Yucca –Yucca +Yucca T Y T × Y

BW

Initial (28 d) 785 789 791 806 8.46 – – –

29–35 d 1,015 1,015 1,000 1,019 11.4 ns ns ns

36–42 d 1,331 1,323 1,268 1,269 16.2 0.0005 ns ns

43–49 d 1,676 1,655 1,533 1,540 26.3 <0.0001 ns ns

50–56 d 1,982 1,886 1,794 1,853 406 0.01 ns 0.07

ADG, g/d

29–35 d 32.7 32.2 29.8 30.4 0.868 0.007 ns ns

36–42 d 44.4 44.5 38.0 36.8 0.910 <0.0001 ns ns

43–49 d 48.8 49.3 38.9 39.6 1.25 <0.0001 ns ns

50–56 d 45.6 42.8 35.7 36.2 1.77 <0.0001 ns ns

29–56 d 42.1 40.3 35.4 37.9 1.28 0.001 ns ns

ADFI, g/d

29–35 d 80.5 80.1 73.3 74.7 1.22 <0.0001 ns ns

36–42 d 106 103 97.5 98.1 2.17 0.004 ns ns

43–49 d 123 123 107 102 3.00 <0.0001 ns ns

50–56 d 121 116 107 115 3.47 0.04 ns 0.09

29–56 d 107 102 97.8 102 2.23 0.04 ns 0.04

FCR

29–35 d 2.48 2.54 2.48 2.53 0.069 ns ns ns

36–42 d 2.46 2.35 2.57 2.65 0.047 <0.0001 ns 0.05

43–49 d 2.52 2.46 2.73 2.60 0.048 0.0005 0.04 ns

50–56 d 2.67 2.67 2.93 3.08 0.096 0.003 ns ns

29–56 d 2.56 2.55 2.78 2.72 0.070 0.01 ns ns

T, ambient temperature; Y, yucca; ns, no significant; n = 6.

–Yucca, basal diets without yucca; +Yucca, basal diets with supplementation of yucca.

A replicate was the experimental unit for the growth performance
data, while each replicate was the experimental unit for other
measured parameters (plasma biochemical variables, mRNA
expression). The statistical model included treatment, replicate,
and all two- and three-way interactions as sources of variation.
Broilers with treatment × replicate were used as the random
variable in the model. The parameters for growth performance
(BW, ADG, ADFI, and FCR), temperature of rectum and leg
skin, plasma biochemistry (MDA, GSH, antioxidant enzyme,
hormone), and gene mRNA expression were analyzed using two-
way ANOVA with repeated measures. The results are expressed
as the mean ± SEM of measurements on tissues from 6 replicate
broilers at each group setting P < 0.05 as a criterion of
statistical significance.

RESULTS

As shown in Table 3, HT significantly reduced feed intake,
BW, and ADG of broilers during each growth period except
for the first week of the experiment (P < 0.05). Also, HT
increased FCR (P < 0.05) during each week of the experiment.
There were interaction effects of ambient temperature and
yucca supplementation on the broiler’s feed intake during the
entire experimental period (28 days−56 days). The temperature

of both rectum and leg skin in broilers increased by HT
(increasing approximately by 0.7 or 1.8◦C, for rectum and leg
skin, respectively, Figures 1A,B), but they were reduced by yucca
supplementation (P < 0.01). There were interaction effects of
ambient temperature and yucca on the rectal temperature of
broilers at 56 days. The hypothalamic mRNA expression of
transient receptor potential vanilloid receptor 1 (TRPV1) was not
affected by HT or yucca (Figure 2A), while supplementation of
yucca increased the hypothalamic mRNA expression of TRPV2
(Figure 2B) and TRPV4 (Figure 2C). The HT decreased the
mRNA expression of both TRPV3 (Figure 2D) and transient
receptor potential melastatin type 8 (TRPM8), but yucca
supplementation increased the mRNA expression of TRPM8 (P
< 0.05, Figure 2E).

The plasma concentration of cortisol in broilers was
not affected by HT for 28 days (Figure 3A). Plasma NPY
concentration was reduced by HT (P = 0.06, Figure 3B), but
it was not affected by yucca supplementation. The plasma
concentration of CCK was not affected by HT, but yucca
supplementation reduced it (Figure 3C). Neither HT nor yucca
did not affect plasma ghrelin (Figure 3D).

Hypothalamic mRNA expression of CCK in broilers were
significantly increased (P < 0.05) by HT, while supplementation
with yucca reduced it (Figure 4A). Hypothalamic mRNA
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FIGURE 1 | Rectal temperature (A) and leg skin temperature (B) in broilers at 56 days. Broilers, of 28 days of age, were fed a basal diet and exposed to 24◦C (CON)

or 34◦C (HT), or a basal diet supplemented with 0.1% yucca and exposed to 24◦C (Yucca) or 34◦C (HT + Yucca) for 4 wks. Values are means ± SE, n = 6. Means

without a common letter differ (P < 0.05).

expression of POMC was not affected either by HT or yucca
supplementation (P > 0.05, Figure 4B). The duodenal mRNA
expression of CCK was increased by HT (P = 0.05, Figure 5A),
and yucca supplementation had no effect on the duodenal mRNA
expression of CCK. Neither HT nor yucca supplementation
exerted effects on duodenal mRNA expression of ghrelin (P >

0.05, Figure 5B).
The plasma concentration of GSH was increased by HT (P <

0.05, Figure 6A), whereas, the activities of antioxidant enzymes
SOD and Gpx were not affected by HT (P > 0.05, Figures 6B,C).
The plasma concentration of MDA in broilers was increased by
HT (P < 0.05, Figure 6D), while yucca supplementation reduced
it (P < 0.05, Figure 6D).

DISCUSSION

In this study, raising the temperature from 24 to 34◦C caused heat
stress to broilers, as reflected by the increased body temperature
and breathing rate (observation). Specially, the feed intake of
broilers was obviously reduced by HT, accompanied with the
reduced daily gain, as well as decreased FCR during each
week of the experiment. These observations are in accordance
with previous studies in broilers (23, 24) and ducks (2). In
this study, the dietary supplementation of yucca under heat
stress attenuated the reduced feed intake of broiler chickens
especially during the late stage of HT treatment, which thereafter
resulted in a slight increase in ADG. Similarly, previous studies
have also shown that yucca supplementation could improve
feed conversion and growth of chicks (25). These positive
effects are probably due to the relatively high content of
saponin (12.5% for UV method) in yucca powder. Saponin
has been demonstrated to be an effective anti-depressant in
animals (15). For example, pretreatment of ginseng saponin
to mice by intraperitoneal injection (5 or 20 mg/kg BW)
attenuated the adrenocorticotrophic hormone (ACTH)-induced
stress (26).

Interestingly, yucca supplementation prevented the HT-
induced increase of rectal and leg skin temperature, indicating

the alleviation effects of heat stress by yucca. The homeostatic
control of body temperature is essential for the survival
of mammal and birds and is known to be regulated in
part by temperature sensitive neurons in the hypothalamus.
Previous studies have shown that the preoptic area (POA)
of the hypothalamus plays an important role in maintaining
a stable Tcore via afferent inputs from skin thermoreceptors.

The direct sensing of changes in skin temperature, in turn,
activates POA efferent signals that control thermal effector
organs (27, 28). The transient receptor potential (TRP) family
ion channels have shown to be involved in thermosensation

and are located in sensory nerves and skin. TRPV1, TRPV2,
TRPV3, and TRPV4 can respond to heat at different temperature
thresholds, while TRPM8 is responsive to cool or cold

temperatures (15–30◦C) [for more detail see review of Wetsel,
(29)]. Interestingly, in this study, the high temperature
decreased the hypothalamic mRNA expression of TRPM8, while
supplementation of yucca increased the mRNA expression

of both heat (TRPV2, TRPV4) and cool (TRPM8) sensing

receptors. This indicates the increased thermoregulation capacity
of yucca under heat stress, and thereafter attenuated the
increased body temperature induced by HT. However, it remains
unclear how yucca regulates the hypothalamic genes of heat

and cool sensing receptor, which needs to be explored in
future research.

Moreover, we found here that, under HT conditions,
yucca powder improved the feed intake of broilers while no
effects were observed under normal temperature, suggesting
the interactive effects of yucca and ambient temperature
in affecting feed intake. Specifically, yucca supplementation
attenuated the reduction of feed intake induced by HT
during the late period of the experiment, suggesting the
time-dependent role of yucca in modulating feed intake
of broilers under heat stress. It was reported that under
normal temperature conditions, dietary supplementation of
yucca schidigera powder have no effect on feed intake in
adult laying hens (30), and some even reported to have
negative effects on feed intake in growing broilers (17)
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FIGURE 2 | Hypothalamic mRNA expression of TRPV1 (A), TRPV2 (B), TRPV4 (C), TRPV3 (D), and TRPM8 (E) in broilers at 56 days. Broilers, of 28 days of age,

were fed a basal diet and exposed to 24◦C (CON) or 34◦C (HT), or a basal diet supplemented with 0.1% yucca and exposed to 24◦C (Yucca) or 34◦C (HT + Yucca)

for 4 wks. Values are means ± SE, n = 6. Means without a common letter differ (P < 0.05).

because of the astringent and irritating taste of saponin.
It is of great interest to explore the mechanism by which
yucca exerted positive effects on the feed intake of broiler
chickens under stress. In birds, the hypothalamus plays a
vital role in integrating external environmental cues and
generates the appropriate responses to influence feed intake
(31). Hypothalamic neurons can perceive the increase in
body temperature and exert an inhibiting influence on cells
that are responsible for controlling feed intake (32), mainly
through producing both orexigenic (agouti-related protein and
neuropeptide Y, NPY) and anorexigenic (e.g., POMC) peptides
(33). Besides, a number of circulating factors produced by

peripheral organs are important in regulating feed intake,
for example, leptin by adipose tissue, insulin and pancreatic
polypeptide by the pancreas, gut hormones (e.g., ghrelin,
peptide YY), and triiodothyronine by the thyroid gland. In this
study, raising the temperature from 24 to 34◦C significantly
reduced the feed intake of broilers. This is probably due
to the HT induced reduction in plasma orexigenic peptide
(NPY), as well as up-regulation of CCK mRNA expression
both in the hypothalamus and intestine. Similarly, it was
reported that the concentrations of cholecystokinin (CCK)
were reported to be increased both in plasma and intestine
on 35 or 42-day-old broilers under HT condition (24). CCK
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FIGURE 3 | Plasma concentration of cortisol (A), NPY (B), CCK (C), and ghrelin (D) in broilers at 56 days. Broilers, of 28 days of age, were fed a basal diet and

exposed to 24◦C (CON) or 34◦C (HT), or a basal diet supplemented with 0.1% yucca and exposed to 24◦C (Yucca) or 34◦C (HT + Yucca) for 4 wks. Values are means

± SE, n = 6. Means without a common letter differ (P < 0.05). CCK, cholecystokinin; NPY, neuropeptide.

FIGURE 4 | Hypothalamic mRNA expression of POMC (A) and CCK (B) in broilers at 56 days. Broilers, of 28 days of age, were fed a basal diet and exposed to 24◦C

(CON) or 34◦C (HT), or a basal diet supplemented with 0.1% yucca and exposed to 24◦C (Yucca) or 34◦C (HT + Yucca) for 4 wks. Values are means ± SE, n = 6.

Means without a common letter differ (P < 0.05).

is an anorexigenic peptide in poultry (31), able to slow the
passage rate of feed in the gut (34), therefore exerting negative
effects on feed intake. Our results demonstrated that the
changes in plasma or hypothalamic CCK and NPY probably
plays a role in suppressing feed intake under HT conditions.
The improvement in feed intake by yucca was probably
due to down-regulated mRNA expression of hypothalamic
anorexigenic factors genes CCK and POMC, as well as reduced
circulation CCK. Although saponins possess properties, such

as large molecular weight, and hydrophilicity, leading to low
bioavailability and poor penetration into central nervous system
(35), there remains the possibility that the metabolism of
saponins by intestinal flora yield metabolites possessing greater
ability to cross the membrane barriers and exerts biological
functions in the body (36, 37). However, the other biological
functions of yucca in regulating feed intake cannot be excluded
(e.g., antioxidant capacity especially in the hypothalamus)
(2, 16).
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FIGURE 5 | Duodenal mRNA expression of CCK (A) and Ghrelin (B) in broilers. Broilers, of 28 days ofage, were fed a basal diet and exposed to 24◦C (CON) or 34◦C

(HT), or a basal diet supplemented with 0.1% yucca and exposed to 24◦C (Yucca) or 34◦C (HT + Yucca) for 4 wks. Values are means ± SE, n = 6.

FIGURE 6 | Concentration of GSH (A), activities of SOD (B) and Gpx (C) and concentration of MDA (D) in serum of broilers at 56 days. Broilers, at 28 days of age,

were fed a basal diet and exposed to 24◦C (CON) or 34◦C (HT), or a basal diet supplemented with 0.1% yucca and exposed to 24◦C (Yucca) or 34◦C (HT + Yucca)

for 4 wks. Values are means ± SE, n = 6. Means without a common letter differ, P < 0.05. Gpx, glutathione peroxidase; MDA, malondialdehyde; SOD, superoxide

dismutase.

The oxidative stress in broiler chickens was induced by
HT, as reflected by the increased plasma lipid oxidation end
product-MDA. However, GSH was increased by HT, which
may reflect the biological feedback in response to heat stress.
Interestingly, yucca supplementation reduced the lipid oxidative
indicators, indicating its antioxidant capacity. Unexpectedly,

the plasma antioxidative enzymes (Gpx and SOD) were not
altered by yucca although it was reported previously that dietary
supplementation with yucca schidigera extract alleviated the
heat stress-induced oxidative damage through up-regulating
antioxidant enzymes in Nile tilapia (38). Similar to our study,
there were reports showing that no effects of saponin were
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observed on antioxidant enzymes (e.g., SOD and Gpx), while
lipid hydroperoxide decreased in rats (39). Based on these results,
it can be assumed, that yucca may exert antioxidants probably
through a direct antioxidant activity rather than modulation of
an antioxidant enzyme, because of the chemical structure of
saponin (40).

CONCLUSIONS

In summary, HT induced an obvious reduction in feed
intake of broilers, probably involving in the modulation
of circulation and hypothalamic peptides, while dietary
supplementation of yucca could alleviate heat stress, and
improve feed intake probably through down-regulating CCK
in plasma and hypothalamus. Also, yucca supplementation
attenuated the HT-induced increase of body temperature,
probably through regulating hypothalamic temperature
sensing genes. Our results indicate that supplementation of
yucca serves an excellent option for future phytogenic feed
additives in poultry especially in circumstances where stress
is induced.
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In commercial poultry production, chickens are reared under intensive conditions, which

may allow infections to spread quickly. Antibiotics are used at sub-therapeutic doses

in livestock and poultry feed to prevent diseases and improve productivity. However,

restrictions on the use of antibiotics at sub-therapeutic concentrations in livestock feed

due to growing concerns of antimicrobial resistance (AMR), together with antibiotic

residues in meat and eggs has prompted poultry researchers and feed producers

to look for viable alternatives. Thus, there is increasing interest in developing natural

alternatives to in-feed antibiotics to improve chicken productivity and health. Probiotics,

specifically from the genus Bacillus have proven to be effective due to their spore-

forming capabilities. Furthermore, their ability to withstand heat during feed processing

and be stored for a long time without losing viability as well as their potential to function

in the acidic medium of the chicken gut, provide them with several advantages over

conventional probiotics. Several studies regarding the antimicrobial and antioxidant

activities of Bacillus probiotics and their positive impact in chicken nutrition have

been documented. Therefore, the present review shields light on the positive effect of

Bacillus probiotics as alternatives to in-feed antibiotics on growth performance, serum

chemistry, antioxidant status, intestinal histomorphology and lesion scores of disease-

challenged broiler chickens and the mechanisms by which they exert their actions.

It is concluded that Bacillus probiotics supplementation improve growth, health and

productive indices of disease-challenged broiler chickens and can be a good alternative

to in-feed antibiotics. However, more studies are required on the effect of Bacillus

probiotics supplementation in broiler chickens to maximize productivity and achieve the

ultimate goal of stopping the usage of antibiotics at sub-therapeutic doses in broiler

chicken feed to enhance performance.
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INTRODUCTION

Demand for poultry source foods is increasing, particularly
in developing countries (1), and this is driven primarily by
population growth (2, 3). To keep pace with the growing request
for poultry products, farmers now use antibiotics at minute
doses to reduce the incidence of enteric pathogens, improve feed
conversion ratio (FCR) and body weight gain (BWG) in broiler
chickens (4). Despite the significant economic benefit of AGPs
in large-scale broiler production, their continued use in animal
feed has been heavily criticized because of growing concerns of
AMR and the occurrence of multi-drug resistant bacteria. In view
of this, several countries have banned the use of antibiotics at
sub-therapeutic levels in feed for food animal production (5).

The ban on the use of antibiotics at sub-therapeutic doses in
livestock feed resulted in economic losses because of reduced
feed efficiency, decreased feed intake, BWG, higher morbidity
and mortality of broiler chickens as a result of high prevalence
of pathogens (6, 7). In addition, in-feed antibiotics increased the
incidence of food-borne illness in humans (8). To maneuver the
limitation linked to the usage of in-feed antibiotics in animal
agriculture, poultry nutritionists and farmers have proposed
the use of probiotics found to have no residual effect on
animal products or result in antimicrobial resistance (9). A
probiotic is viable or inactivated micro-organisms that exert
beneficial effects to the host when administered in an adequate
amount. Lactobacillus spp. is one of the common probiotics
used in broiler chicken feed because they are considered safe,
naturally present in the gut and with demonstrable health-
promoting effects (10, 11). Other conventional probiotics with
known beneficial impact in chickens include Saccharomyces spp.,
Aspergillus spp., Enterococcus spp., and Bifidobacteria (12–15).
The use of these probiotics is still limited as challenges have
been noted during feed preparations, whereby these organisms
are not able to withstand the high temperature of the feed
pelletisation process. Furthermore, reduced shelf life and limited
survival in the gut has to date, contributed to the poor
adoption by the farmers into routine broiler production process
(16) The limitations of conventional chicken probiotics during
industrial production processes have been documented in the
literature (17).

The use of Bacillus probiotics in broiler chicken feed is gaining

attention since it has features that address the drawbacks related

to Lactobacillus based probiotics. Bacillus organisms are gram-

positive bacterium with the ability to form spores. The ability
of Bacillus organisms to form spores ensures that they remain
stable and viable during feed manufacturing processes, storage,
and movement through the gastrointestinal tract (17–19) thus
implying that Bacillus products are suitable for adoption in the
poultry industry. Besides, evidence also exists that Bacillus strains
were produced at high efficiency (20) and hence, one of the key
advantages of using Bacilli as feed probiotics is their capability
to resist the changing conditions in the gastrointestinal tract
of chickens (17, 21). Importantly, as suggested by Ramlucken
et al. (17) Bacillus spores can retain about 90% of their viability
during the probiotic harvesting process and have a 5-year shelf
life potential.

In another study, Aly et al. (22) prepared three probiotic
supplemented diets, with diet 1 containing a mixture of 0.5
× 107 L. acidophilus/g feed and 0.5 × 107 B. subtilis/g feed,
and diets 2 and 3 containing 1 × 107 L. acidophilus/g feed
and 1 × 107 B. subtilis/g feed, respectively, and stored for 4
weeks at 4

◦
C and 25

◦
C. After, 4 weeks of storage at 4

◦
C and

25
◦
C, the authors discovered that diets 1 and 2 had significantly

more viable cells than diet 3 after 4 weeks of storage at 4
◦
C

and 25
◦
C. Broilers chickens challenged with C. perfringens

fed a diet supplemented with B. coagulans experienced less
intestinal damage and consumed more feed than those fed a
diet supplemented with L. fermentum (23). In agreement with
the present findings, Brzoska et al. (24) and Olnood et al.
(25) found that dietary Lactococcus lactis and Lactobacillus spp.
supplementation did not improve feed intake, FCR and BWG
(24, 25), all of which are important parameters for probiotic
acceptance in the broiler chicken industry. The poor performance
of chickens on conventional probiotics supplementation (24, 25)
compared to probiotic Bacillus could be partly attributed to their
low survivability in the harsh conditions of the gastrointestinal
tract (26, 27).

Bacillus probiotics used as probiotics in humans and animals
include B. coagulans, B. cereus, B. subtilis and B. licheniformis
(28, 29). Several studies have found that feeding Bacillus spp.
to chickens enhances their growth and productivity (30–32).
However, the impact of Bacillus probiotics supplementation on
the performance indices of disease-challenged broiler chickens
were inconclusive due to differences in strain of Bacillus
probiotics used, dosage, the severity of infection, age of chickens,
and rearing environment (7, 33).

Thus, the purpose of this review is to highlight the possible
mechanisms of action of Bacillus probiotics and the influence
of dietary Bacillus probiotics supplementation on growth
parameters, blood metabolites, intestinal histomorphological
indices and lesion scores in disease-challenged broiler chickens.
In addition, the antioxidant and antimicrobial properties
of Bacillus spp. in disease-challenged broiler chickens were
discussed.We also discussed several conflicting research findings,
reasons for these differences and offer recommendations on the
potential of Bacillus spp. to replace to in-feed antibiotics in
disease-challenged broiler chickens.

MECHANISMS OF ACTION

The probable mechanisms by which Bacillus spp. limit the
proliferation of pathogens include competition for adhesion
sites, production of organic acids leading to a reduction in
gut pH, maintenance of normal gut microbiota via competitive
exclusion (CE) and antagonisms, production of antimicrobial
compounds, improvement in oxidative stability, modulation
of immune system, improvement in digestive enzyme activity
and competition for nutrients (21, 34). The inhibitory effect
may be achieved through one or a combination of these
actions. Probiotics improve the immune system by inducing
the production antimicrobial compounds, and raising the
concentrations of secretory immunoglobulin A (35). Upon
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consumption, Bacillus spp. alters the intestinal environment
and produces a variety of digestive enzymes which improves
digestibility and nutrient absorption in poultry (36, 37). The
mechanism of competition for binding sites on the intestinal
mucosa is mediated by glycocalyx, a layer that protects the
intestinal epithelial from mechanical damage and prevents
pathogen colonization, thus protecting the host from infections
(38). CE is one method for controlling enteric pathogens and
zoonotic agents in chickens (8). Competition for adhesion sites
on the intestinal mucosa is influenced by the pH of the digesta
(21). Low pH promotes the growth of acidophilic bacteria
such as Bacillus probiotics, which inhibit the proliferation of
enteric pathogens (Salmonella spp., Clostridium perfringens and
Escherichia coli) using the CE technique. Bacillus spp. has also
been reported to produce bacteriocins which are toxic to enteric
pathogens (39–41).

SOURCES OF BACILLUS PROBIOTICS
AND CRITERIA FOR ITS DESIRABLE
PROBIOTIC PROPERTIES

Currently, the Bacillus probiotics used in livestock production
are isolated from the intestine, food, soil and pond. They are
widely found in the dust, water, air, and soil (21). Several
companies have successfully commercialized Bacillus probiotic
products as detailed by Ramlucken et al. (17) in their recent
review. The most common Bacillus probiotics used in livestock
and poultry research is B. subtilis or its strains. Bacillus probiotics
are identified based on standard morphological, biochemical,
physiological tests, 16S rRNA gene sequencing or multilocus
sequence analysis. To exert its positive influence on the host,
probiotic bacteria should be able to survive, bind to the
intestinal mucosa, maintain good viability, utilize the nutrients
and substrates found in the diet, and remain non-pathogenic
and non-toxic. Bacillus probiotic comes in two types: vegetative
and spore. The vegetative type is destroyed by gastric acid and
bile salts, but spores thrive in both conditions (42). Studies have
shown that Bacillus probiotic produces different kinds of AMPs
including bacteriocins, glycopeptides, lipopeptides, and cyclic
peptides (39, 43). Bacteriocins are toxic to pathogens and are one
the criteria for selecting a probiotic strain.

ANTIOXIDANT STATUS

Bacillus probiotics respond to oxidative stress by upregulation
of catalases and thioredoxins (44). Abudabos et al. (30)
reported that Salmonella-challenged broilers treated with B.
subtilis-based probiotics had decreased serum concentrations of
total antioxidant capacity (TAC), whereas those treated with
avilamycin had increased serum concentrations of TAC. The
significantly increased serum levels of TAC in Salmonella-
challenged broilers fed antibiotic-based diet is consistent with
Kabploy et al. (45), who linked the avilamycin’s anti-oxidative
activity to its scavenging effect on hydroxyl radicals. On the
other hand, Rajput et al. (46) recorded higher serum TAC
concentrations in S. enterica challenged birds fed diets containing

mixtures of S. boulardii and B. subtilis B10. Available information
also revealed that probiotic bacteria can boost antioxidant status
of broiler chickens (47). Free radicals are produced in chickens
during an inflammatory process, and superoxide dismutase
(SOD) is a zinc-based antioxidant enzyme that helps to degrade
free radicals (48). Carillon et al. (49) found that chickens
infected with 1 × 104 S. enteritidis cfu/bird had higher SOD
concentration at 3 and 10 days of age than challenged broilers
administered 104 spore/g B. subtilis. The authors hypothesized
that the elevated SOD activity in S. enteritidis-challenged broilers
could be attributed to the ability of chickens to counteract the
oxidative damage caused by severe intestinal injury induced
by S. enteritidis toxins, since SOD plays an important part in
mitigating oxidative damage (49).

ANTIMICROBIAL PROPERTY

There are studies concerning the inhibitory influence of
Bacillus probiotics on gram-positive bacteria (39, 50, 51). B.
subtilis supplementation at 104 and 106 spores/g reduces the
proliferation of Salmonella (gram-negative bacteria) in the crop,
proventriculus and intestinal compartments of broiler chickens
infected with S. enteritidis at 104 cfu (48). However, they did
not detect Salmonella in the intestine when B. subtilis was given
at a higher dose (106 spores/g), implying that B. subtilis has
dose-related antibacterial effects in broiler chickens. Tactacan
et al. (52) observed a similar pattern in disease-challenged broiler
chickens that received 104 and 106 cfu/g B. subtilis (QST 713)
for 28 days. Although the detailed mechanisms of antibacterial
properties of Bacillus probiotics are unknown, however, they may
have achieved this via maintenance of gut microbial ecology
through CE and antagonism, production of AMPs, enhancement
of digestive enzyme activity, stimulation of immune system and
improvement in absorptive efficiency of the small intestine (33,
53, 54).

The addition of B. subtilis to chicken feed decreased
C. perfringens (36, 55, 56), Enterobacteriaceae (36) and
Campylobacter (57) count in the excreta. Bacillus spp.
supplementation has been reported to reduce C. perfringens
proliferation in the intestine (53). In a similar study, Deepak
et al. (58) noticed that C. perfringens counts (log10 cfu/g of
jejunal content) were significantly reduced in infected broilers
administered B. subtilis. In agreement, Jayaraman et al. (56) and
Lin et al. (59) discovered that dietary B. subtilis supplementation
reduces C. perfringens proliferation in the gastrointestinal tracts
of broiler chickens. Likewise, Liu et al. (60) observed a decline
in microbial diversity of C. perfringens infected broilers fed B.
subtilis PB6 supplemented diets. Arif et al. (61) observed that
Bacillus probiotics supplementation increased the population of
Bacillus spp. on day 21 and 35, while decreasing the proliferation
of C. perfringens, Salmonella spp. and E. coli in the jejunum and
ileum of broiler chickens reared under a low-level of biosecurity
measures. The exact mechanisms that lead to the inhibitory
activity of B. subtilis against enteric pathogens are not clear.
However, according to Cladera-Olivera et al. (43) and Baindara
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et al. (39), Bacillus probiotics produce bacteriocins that are active
against other pathogens.

GROWTH PERFORMANCE

Influence of dietary Bacillus probiotics on feed intake, FCR
and BWG of disease-challenged broiler chickens has been
documented (Table 1). Abudabos et al. (30) found that
administration of B. subtilis (2 × 107 cfu/g) and avilamycin
(0.2 g/kg) to infected broiler chickens improved growth
performance indices when compared with the infected control
broilers, implying that B. subtilis could replace antibiotics
in poultry nutrition. A similar finding has been reported
by Roy et al. (62) in heat stressed broiler chickens fed B.
subtilis (0.5 g/kg feed), 2.2% lincomycin (0.15 g/kg feed)
and their blend (0.5 and 0.15 g/kg feed, respectively). The
improvement in FCR could be linked to the capability of B.
subtilis to increase production of digestive enzymes, which
help in the breakdown of feed into smaller fractions that
are easily absorbed by the chickens. Adhikari et al. (48)
reported higher BWG and lower FCR in S. typhimurium and
C. perfringens challenged broilers fed Bacillus probiotics in
comparison with antibiotics. The beneficial effect of Bacillus
probiotics on the gut microflora could lead to improved BWG
and FCR (21). Furthermore, Abudabos et al. (63) reported
higher BWG in Salmonella-challenged broilers fed 2 × 107

cfu/g B. subtilis in contrast to those fed diets supplemented
with avilamycin at 0.2 g/kg and infected control, suggesting
that probiotics may be a viable alternative to antibiotics. The
authors also showed that infected broilers fed a basal diet
without feed additives performed poorly in terms of BWG,
FCR and villi morphology compared to non-challenged control
broilers, confirming the negative impact of Salmonella infection
in chicken growth and productivity (64). Abudabos et al. (63)
recorded superior BWG in broilers fed B. subtilis compared to
the broilers fed B. licheniformis, and the observed contradiction
could be ascribed to differences in Bacillus strain used and
dosage (33).

Low pH inhibits the growth and multiplication of pathogenic
microbes (S. typhimurium and C. perfringens), while promoting
the proliferation of beneficial microbes (33, 48, 74). It also
facilitates the production and release of digestive enzymes such as
pepsin, gastrin and cholecystokinin, all of which aid in digestion
and nutrient utilization (33, 75). It is reported that B. subtilis PB6
improves feed intake, FCR and BWG in Necrotic enteritis (NE)-
challenged broilers (72). Lee et al. (76) reported that Bacillus
probiotics based DFMs ameliorated Eimeria maxima (EM)-
induced reduction in BWG and intestinal lesions in broilers
in comparison with EM infected control broilers. The growth-
enhancing effect of Bacillus probiotics might be ascribed to
it inhibitory effect against some enteric pathogens invasion
in broilers (55, 77). This observation was consistent with
Jayaraman et al. (56), who noticed an improvement in growth
performance of C. perfringens infected broiler chickens fed B.
subtilis PB6 additive. Addition of 1.0 kg B. licheniformis/metric
ton (MT) of feed in broiler chickens reared for 35 days

under a low-level of biosecurity measures significantly enhanced
BWG and FCR compared to those fed basal diet with no
additives and basal diet plus Bacillus subtilis at 1.0 kg/metric
ton (MT) feed and 4% flavomycin at 0.3 kg/MT feed (61).
Dietary Bacillus probiotic has been found to positively influence
growth and productivity of disease-challenged broilers (64, 66–
69), and may serve as an alternative to in-feed antibiotics in
broiler feed.

Recently, Ahmat et al. (73) assessed the impact of B.
amyloliquefaciens LFB112 and B. subtilis CICC 20179 on
performance of broiler chickens and observed that broilers fed
B. amyloliquefaciens at 5 × 105 cfu/g had better BWG, FCR,
carcass yield and cut-part weights (thigh and breast muscle)
than broilers treated with B. subtilis (5 × 105 cfu/g) and
antibiotic (150mg of aureomycin/kg). Based on their findings,
supplementation of B. subtilis and aureomycin to the level of 5
× 105 cfu/g and 150 mg/kg feed, respectively in broiler chickens
did not enhance growth performance, suggesting that B. subtilis
and aureomycin may not have reached the threshold required
to improve growth and productivity in broilers. Abdominal
fat is the most common way animal accumulate fat, and is
positively correlated with total fat. Increased abdominal fat
content connotes inefficient use of energy in the feed. It is evident
from the findings of Ahmat et al. (73) that abdominal fat weights
were significantly lower in birds offered diets supplemented with
B. amyloliquefaciens (5 × 105 cfu/g) and antibiotic (150mg of
aureomycin/kg) compared to control birds. This finding is in
harmony with other authors (62, 78, 79), who found significantly
lower abdominal fat weights in chickens fed Bacillus probiotics
feed additives. The reduced abdominal fat pad weight could
be due to a decrease in lipid content as probiotics have been
reported to reduce the serum lipid content (63). The potential
of Bacillus probiotics to limit the activity of fatty acid synthase in
chicken liver could explain the significant reduction in abdominal
fat pad.

INTESTINAL HISTOMORPHOLOGICAL
INDICES AND LESION SCORES

Intestinal histomorphology is used as an important index
for intestinal health and infection recovery. Studies have
shown that broilers challenged with enteric pathogens had
disorganized intestinal tight junctions, resulting in an increase
in intestinal permeability (80, 81). A recent feeding study
by Abudabos et al. (63) found deteriorated villi health in
disease-challenged broiler chickens; however, treatment with
Bacillus probiotics and antibiotics mitigated the negative effect.
On the same hand, Hernandez-Patlan et al. (82) found that
feeding Bacillus probiotic (1.0 × 106 spores/g) to necrotic
enteritis (NE) infected birds alleviated its adverse consequences.
Similarly, Aljumaah et al. (72) found that 0.5 g/kg B. subtilis
PB6 lowers intestinal lesion scores in NE challenged-broilers
suggesting enhanced recovery. This reduction in intestinal
lesion scores may be attributed to Bacillus probiotics’ ability to
eliminate enteric pathogens through competitive exclusion and
antagonisms (55, 70).
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TABLE 1 | Influence of Bacillus probiotics on broiler performance.

Bacillus strain Broiler strain Dosage (cfu/g) Duration

of study

(days)

Pathogen

challenged

Response variables Authors

Bacillus cereus var.

toyoii

Ross 1 × 106 spores/g 47 S. enteritidis Bacillus cereus var. toyoii significantly

improved FCR and BWG in

challenged groups compared to the

infected control.

(65)

B. licheniformis

(DSM17236)

Cobb 8 × 105

8 × 106

8 × 107

28 C. perfringens Broilers fed diets having three

inclusion levels of B. licheniformis and

virginiamycin (15 g/ton) had

significantly lower FCR, and higher

BWG than the NE-challenged control.

(66)

B. subtilis (DSM17299) Cobb 8 × 105 42 Salmonella

Heidelberg

Broilers on B. subtilis had higher

BWG than the challenged control

(67)

B. subtilis PB6

(ATCC-PTA 6737)

Cobb 5.0 × 107 35 C. perfringens Challenged broiler chickens fed B.

subtilis PB6 supplemented feed 5 ×

107 cfu/g had significantly better

body weight gain and feed efficiency

than infected control and

non-infected control birds.

(56)

B. subtilis (AvicorrTM) Ross 1.5 × 105 28 Eimeria infected

litter

Birds in B. subtilis-treated group had

better WG than the controls

(68)

B. subtilis

(ATCC PTA-

6737)

Ross 308 2.0 × 107 14 S. typhimurium Higher (p > 0.05) WG and lower FCR

were observed in the B. subtilis and

avilamycin (0.2 g/kg) groups when

compared to the challenged control

group.

(30)

B. licheniformis H2 - 1.0 × 106 22 C. perfringens B. licheniformis improved BWG in C.

perfringens challenged broiler

chickens.

(69)

B. subtilis

GalliPro-DSM 17299

1.2 × 106 42 C. perfringens NE-challenged broilers had

depressed BWG while, infected

broilers fed B. subtilis had significantly

higher BWG. However, feed intake

and FCR were not significantly

influenced.

(58)

Bacillus DFMs Ross 708 0.80 cfu/g Bacillus

A. and 0.82 cfu/g

Bacillus L

42 Eimeria species

and

C. perfringens

Bacillus DFMs supplementation

increased BWG and reduced FCR

and mortality in subclinical challenged

broilers.

(70)

B. licheniformis Avian 1.2 × 106 cfu/g

spore count

35 C. perfringens Challenged broilers fed B.

licheniformis and bacitracin

methylene disalicylate (2 g/kg) had

improved BWG and FCR than

challenged control broilers.

(59)

B. subtilis B21

B. licheniformis B26

Arbor Acre 2 × 109 42 C. perfringens Challenged broilers offered Bacillus

probiotics and enramycin (5 mg/kg)

recorded higher BWG and lower FCR

than unchallenged control broilers.

(71)

B. subtilis

(ATCC PTA-

6737)

B. licheniformis

Ross 308 2 × 107

2 × 106
nr Salmonella spp. Bacillus probiotics supplementation

increased feed intake and BWG in

diseased challenged broilers.

(63)

(Continued)
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TABLE 1 | Continued

Bacillus strain Broiler strain Dosage (cfu/g) Duration

of study

(days)

Pathogen

challenged

Response variables Authors

B. subtilis PB6 Ross 308 0.5 g/kg 35 C. perfringens NE challenged broilers fed B. subtilis

additive had better FCR post-NE

period (28–35 d) than NE challenged

broilers offered diet without B. subtilis

additive. In addition, non-challenged

birds fed B. subtilis had the highest

BWG followed by non-challenged

birds fed basal diet only, while the

lowest BWG were recorded in NE

challenged birds without B. subtilis.

(72)

B. amyloliquefaciens

LFB112

Ross 308 5 × 105 39 Broilers fed B. amyloliquefaciens had

heavier BWG and reduced FCR than

birds fed B. subtilis, control (basal diet

only) and antibiotics.

(73)

B. subtilis PB6 Arbor Acres 4 × 104

6 × 104
26 C. perfringens Dietary Bacillus probiotics increased

feed intake, FCR and BWG in

challenged broiler chickens The

challenged groups administered B.

subtilis PB6 compete favorably with

the group administered with 10

mg/kg enramycin.

(60)

Jayaraman et al. (56) investigated the impact of B. subtilis
administration on the micro-anatomy of broiler chickens
challenged with C. perfringens-induced NE and NE-challenged
control birds had thickened mucosa, hemorrhages, intestinal
lesions, and ballooning of the intestine. However, there were
no signs of gross pathological changes in the intestines of
NE-challenged broilers fed B. subtilis PB6 (5 × 107 cfu/g),
indicating that inclusion of B. subtilis PB6 in chicken feed
reduced intestinal C. perfringens counts and improved gut
integrity. Jayaraman et al. (56) also reported distorted and
damaged villi in C. perfringens challenged broiler chickens,
implying loss of gut integrity. These findings also supported
others who reported improved intestinal health in disease-
challenged broilers (63, 83, 84) and healthy broiler chickens
(31, 85, 86) fed Bacillus probiotics in their diets. The improved
intestinal health in both healthy and infected broilers could
be due to a decrease in the population of enteric pathogenic
microbes, leading to increased digestion and utilization. These
results corroborated Samanya and Yamauchi (87), who reported
improved intestinal villus measurements in healthy chicken fed
dried B. subtilis.

Deepak et al. (58) found severe histopathological changes
in the jejunal villi of NE-challenged broiler chickens. However,
the severity of the histopathological changes was reduced in
infected broilers treated with B. subtilis compared to infected
control birds. They also observed that the NE-challenged broilers
administered B. subtilis had increased villi length compared
to challenged control broiler chickens. In a similar study,
Lee et al. (76) noticed significantly reduced intestinal lesion
scores in EM infected broiler chickens fed diets treated with
B. subtilis strains (15AP4 and Bs27) compared to infected

control chickens. These findings are consistent with previous
research (88–90). A recent investigation by Konieczka et al.
(91) showed improved gut morpho-structural indices and
structure in C. perfringens infected broilers fed multistrain
Bacillus probiotic in their feed when compared to those fed
single strain Bacillus probiotic, implying that the multistrain
Bacillus probiotic was more effective than the single strain
Bacillus probiotic in improving gut histomorphological indices
in diseased broiler chickens.

C. perfringens produces several harmful substances after
colonization of the gut (92), and this affects the tight junction
and their components by increasing gut permeability, resulting
in compromised gut integrity and function (81). Administration
of antibiotics (enramycin) and B. subtilis (4.0–6.0 × 104 cfu/g
feed) restored gut integrity, and reduced intestinal lesion score
in Arbor Acre broilers challenged with 108 cfu/mL C. perfringens
(60). Arif et al. (61) also found that inclusion of B. licheniformis
at 1.0 kg/MT of feed in broiler chickens reared under a low-
level of biosecurity measures had slightly better intestinal lesion
score than groups fed diets with no additives, Bacillus subtilis
PB6 (1.0 kg/MT feed) and 4% flavomycin (0.3 kg/MT feed).
This agrees with Wu et al. (54), who found increased villus
height (VH) and VH: crypt depth (CD) ratio in jejunum and
reduced gut lesion scores in the small intestine in NE infected
broilers fed a diet treated with B. coagulans. The damaged
intestinal wall in NE-infected broilers could be one of the possible
explanations for the poor growth performance of broilers
infected with C. perfringens. Researchers have demonstrated
that B. subtilis PB6 and enramycin can reduce lesion scores
and enhance gut health in C. perfringens challenged broilers
(71, 93). Enramycin kills enteric bacteria by inhibiting cell
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wall formation, reducing the harm they can cause to the
body (93).

SERUM BIOCHEMICAL
CHARACTERISTICS

Blood indices are used in the nutritional assessment to determine
the quality of test feedstuffs/additives and to reflect the
physiological state of the animal (94). Abudabos et al. (63)
discovered that dietary B. licheniformis (2 × 106 cfu/g) and B.
subtilis (2 × 107 cfu/g) significantly increased serum cholesterol,
glucose, total protein and globulin levels in Salmonella-
challenged broiler chickens. This is supported by the earlier
findings of Abudabos et al. (84), who reported an improvement
in plasma total protein and glucose levels in Salmonella-infected
broilers fed diets having supplemental levels of B. subtilis, S.
boulardii and oregano. The improvement in serum protein
level could be ascribed to the ability of Bacillus probiotics to
improve dietary protein digestion and utilization by increasing
the absorptive efficiency of the small intestine (51, 95, 96).
Also, Abudabos et al. (30) demonstrated that the inclusion
of B. subtilis and antibiotics in the chicken diet improved
serum biochemical values in Salmonella-challenged broilers.
These findings were in converse with Abudabos et al. (63),
who evaluated the impact of B. subtilis and avilamycin/kg feed
on serum biochemical characteristics of Salmonella-challenged
broilers and noticed that supplementation of B. subtilis and
avilamycin/kg feed in broiler feed had no adverse influence on
plasma cholesterol, glucose, total protein and globulin values.
Abudabos et al. (83) stated that the addition of B. subtilis
in the diets of Salmonella infected broilers during the starter
phase did not affect the content of serum glucose and protein.
They also reported that B. amyloliquefaciens supplementation
influenced blood metabolites in broiler chickens during the
starter phase. The reasons for the discrepancy in serum
biochemical values in broilers fed Bacillus probiotics is unknown;
however, the difference may be related to differences in strains
of Bacillus probiotics and concentrations, as well as the severity
of infection.

Serum immunoglobulins (Ig), especially those generated from
the b cells are used as indicators of humoral immunological
state in poultry because of their role in immune regulation and
resistance to several diseases (97, 98). Serum Ig levels in broilers
were affected by Bacillus probiotics as Ahmat et al. (73) observed
increased serum IgA and IgG in healthy broilers fed aureomycin
at 150 mg/kg, and Bacillus probiotic (B. amyloliquefaciens and
B. subtilis) and their metabolites at the level of 5.0 × 105

cfu/g in their diet. These results indicate that Bacillus probiotics

and their metabolites that increased serum immunoglobulin
concentrations will have more beneficial impacts on growth

performance and broiler chickens’ ability to combat diseases.
This observation supports Luan et al. (99) and Wang et al. (100),

who reported increased serum IgA, IgM and IgG in chickens
fed Bacillus probiotics in their ration. This result supported
Abudabos et al. (63) who found increased plasma globulin
protein levels in Salmonella-challenged broiler chickens fed two

strains of Bacillus probiotics and their metabolites. Rajput et al.
(101) discovered that adding 1.0 × 105 cfu/g B. subtilis B10
to chicken feed increased the amount of IgA-positive cells and
concentration of cytokine secretory IgA in the small intestine.

DOSAGE, PRESENTATION FORMS AND
ROUTE OF ADMINISTRATION

Different effective doses of Bacillus probiotics in broilers have
been reported (60, 63, 66, 71). However, the efficacy may vary
from one study to the other due to differences in Bacillus
probiotics composition, dosage, duration of supplementation
and strain used as well as chicken’s age and health status (21, 33).
The effective dose of Bacillus probiotics in broilers ranges from
1.0 × 106 to 8.0 × 107 cfu/g feed (33). The most common form
and route for Bacillus probiotics is powder administered via feed
(33, 71). The powder form is preferred by end users as it has
advantages such as uniformity, stability, longer shelf life, ease
of packaging and transportation, and easy incorporation into
current feed manufacturing processes (102–104).

LIMITATIONS AND STRENGTHS

Some of the limitations of this study are: (1) In this
review, we investigated the impact of Bacillus spp. on growth
performance and health indices of disease-challenged broiler
chickens and may not apply to other animal species; (ii)
The variations in diet composition, degree of infection,
species of Bacillus probiotics, dosage and duration of Bacillus
probiotics supplementation and season may have effect on
the reliability of the results. The differences in some of
serum chemistry parameters in this review may depend on
the age and sex of the chickens. In addition, differences
in assay types and methods of analysis used by different
studies may be a limitation. Despite constraints to their
adoption, there is progressive increase in Bacillus-based probiotic
studies used in poultry production. However, the results
of this review have made an important contribution to
knowledge on how Bacillus probiotics supplementation improves
growth performance and health indices in disease-challenged
broiler chickens.

CONCLUSION

This review indicated that Bacillus probiotics currently used
in broiler chicken industry are isolated from the gut, food,
soil and pond. This study also revealed that B. subtilis, B.
coagulans and B. licheniformis were the most common Bacillus
species used in broiler chicken nutrition. In addition, Bacillus
probiotics had a positive effect on body weight gain and feed
conversion ratio. It also improved blood characteristics and
intestinal histomorphological indices of disease-challenged
broiler chickens and may replace in-feed antibiotics in broiler
chicken production. These findings also support the proposition
that Bacillus species can assist chickens to fight enteric pathogens.
Bacillus probiotics may have achieved these beneficial effects
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through one or a blend of the following mechanisms of action:
(1) decreasing pathogen proliferation in the gastrointestinal
tracts via competitive exclusion and antagonism, (2)
production of organic acids leading to a decline in gut pH,
(3) production and release of antimicrobial compounds,
(4) improvement in oxidative stability and immune systems,
(5) modifications in gut metabolic processes to support the
production and release of digestive enzymes, and (6) direct
nutritional effects or enhancing feed consumption, digestibility
and nutrient uptake. However, as with other probiotics, the
potential of Bacillus probiotics in broiler chicken nutrition has
not been fully realized, possibly because their effect is dependent
on a variety of factors such as Bacillus strain, species, dose
level, age of chicken among others. Thus, further research is
required using meta-analysis and quadratic optimization model

to determine the optimum dose level of Bacillus probiotics that
enhance broiler chicken performance before Bacillus probiotics
could be considered as a substitute for in-feed antibiotics. In
addition, the use of transcriptomics technologies to understand
the mechanisms by which of action of Bacillus probiotics
improve health and productivity of disease-challenged broiler
chickens is recommended as such information is lacking in
the literature.
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Clay minerals are naturally occurring rock and soil materials primarily composed of

fine-grained aluminosilicate minerals, characterized by high hygroscopicity. In animal

production, clays are often mixed with feed and, due to their high binding capacity

towards organic molecules, used to limit animal absorption of feed contaminants,

such as mycotoxins and other toxicants. Binding capacity of clays is not specific

and these minerals can form complexes with different compounds, such as nutrients

and pharmaceuticals, thus possibly affecting the intestinal absorption of important

substances. Indeed, clays cannot be considered a completely inert feed additive, as

they can interfere with gastro-intestinal (GI) metabolism, with possible consequences

on animal physiology. Moreover, clays may contain impurities, constituted of inorganic

micronutrients and/or toxic trace elements, and their ingestion can affect animal health.

Furthermore, clays may also have effects on the GI mucosa, possibly modifying nutrient

digestibility and animal microbiome. Finally, clays may directly interact with GI cells

and, depending on their mineral grain size, shape, superficial charge and hydrophilicity,

can elicit an inflammatory response. As in the near future due to climate change the

presence of mycotoxins in feedstuffs will probably become a major problem, the use

of clays in feedstuff, given their physico-chemical properties, low cost, apparent low

toxicity and eco-compatibility, is expected to increase. The present review focuses on

the characteristics and properties of clays as feed additives, evidencing pros and cons.

Aims of future studies are suggested, evidencing that, in particular, possible interferences

of these minerals with animal microbiome, nutrient absorption and drug delivery should

be assessed. Finally, the fate of clay particles during their transit within the GI system and

their long-term administration/accumulation should be clarified.

Keywords: animal production, cell interactions, clay minerals, gastro-intestinal effects, microbiome

INTRODUCTION

Clays are naturally occurring rock or soil materials primarily composed of fine-grained minerals,
characterized by high plasticity when hydrated and hardness in the dry form. The most widespread
criterion for clay classification is based on their particle size, even though a general agreement
has not been achieved (1), and sedimentologists, geologists and colloidal chemists classify as clay
materials with particle size smaller than 4, 2, and 1µm, respectively (2). Clays are readily available
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in nature, but their properties vary considerably depending on
the geological origin and on post-extraction treatments (3, 4).
Depending on their structure and physico-chemical properties
(particle size, surface charge and adsorption capability), clay
minerals can be used for a wide range of applications.
Montmorillonite, bentonite, kaolinite and illite belong to the
phyllosilicate family and are authorized as feed additives by the
European Commission, and assigned to one or more functional
additive groups (Table 1) (6). As an example, bentonite is
an essentially impure smectite clay, mostly consisting of
montmorillonite, with the ability to absorb large quantities of
water and possessing a high cation exchange capacity (CEC)
(7). Three types of bentonite are recognized: calcium, sodium,
and potassium bentonite. Sodium and calcium bentonite are the
two classes employed in the feed industry. Also tectosilicates
belonging to the zeolite subfamily [e.g., clinoptilolite (CPL) of
sedimentary origin] are authorized by the European Commission
as feed additive (6).

It was reported that clay minerals administered as additives
in animal feed exert beneficial effects on animal physiology (8–
10), although some adverse effects have been documented (11).
Interestingly, in humans, geophagy is still in use in many parts
of the world and specifically selected soils are consumed for
medical reasons or as part of a regular diet (12, 13). Geophagy
is commonly observed in animals, which are hypothesized to
consume clays as a source of dietary minerals and to remove
toxins possibly present in food or to treat gastrointestinal
ailments (8, 9). Similarly, clay minerals have long been used by
traditional medicine both as topical applications or to alleviate
intestinal ailments, such as diarrhea (9, 10, 14–16).

In animal production, clay minerals are primarily used
as binders for the production of pelleted feed and as
adsorbents for mycotoxins and heavy metals (8–10). Indeed,
diet supplementation with clay minerals, such as bentonite, is
a recognized effective method to counteract the toxic effects
of mycotoxins in both ruminant and monogastric species (17).
Clays can also sequester phytotoxins, enterotoxins, bacteria, and
viruses in the gastrointestinal tract of animals, favoring their
expulsion from the body. However, each type of clay has its own
specific binding capacity, and even clays from the same family
may have different efficiencies against the same substance (10).

An important aspect that deserve attention, still poorly
understood, is represented by the multiple ways of interaction
between clays and gut microorganisms (18). This area of
investigation is of the utmost importance considering the
relevance of the intestinal and/or ruminal microbiota-host
interactions for animal physiology (19–21). Indeed several
studies suggested that the addition of different types of clays
as feed additives can positively affect the performances and
health of different production animals, likely by modulating
intestinal and/or ruminal microbiota (chicken: (22); swine: (23);
cattle: (24)). Clays can also be applied as inorganic carriers
for bioactive compounds with anti-bacterial activity (25, 26)

Abbreviations: AA, amio acids; AFs, Aflatoxins; CEC, cationic exchange capacity;

CPL, clinoptilolite; GALT, Gut Associated Lymphoid Tissue; GI, gastrointestinal;

SARA, subacute ruminal acidosis.

and these products may be widely employed in the future to
manipulate the intestinal/ruminal microbiota.

Despite the considerable number of studies reported on the
advantages of administering clay minerals for human and animal
health, it should be considered that others suggested that these
agents might also cause undesirable effects (10). A series of in
vitro and in vivo studies documented that clay administration led
to mineral and vitamin unbalances, interactions with veterinary
drugs, intestinal toxicity, hepatic damage and decreased growth
performances (11). In addition, anecdotal observations made
by cheesemakers suggested that clay administration to cows
may affect milk characteristics and cheese making properties,
although, to the best of our knowledge, these observations were
not supported by scientific evidences.

To further complicate the landscape, recently
nanotechnologies have made available a wide range of
applications in several fields and, nowadays, a wide choice
of nanomaterials-based strategies is suggested to circumvent
the limitations of treatments with conventional materials (27).
Indeed, various types of clay nanoparticles can be produced and
combined with organic polymers to produce hybrid materials,
which can be used for biomedical applications (9, 28–30)
and for food industry (31). Manufactured clay particles are in
the ultrafine-size range with diameters ranging from few to
hundreds nanometers, which, depending on their properties,
can be absorbed by cells leading to modifications of viability,
proliferation and functions (32). Conversely, larger clay particles
(above micron size) or incorporated in polymeric products are
traditionally considered as bio-inert or even biocompatible,
and raise considerably less toxicity and health risk concerns
(29, 33). Moreover, ingested clays are exposed to different
environments (ruminal, gastric, intestinal), which may modify
their characteristics and structure (11, 31, 34), thus potentially
expose the intestinal cells to different clay structures.

In the near future, climate change will likely influence
mycotoxin contamination of cereals and, consequently, animal
feed (35). In addition, the development of strategies to limit
greenhouse gas and urea emission will also be required (36–38).
As clay minerals possess mycotoxin adsorptive properties and
can modulate the intestinal and ruminal microbiota composition
and metabolism (19, 20, 22, 24), an increased use of clay
minerals in different forms is conceivable. In this context, a
better understanding of the animals’ physiological responses to
clay mineral administration will be of the utmost importance
to guarantee animal health and the safety of products of
animal origin.

The present review represents a preliminary reflection for a
conscious use of clay minerals in farm animals, with a special
focus to ruminants. Indeed, the use of clays as feed additives in
animal production deserves proper attention, considering that
animal nutrition and feeding have significant implications not
only on the livestock sector, but also on public health, trade,
economy, and environment (36, 39, 40). Authors’ aim focuses on
the possible actions of different types of clay minerals not only
as mycotoxin binders, but also in affecting animals’ physiology.
Gaps in knowledge about these topics is also highlighted to help
designing the best and safest use of these feed additives.
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TABLE 1 | Characteristics of the clay minerals authorized by the European Commission as feed additives (5).

Additive Additive

category

Additive characteristics Maximum content (%) in

complete feedstuff with

12% moisture

EU ID

Montmorillonite-Illite Binders

Anticaking agents

≥75% phyllosilicates

≥35% montmorillonite-illite (swellable)

≥30% illite/muscovite

≤ 15% kaolinite (not swellable)

≤ 20% quartz

Average 3.6% iron (structural)

Free of asbestos

2 1g557

Clinoptilolite of sedimentary

origin

Binders

Anticaking agents

≥80% clinoptilolite (hydrate sodium

calcium aluminosilicate)

≤ 20% clay minerals (free of fibers

and quartz)

1 1g568

Illite-montmorillonite-

kaolinite (natural

mixture)

Binders

Anticaking agents

≥40% illite

≥10% montmorillonite

≥8% Kaolinite

Average 10% iron (structural)

Asbestos free

5 (fattening poultry,

ruminants, pigs;

weaned piglets) 2 (other

animal species)

1g599

Bentonite Reduction of

mycotoxin

contamination

≥70% smectite (dioctahedral

montmorillonite)

< 10% opal and feldspar

< 4% quartz and calcite

BCAfB1 > 90%

2 1m558

Bentonite Binders

Anticaking agents

≥50% smectite (dioctahedral

montmorillonite)

2 1m558i

Bentonite Control of

radionuclide

contamination

≥50% smectite (dioctahedral

montmorillonite)

— 1m558i

STRUCTURE, CLASSIFICATION AND
PHYSICAL-CHEMICAL
CHARACTERISTICS OF CLAYS

The structure and composition of different types of clay minerals
have been already reviewed (10, 29, 41), and a thorough
dissertation about the classification and the physical-chemical
characteristics of clays is beyond the scope of the present review.
In this context, it is worthwhile to provide a brief overview of
the structure of clay minerals, and underline the gross differences
among the different classes of clays. Authors believe that this
helps the readers in understanding the different effects of clays
reported in scientific literature and in suggesting to increase
the awareness that an accurate description of the clay product
is an important prerequisite to explain its biological effects.
Differences of structure, compositions and industrial treatment
clearly provide different physico-chemical properties to clays and
confer different characteristics to these feed additives, which can
affect the expected results (9–11, 41). As an example, among
industrial treatments, commercial clays are commonly subjected
to various procedures, such as contaminant removal, grinding to
a finer powder and sieving to increase particle size uniformity (4).

From a mineralogical point of view, clay minerals belong
to the phyllosilicate family, which are characterized by parallel
layers of hydrated aluminosilicates. In natural soils, clay minerals
are rarely present as pure or homogeneous mixtures of

single groups of minerals (42). The basic structural unit of
aluminosilicate clays is a combination of tetrahedral silica and
octahedral aluminum layers. The tetrahedral layers are composed
of SiO4 units, which share three out of four oxygens (Figure 1A).
The octahedral layers are composed of aluminum (ormanganese)
bound to oxygen and hydroxyl groups (Figure 1B). Tetrahedral
and octahedral layers form two main types of phyllosilicate
layers: the 1:1 tetrahedral-octahedral type (T-O; Figure 1C)
consisting of one layer of tetrahedral SiO4 layer joined to an
octahedral aluminum (or manganese) layer; the 2:1 tetrahedral-
octahedral-tetrahedral type (T-O-T; Figure 1D) consisting of one
octahedral aluminum (or manganese) layer between two layers
of tetrahedral SiO4 layers (9–11). The unit layers (T-O or T-
O-T) of phyllosilicates are stacked repeatedly and the distance
between two adjacent layers varies depending on the type of
clay. The space between the two layers, called basal spacing
or interlayer, can be occupied by water and/or different ions,
which confer different properties to the specific clay (41, 43).
Phyllosilicate classification is based on the arrangement of the
tetrahedral and octahedral layers (Figure 2). Trioctahedral layers
are characterized by the occupation of divalent cations in all
the octahedral sites. Conversely, in dioctahedral layers two third
of the octahedra sites are occupied by trivalent cations. Under
natural conditions in soils, some cations of both tetrahedral and
octahedral sites are replaced by other metals of the same size even
with different charge, and this phenomenon is called isomorphic
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FIGURE 1 | Schematic representation of the structural units of phyllosilicates. The structure consists of a combination of tetrahedral silica (A) and octahedral

aluminum (B) oxide layers exposing hydroxyl groups. Two types of phyllosilicates can be distinguished. The 1:1 tetrahedral-octahedral (T-O) type consists of one layer

of tetrahedral SiO4 joined to one octahedral aluminum (or manganese) layer (C). The 2:1 tetrahedral-octahedral-tetrahedral (T-O-T) type consists in one octahedral

aluminum (or manganese) layer between two tetrahedral SiO4 layers (D).

substitution. In the tetrahedral sites, Si4+ can be partially replaced
by Al3+ while, in the octahedral sites, Al3+ can be partially
replaced by Mg2+ or Fe2+. Isomorphic substitution does not
significantly affect the crystal structure of clays, but leads to a
permanent surplus of negative charges in the aluminosilicate
layers, which is balanced by the absorption of exchangeable
cations, such as Mg2+, Ca2+, Na+, and K+ (3, 9, 29, 42, 43).
Phyllosilicate clays have also a pH-dependent charge. Indeed, the
Al and Si bound hydroxyls at the edges of clay crystals present
acid-base properties and develop a negative charge at high pH
and positive charge at low pH (44).

In 1:1 phyllosilicate, such as kaolinite, the strong interaction
(hydrogen bonds) between neighboring octahedral and
tetrahedral layers prevents water absorption and the mineral
exposes only its external surface to the environment (45).
Moreover, isomorphic substitution is absent, leading to low
cationic exchange capacity (CEC) (1–10 cmolc/kg, expressed in
centimole of charge per Kg), low surface area (20–50 m2/g) and
no swelling in water (9, 28, 44). Conversely, in 2:1 phyllosilicates,
isomorphic substitution accounts for most of the total charge,
and the different subfamilies (Figure 2) display different degrees
of isomorphic substitution, resulting in a wide range of surface
charges, interlayer spaces and swelling property (3, 28, 42). For
instance, in illite, belonging to mica group, the replacement of
Si with 20% of Al atoms creates an important negative charge,
mainly balanced by K+ ions, which form bridges between layers
hindering mineral expansion (10, 46–48). Illite is characterized
by an interlayer space of 10 Å, an intermediated surface area, and
a CEC of 20–40 cmolc/kg (higher than kaolinite). Its adsorption

and swelling capacity are lower than those of a common
clay, montmorillonite (44, 47). Montmorillonite, belonging to
smectite group, is characterized by a low net charge that allows
the smectite platelets (the particle units) to undergo complete
dissociation by osmotic swelling (28). Exchangeable cations
in the basal spacing are responsible for the high expansion
of the montmorillonite lattice upon hydration (42). In fact,
attraction between tetrahedral sites of two neighboring layers
in montmorillonite is very weak, allowing the entry of water
and exchangeable cations in the crystal structure, leading to
the expansion of the interlayer space (from 9.6 to 20 Å) (47).
Montmorillonite is characterized by high surface area (800
m2/g), negative charge, high CEC (80–120 cmolc/kg), and high
swelling ability (44, 49).

The 2:1 tetrahedral-octahedral-tetrahedral (T-O-T;
Figure 1D) layers containing Na+ or Ca2+ ions represent
the simple unit of the clay lattice. In naturally occurring smectite
clays, several tens of layers stack together to form colloidal
particles named “tactoids”, which can be leaf-like, needle-like or
plate-like in shape. Tactoids display a typical lateral dimension
of 100–200 nm, a layer thickness of 10 nm and an interlayer
spacing of about 1 nm, and form the basic structure of clays
(50–53). Tactoids can gather into different orientations and
form clusters (or flocculi) displaying diameters in the sub-
micrometer (nanoparticles) to micrometer range, depending
on the physical-chemical conditions of the environment in
which they are dispersed (54, 55). As examples, the size of
illite and kaolinite particles displays a bimodal distribution
showing higher frequencies at the sub-micrometer and at
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FIGURE 2 | Simplified classification of silicates. Clay subfamilies and species used and present in feed additives are indicated in bold. Most clay minerals used as

animal feed additives belong to the phyllosilicate family. The figure includes also the classification of tectosilicates of sedimentary origin, such as CPL, a natural zeolite

that may be used as a technological additive in animal feed.

1–2µm size. The size of calcium and sodium montmorillonite
particles displays a unimodal size distribution around 1–2µm
(55). A set of bentonite samples examined by European Food
Safety Authority (EFSA), aimed at expressing an opinion about
the safety and efficacy of bentonite as feed additive (56), was
characterized by a particle size lower than 10µm in 3–25% of
the material depending on the analyzed batch. These minerals
are characterized by small particle size, high porosity and high
CEC, which provide the ability to react with inorganic and
organic polar reagents (3). Indeed, clay nanoparticles can be
produced by the modification of their layered structure, and a
flourishing industry has developed various types of nanoclays
(predominantly montmorillonite-based products). Moreover,
nanoclays can be combined with organic polymers to produce
hybrid materials, called clay nanocomposites (57), which can be
used as vehicles for drugs and other bioactive substances, and
for the development of biomedical applications, such as in the
fields of regenerative medicine and biosensing (9, 28, 30, 41). In
addition, clay nanoparticles may recite a role in food industry
providing beneficial properties to food products and improved
nutrition (31).

Finally, although not classified as clays, zeolites are often
associated with clay minerals due to their similar properties

and applications. Zeolites are silicate minerals belonging to the
tectosilicate family, characterized by a 3-dimensional crystalline
structure constituted of SiO4 and AlO4 tetrahedra joined by
oxygen atoms to form large pores. These pores can contain
weakly bound water molecules and mobile and exchangeable
alkaline cations (e.g., Na+, K+, Li+, Ca2+, Mg2+ etc.), which
balance the negative charge of the structure (10, 45, 58, 59).
The properties of zeolites are related to their ability to reversibly
absorb and release water, maintaining unaltered their crystalline
structure, and on their structural pores, which form a kind
of molecular sieve able to attract and hold positively charged
atoms and molecules (10, 59–61). In some zeolites, pores
can form long channels, in which ions and molecules can
be easily absorbed and released (61). The best-known natural
zeolite is clinoptiolite (CLP), characterized by a biocompatible
nanoporous structure (26).

CELL-CLAY PARTICLE INTERACTIONS

A thorough understanding of the interactions between clay
particles and cells is important to explain both the beneficial and
adverse effects of clay minerals in human and animal organisms
(11, 29, 41). Clay particles as bulk materials are traditionally
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considered as bio-inert or even biocompatible. However, various
kinds of colloidal particles with a diameter ranging from several
nanometers to few microns can be taken up by cells, which
can undergo changes in morphology, viability, proliferation
and functions (32, 41). Most information on the interactions
of clay particles with cells and on their potential cytotoxicity
derives from studies performed on nanoclays (11, 28, 62–
65). Other information derives from studies on clay-polymer
nanocomposites, whose characteristics are very different from
those of the natural clay nano or microparticles (57).

Importantly, when used as feed additives, clay minerals
are ingested mainly as particles of few tens of micrometers.
However, their size, structure and surface properties may
change during they transit through the GI system and, to the
best of our knowledge, little information is available about
their fate once they are ingested. Note that, swelling and
disaggregation commonly follow clays hydration. Thus, a clay
mineral dispersion within an organism could be a very complex
system, and may contain both individual clay mineral particles
and, most likely, clay mineral aggregates. As an example, particle
size of smectite materials show a multimodal distribution with
components at <2µm, primary constituted of clay mineral
particles, 10–20µm flocculi (usually resistant to disaggregation),
and less common 50–500µmmicro-aggregates (55). This system
is further complicated considering that the mechanical behavior
of smectite in water is very sensitive to several parameters,
such as its concentration, particle size and morphology, nature
of exchangeable cations and chemical environment (pH and
ionic strength) above all (66). Thus, within the GI system,
ingested particles endure the action of physical and chemical
players. Moreover, it is conceivable that clays used as feed
additives release ions (34), and the particle size may be modified
during the digestive processes (31). Likely, mechanical factors,
such as mastication and peristalsis, should have a small impact
on clay particles size. Conversely, as above mentioned, ion
concentrations and pH could have a deeper effect. At acidic pH,
clay minerals tend to agglomerate (31, 34). Na-montmorillonite
platelets dissolve at low pH, and during this process, trivalent
Al3+ ions are released. As a consequence, silicate platelets
aggregate into tactoids (67). Conversely, at basic pH values, clay
aggregates tend to disassemble to particles in the nanosize range
(31, 34). In a mixed electrolyte solution, tactoid size depends also
on the ratio of divalent to monovalent cations, where divalent
cations (Ca2+) favor the formation of tactoids, while monovalent
cations (Na+) cause a repulsion between platelets leading to
aggregate disassembly (51, 68).

In humans and monogastric mammals, the pH of the stomach
is definitely acidic, while intestinal pH ranges between 5 and
8 (31). In ruminants, particles reside for a considerable time
interval in the reticulum-rumen, in which clays are exposed to
daily pH fluctuations, ranging in dairy cows from 5.5 to 6.5
(69, 70). Thus, clays, such as bentonite, are usually administered
for long time intervals as food additives for contrasting
mycotoxins contamination, and clay particles possibly require
a long period for being washed out from the GI tract (71),
thus creating a prerequisite for their interaction with GI cells.
Moreover, digestive enzymes, microbiota and interactions with

biomolecules, such as bile acids, can modify particle surfaces,
affecting their colloidal behavior (31) and their ability to interact
with cells. Note that when nanomaterials are dispersed into
biological fluids, they are rapidly coated by biomolecules (72).
This coating, called corona, influence nanoparticle adhesion to
the plasma membrane and, as an example, can alter cellular
uptake by human adenocarcinoma alveolar basal epithelial A549
cells (73). Finally, clay nanoparticles can form a particle layer
at the oil/water interface preventing coalescence of emulsion
droplets, thus forming pickering emulsions (emulsion stabilized
by solid particles) (74). Under simulated gastric and intestinal
conditions, different clay mineral microparticles can incorporate
lipids depending on their surface chemistry, thus reducing the
absorption of the lipid fraction (75). Therefore, the interactions
between bile acids, ingested lipids and clay minerals may play a
role in modulating the effects of ingested clay mineral particles.

Once in the GI tract, and concomitantly with the above
mentioned phenomena, the interactions between inorganic
particles and cells depend on the cell type and on particle
characteristics, and it is worth noting that size, surface properties
and shape of particles play a prominent role (31, 32, 76–78).
From a mechanistic point of view, clay particles interact with
cell membranes by different weak bonds, such as van der Waals
forces, electrostatic or hydrophobic interactions, and hydrogen
bonding, but the occurrence of specific mechanisms, such as
ligand-receptor interactions, could make the clay particles-
cell system even more complex. The effects of particle size,
shape and surface characteristics on cell viability was well
described for polymeric particles (poly-lactic-co-glycolic acid or
polystyrene) (79–81).

Once interacting with cell membranes, particles can
be internalized by cells, being endocytosis the preferred
internalization mechanism (31, 82). Inside cells, nanoparticles
could cause cellular toxicity mainly by four mechanisms:
reactive oxygen species production, disruption of cell membrane,
induction of inflammatory response, and genotoxicity (83), and
these effects can be interrelated.

In general, cells in vitro are able to internalize particles
with a diameter lower than 10µm and these may produce an
inflammatory response. Notably, elongated and metal particles
are more pro-inflammatory in vivo than spherical and polymeric
particles (78).

As already described, the basic structural unit of clays
is composed of silica and alumina layers held together by
electrostatic forces. These materials, in the nano size, have
large surface area and high aspect ratio (length ∼2–300 nm;
thickness ∼1 nm), and these characteristics can confer cell
toxicity (11, 63). Indeed, nanomaterials characterized by high
aspect ratio can cause concerns, in comparison to isometric
nanoparticles, similarly to asbestos fibers (84). Nevertheless, a
recent review on the biological effects of clay nanoparticles,
including nanocomposites, reported that most studies exploring
nanoclay-cell interactions observed only minimal cytotoxicity
in all cells tested, and, at the same time, improvements of
various cell functions, such as adhesion, proliferation and
differentiation (28). As an example, no genotoxic effects were
reported for natural Na-montmorillonite. Specifically, according
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to the manufacturer, the particle size distribution of this natural
clay is 10% with size <2µm, 50% with size <6µm and 90%
with size <13µm, and the possible content of nanometer-sized
particles was not indicated (62, 85). Differently, the quaternary
ammonium salt modified montmorillonite (Cloisite R©30B) was
moderately genotoxic on Caco-2 cells, but no clinical signs of
toxicity were observed when Cloisite R©30B was administered to
Wistar rats (no induction of DNA strand-breaks in colon, liver
and kidney cells was detected), and no increase of inflammatory
cytokine markers in blood was found. Moreover, administered
clay particles were not absorbed and were found in feces, thus no
systemic exposure was reported (64).

Natural montmorillonite at high concentration and after long
exposure time was reported to cause cytotoxic effects in human
normal intestinal cells (INT-407). The cytotoxicity was probably
due to the micron size of administered particles, which coated
the cell surface rather than penetrating the plasma membrane. In
this case, reactive oxygen species generation was also suggested
to be responsible of adverse effects on cells. Moreover, no
remarkable sign of toxicity was found in mice receiving up
to 0.1 % montmorillonite, and no significant accumulation
in any specific organ was detected, nor direct affection of in
vivo cell viability (86). In general, “in vitro” and “in vivo”
studies on clay toxicity led to controversial results. Most “in
vitro” studies suggested that clays display different degrees of
cytotoxicity through different mechanisms (necrosis/apoptosis,
oxidative stress or genotoxicity). Conversely, studies performed
on laboratory animals did not show clear evidences of systemic
toxicity even at very high doses of clays (87).

Halloysite is a natural aluminosilicate clay with a hollow
tubular structure, constituted of nanotubes of about 0.5–2µm
length and with a 10–20 nm inner luminal diameter that enables
the loading and release of different molecules and drugs.
Halloysite exhibits a good degree of biocompatibility in Caco-
2/HT29-MTX cells under monolayer co-culture. HT29-MTX is
a mucous-secreting cell line that provides a model to study
the influence of the mucous layer on nanoparticle diffusion.
Halloysite nanoparticles did not induce cytotoxicity despite an
increased proinflammatory cytokine release (88). In the case of
clay-polymer nanocomposites, it should be considered that poly-
lactic-co-glycolic acid constitutes a potent inflammatory stimulus
leading to NF-κB translocation to nucleus and pro-inflammatory
cytokines production (89). As well, polystyrene can interact with
dendritic cells depending on the surface charge of the particle
(90). Furthermore, the uptake of polystyrene was described in
human pro-myelocytic cell line HL60 as a function of particle
hydrophobicity (91).

In the light of the above reported evidences, the possible
elicitation of inflammatory response upon clay particles ingestion
and interaction with GI and Gut Associated Lymphoid Tissue
(GALT) cells is still an open question. Notwithstanding, the
uptake of inert particles by the alimentary tract has been
documented since the 1960’. It has been well established that
nanoparticles can be better absorbed thanmicroparticles (82, 92).

It should be considered that, before interacting with the cell
membrane, particles have to cross the mucus layer coating the
GI epithelium. The thickness and composition of mucus layers

vary considerably among the different GI tract portions. In
the stomach and large intestine, the mucus layer is quite thick
and non-adhesive particles could diffuse through it. Conversely,
the mucus layer in the small intestine is relatively thin and
allows nutrient uptake by the enterocytes, while keeping at bay
potentially hazardous large particles, such as bacteria (31). At
the best of authors’ knowledge, no specific study is available
on clay micro and nanoparticles interaction with GI mucus.
Generally, it could be said that pH and density of mucus have
a substantial influence on this interaction and nanoparticles
have more chances to cross the mucus layer than microparticles.
Moreover, non-charged particles present a significant advantage
in terms of diffusion in mucus (82).

Finally, immune cells, such as macrophages, can modify
particle cellular uptake, and an increased intestinal permeability
can result from the interaction between enterocytes and GALT.
As an example, the exposure of CaCo-2 cells to THP1-derived
macrophages increased the uptake of polystyrene micro-particles
across the cell monolayer, likely by a macrophage-induced
loosing of tight junctions and/or a decrease of epithelial depth
(93). Indeed, granular pigments composed of inert inorganic
particles (100–700 nm), such as kaolinite and environmental
silicates, can be observed into phagolysosomes of macrophages
within human GALT (94).

CLAYS FOR ANIMAL PRODUCTION

In animal production, clays are primarily used as adsorbents
to protect animals, consumers and the environment against the
potentially harmful effects of feed and water contaminants (17,
49, 95–98).

Mycotoxins represent one of the most challenging problem
in feed and food chains and every year they appear among
the “top ten” hazards reported by the Rapid Alert System for
Food and Feed (RASFF) in Europe (6, 99–101). They constitute
a heterogeneous group of compounds (Figure 3) produced as
secondary metabolites by filamentous fungi and they are able
of causing toxic effects (mycotoxicosis) in vertebrates (99, 102,
103). In farm animals, prolonged exposure to low levels of
mycotoxins results in increased mortality, predisposition to
infections, decreased fertility, decline of growth and weight gain,
decreasedmilk and egg production, and, finally, higher veterinary
expenses (99, 104). The carryover of mycotoxins and of their
metabolites was reported in milk and dairy products, beef meat,
as well as in innards and hen eggs, and in numerous tissues,
organs and products from swine (17, 105, 106).

Heavy metal contamination represents another important
issue all over the world. Heavy metals are elements with metallic
properties belonging to different chemical groups (transition
metals, metalloids, lanthanides and actinides) characterized by
high atomic weight and high density (higher than 5 g/cm3)
(107, 108). In human and animal nutrition, they have a double
significance: some of them (e.g., Co, Cr, Cu, Fe, Mn, Mo, Se,
and Zn) are essential micronutrients and are required in small
but critical amounts for normal growth and healthy status.
They act as constituents/activators of enzymes, proteins, and
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FIGURE 3 | Structure of most common mycotoxins in feed. (A) Aflatoxin B1 (2,3,6a,9a-tetrahydro-4-methoxycyclopenta(c)furo(3’,2’:4,5)furo(2,3-h)(1)benzo-pyran-1,

11-dione); (B) Zearalenone [(3S,11E)-14,16-Dihydroxy-3-methyl-3,4,5,6,9,10-hexahydro-1H-2-benzoxacyclotetradecine-1,7(8H)-dione]; (C) Ochtatoxin A

(N-[(3R)-5-Chloro-8-hydroxy-3-methyl-1-oxo-3,4-dihydro-1H-2-benzopyran-7-carbonyl]-L-phenylalanine); (D) Nivalenol [(3α,4β,7α)-12,13-epoxy-3,4,7,15-

tetrahydroxy-trichothec-9-en-8-one] is a mycotoxin of the trichothecene group; (E) Fumonisin B1 [p(2S,2
′
S)-2,2

′
-[(5S,6R,7R,9R,11S,16R,18S,19S)-19-Amino-11,16,

18-trihydroxy-5,9-dimethylicosane-6,7-diyl]bis[oxy(2-oxoethane-2,1-diyl)]dibutanedioic acid]; (F) Citrinin (3R,4S)-8-Hydroxy-3,4,5-trimethyl-6-oxo-4,

6-dihydro-3H-2-benzopyran-7-carboxylic acid).

hormones and their deficiency can cause several symptoms, such
as impaired growth, decreased fertility and immune defense,
anemia, neurological disorders, ataxia and skeletal deformities
(108, 109). Other heavy metals are generally considered as non-
essential so-called xenobiotics as they do not seem to play key
roles within organisms, or can negatively affect the level of
essential elements in the body (108). Therefore, non-essential
heavy metals are undesirable substances in animal feed. In
addition, some of them (Al, As, Cd, Hg, Ni, Pb) display toxic
and carcinogenic properties even at very low concentration
(97, 110–112). Furthermore, heavy metals are subjected to
bioaccumulation and biomagnification along the food chain. The
carryover of heavy metals is reported in many animal tissues and
organs and in products for human consumption (i.e. milk, eggs,
meat) (97).

Clay minerals can adsorb mycotoxins, heavy metals and
other toxic compounds (e.g., phytotoxins, diarrheagenic
enterotoxins, harmful microorganisms and radionuclides) by
different mechanisms (Table 2) (26, 48, 79–82). Mycotoxin
sequestration involves different types of molecular interactions.
Physical interactions are generally reversible and influenced
by environmental conditions (pH, ionic strength) and include

hydrophobic bonds, such as Van der Waals forces, and
electrostatic forces, such as dipole-dipole interactions. Typically,
these interactions are frequently involved in mycotoxin
absorption by clays. Differently, chemical binding is irreversible
and occurs when adsorbent and adsorbate form a covalent
interaction. The adsorption efficiency depends on the
characteristics of both the clay (e.g., pore density, size and
distribution, electric charge) and the mycotoxin (e.g., polarity,
shape, size and solubility) (124). In general, because of their
hydrophilic and negatively charged surfaces, aluminosilicates are
more effective in binding polar mycotoxins, such as aflatoxins
(AFs), than the less hydrophilic zearalenones (ZEAs), ochratoxin
A (OTA), and trichotrecenes (TCTs) (59, 124). Negatively
charged clays are also poorly effective against acidic mycotoxins,
such as fumosins (FUMs), which in solution tend to form anionic
species by deprotonation of –COOH groups (125). Studies on the
mechanism of interaction between clays and mycotoxins have
focused mainly on smectites and AFs and different adsorption
models have been proposed (Table 2).

The ability of clays to adsorb heavy metals mainly depends
on their CEC and on their specific surface area. In general, clay
minerals characterized by high porosity (ex. smectites) have a
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TABLE 2 | Adsorption mechanisms of AFB1 by raw mineral adsorbents determined by in vitro trials (113).

Mineral adsorbent AFB1

concentration

(mg/Kg)

Experimental conditions Adsorption

efficacy mg/Kg)

Adsorption mechanism References

Type Concentration

(%)

Hydrated sodium

calcium aluminosilicate

(HSCAS)

Not reported Not reported Not reported 131,000a Selective chemisorption by

mononuclear bidentate

chelation

Phillips et al., (114)

Ca-montmorillonite 0.5 0.0–2.0 Incubation in water (pH 2.0

or 8.0) at 37 ◦C for 1.5 h

under intermittent mixing

613.5b at pH 2

628.9b at pH 8

Hydrogen bonds on the

edges of Ca-montmorillonite

Desheng et al.,

(113)

Ca-montmorillonite Not reported Not reported Not reported Not reported Electron donor acceptor

(EDA) on the

negatively-charged surface

Phillips et al., (115)

Smectite clays 2.0 0.0–8.0 Incubation in water under

shaking for 24 h

18,000–212,000b Coordination bonds,

hydrogen bonds with

smectite interlayer cations

or associated water

molecules

Kannewischer et

al., (116); Tenorio

Arvide et al., (117)

Ca-smectite 0.03 33.3c Incubation in water under

shaking overnight

140,000b Hydrogen bonds with

hydration shells of

exchangeable cations or

coordination with

exchangeable cations

Deng et al., (118)

Ca-montmorillonite 0.1 1.0–2.0 Phosphate-buffered

solutions at pH 3.5 (gastric

conditions), 6.5 (intestinal

conditions) and 9 37 ◦C

under shaking for 60 min

50b Ion-dipole interactions and

coordination with

exchangeable cations

Wang et al., (119)

Smectite 1.0 3–10 Incubation in water at 25◦C

for 3 days under shaking

3–400 Strong EDA coordination via

Ca2+-bridging on the

surface

Kang et al., (120)

Illite 1.0 3–20 3–300 A moderate EDA attraction

by the negatively charged

surface sites

Kaolinite 1.0 5–30 1–150 Weak H bonding

Natural zeolite 0.25 0–2 Simulated human digestion

solutions

Not reported Sorption on the external

surface

Albayrak et al.,

(121)

Zeolite 1.5 0.1 Digestion model simulating

dynamic gastrointestinal

tract of poultry

4.7 Binding mechanisms not

determined; possibly

electrostatic attractions,

EDA attraction, and

calcium-bridging linkages

Zavala-Franco et

al., (122)

Zeolite 0.5 0.1 Digestion model simulating

dynamic gastrointestinal

tract of avian species

15.1d Binding mechanisms not

determined; possibly

electrostatic attractions,

EDA attraction, and

calcium-bridging linkages

Vázquez-Durán et

al., (123)

aMaximum binding capacity (Bmax );
bMaximum adsorption (qmax );

cExposure of smectite to aflatoxin repeated twice; dMaximum adsorption capacity.

higher surface area than those exposing only the external surface
to the solvent (ex. kaolinite, illite) (59, 126, 127).

Studies on animals (mice, pig and fish) suggested that zeolites,
mainly CLP, can be proposed as useful feed additives for the
prevention of intoxications by heavy metals. However, the in
vivo effectiveness of clays as heavy metal absorbent should be
further in depth assessed. Indeed, the interactions between clays
and heavy metals depend on several factors, such as contact time,

clay dosage, pH of GI tract, temperature, the presence of other
metal species or of organic substances which could affect the
adsorption capacity (126, 128, 129). In addition, it is important to
bear in mind that clays can even release metal ions (e.g., Al3+) or
adsorb essential microelements (e.g., Zn, Cu, andMg), potentially
causing mineral imbalances (11).

The adsorption capacity and/or the affinity of clays towards
mycotoxins and heavy metals can be improved by various
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treatments. For example, the replacement of inorganic with
organic cations (usually quaternary ammonium compounds)
leads to the formation of organo-clays, which are characterized
by weaker interlayer interactions leading to increasing surface
area and reduced hydrophilicity (49, 119, 126, 130). Alternatively,
calcination (heat treatment at temperature from 600 to 1,000◦C)
leads to the production of thermally modified clays, characterized
by a reduced mass, increased porosity and available surface for
ion exchange (126). Moreover, clay minerals can be subjected
to acid activation by treatment with hydrochloric, phosphoric,
nitric or sulphuric acid, which modifies the material surface and
removes cationic impurities, opening pores and edges, increasing
available binding sites (126). Smectite minerals can also be
exposed to soda activation using sodium carbonate, by which the
swelling and adsorption proprieties can be increased (131).

In dairy cows, several clay mineral preparations can be
successfully used as mycotoxin absorbents, as they are effective
in reducing aflatoxin M1 (AFM1) excretion in milk (60, 132–
139). In this view, Na-bentonite seems more effective than Ca-
bentonite, probably due to its higher swelling capacity and Na
to Ca ratio, that increases the surface area and cation exchange
(60). The administration of aluminosilicates to dairy ruminants
exposed to aflatoxin containing diets resulted in a corresponding
dose-dependent reduction of aflatoxin excretion in milk, urine
and feces (133–137).

The improvement of productivity and of some patho-
physiological indicators can be viewed as indirect evidences of the
positive effects of clay administration. For example, clay minerals
can promote growth performance in pigs and broilers, and egg
production in hens (26, 45, 49, 140). In pigs, clay administration
can successfully counteract the negative effects of AFs and
zearalenone by preserving or even improving feed intake, feed
efficiency, weight gain, growing performance, and serum clinical
chemistry profile (141, 142). Different results have been observed
after CPL inclusion in the diet of piglets (59). As reported,
CPL caused a significant improvement of feed conversion in
the period from weaning to slaughter. Differently, other authors
did not record any improvement of pigs growth and feed
conversion rate upon CPL administration with feed (143).
Interestingly, the same authors suggested that CPL was effective
as immunomodulatory agent by promoting the recruitment of
circulating and intestinal lymphoid cells (143, 144). Experiments
on laying hens reported that the addition of CPL in the diet
increased the number of eggs, shell thickness and the efficiency
of feed utilization (145). Other authors observed on the same
animal a significant increase of Al and Zn concentrations in
serum, possibly related to the improved quality of egg shell and
bone development (146). This may be explained by the partial
solubilisation of clays (zeolites) leading to the release of their
structural elements, even if the process should not be feasible at
the physiological pH of the animal gastrointestinal tract (45). In
broiler chickens, CPL supplementation resulted in an increased
animal body weight, and in an improvement of organoleptic
meat parameters and in ω-3 polyunsaturated fatty acid levels
(147). Beneficial effects of aluminosilicate supplementation on
performances and health status have been observed also in
poultry receiving aflatoxin or ochratoxin contaminated diet,

while conflicting results were obtained in case of toxin T-2
contamination (113, 148–152). In ruminants, aluminosilicate
administration led to the improvement of mycotoxin-related
health conditions, such as oxidative stress and liver inflammation
and damage (133, 137). However, controversial effects on milk
yield and quality were observed when AFs were administered
with clays, as some authors referred positive effects (133, 139),
while others did not report any effect (132, 134–136) or even
a reduction of milk yield and quality (137). In sheep, bentonite
administration favored wool growth, which is sensitive to amino
acid availability. It is therefore conceivable that bentonite is
responsible of a reduction of ruminal protein degradation (153).
The capability of bentonite to prevent metabolic disorders, to
increase microbial protein production and to improve rumen pH
and fermentation conditions has been considered for explaining
the improvement of weight gain and feed consumption efficiency
in steers, although high amount of clays was reported to cause
mineral deficiencies due to their high binding capacity (154). In
dairy heifers, the long-term inclusion of CPL in the diet improved
the energy status, milk production and reproductive parameters,
possibly due to beneficial effects on ruminal and/or post-ruminal
digestion of starch (155). In addition, the supplementation of
both natural and modified CPL in cow feeding has been observed
to improve the energy status, the reproductive performances and
to reduce the intramammary infections postpartum (156–159).
Dietary CPL influenced also the blood levels of Ca and P in
dairy cows, improving the serum Ca:P ratio during the early
post-partum period (160). The reproductive performances were
positively affected by the ingestion of mineral adsorbents in cattle
(161) and sows (162) fed with AFB1 contaminated total mixed
ration. In addition, clay administration displayed positive effects
to contrast production diseases, such as milk fever and ketosis,
due to the ability to reduce Ca availability in the gastrointestinal
tract and to improve the energy balance (59). Bentonite was
effective in reducing the incidence, but not the severity, of
bloat in dairy cows (163). Clay administration may also alleviate
the effects of subacute ruminal acidosis (SARA), leading to an
increase of ruminal and fecal pH and to the modification of
rumen volatile fatty acids. In particular, an increase in acetate and
a decrease in propionate and valerate were observed, along with
an increased milk yield, milk fat and energy content (164, 165).

EFFECTS OF CLAYS ON THE GI
PHYSIOLOGY

In the present review, we focused our attention mainly on the
potential interactions between clay minerals and cells of the GI
system and the GALT.

In this view, the ability of clay minerals to absorb feed and
water contaminants, as well as endogenous produced toxins, may
account for most of their beneficial effects. However, there are
also indications that some of the positive effects of clays on
the production performances of farm animals probably depend
on their ability to increase nutrient utilization and on positive
effects on intestinal physiology, documented both in humans and
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animals, even though the underlying mechanisms of action are
not fully understood.

Effects of Clays on Nutrient Digestibility
Several mechanisms may account for the positive effects of clay
supplementation on the growth performances observed in swine
and poultry (166–169). An important feature of clay minerals
is represented by the mobility of chemical elements in their
interlayers vacancies when they are exposed to environments
with different physical-chemical characteristics, such as through
the gastro-intestinal (GI) tract. Indeed, clays contain different
elements, such as Na, K, Mg, Fe, and Ca, which may play
particular biochemical roles in improving body weight and feed
conversion rate (166). In this view, clay nanoparticles present
chemical and physical properties completely different from those
of large-scale (micro) particles, in particular regarding their
surface to mass ratio, making ion exchange much more available
(170). As an example, Na+, commonly found in nanoclay
minerals, is involved in many fundamental cellular functions,
such as acid base balance and the absorption of amino acids (AA)
and glucose (171).

Thus, clays are potential sources of dietary minerals, either
beneficial or potentially dangerous, but the presence of specific
minerals in soils or ingested bulk materials does not necessarily
guarantee any effect in term of mineral availability. The possible
mineral supply obtained by eating clays depends on mineral
composition and physicochemical properties, in particular, on
CEC of the ingested material (13). Specifically, gastric and
intestinal environments may play a role in mineral mobility
of clays.

The effects of chemical leaching during geophagic clay
digestion were examined in a series of experiments simulating
the gastric and intestinal environments. Although far from
being conclusive, results suggested that both beneficial and
dangerous chemical elements could be released from clays during
digestion (34).

Clay nanoparticles can also increase the intestinal uptake
of other nutrients by slowing down the transit rate of the
intestinal content due to the formation of gels that increase
the feed viscosity (172). As a consequence, GI enzymes can
be more effective on nutrient digestion (172). Moreover, an
increase of the secretion and of activity of digestive enzymes were
reported in both swine and poultry, respectively, after zeolite or
sepiolite supplementation (168, 173). Different mechanisms were
proposed: while zeolite affects intestinal pH, resulting in higher
digestive enzyme secretion and activity (168), sepiolite forms
stable aggregates with pancreatic enzymes, which remain active
in a wider range of pH (173).

The effects of clays on six different kinds of feedstuff were
tested in an in situ digestion experiment. Clay supplementation
altered the degradability of grass hay, wet brewer’s grains,
soybean meal, and corn silage, and increased nutrient digestible
fractions of feedstuffs thanks to their improved degradation,
probably due to alteration of rumen microbial population
(174). An increase of digestibility of dry matter, organic matter,
crude protein, ether extract, non-fiber carbohydrates and neutral
detergent fibers was observed also in lactating goats during clay

supplementation when fed with a diet naturally contaminated
with aflatoxin B1 and zearalenone. However, the study did not
established whether the improved nutrient utilization observed
following the administration of clay minerals was an effect
of mycotoxin neutralization or a direct effect on the rumen
fermentations (139). In sheep, improved nutrient digestibility
was observed when bentonite was administered at 4% of the diet
(175, 176).

Effects of Clays on Gastro-Intestinal
Mucosa
Clay administration was observed to influence the intestinal
mucosa morphology and function in several animal models.

Morphological modifications and overexpression of proteins
involved in lipid metabolism were observed in the enterocyte
brush border of rats having free access to kaolinite during
refeeding (177). Kaolinite supplemented rats showed an increase
in the thickness of the villi with large vacuoles at the base of the
mucosal cells and a decrease of the enterocyte microvilli length.
Moreover, modifications of the expression level of cytoskeleton
proteins was evidenced by proteomic analyses of intestinal
mucosa. Few dissociated kaolinite particles and aluminum
originating from the ingested clay were observed in the intestinal
lumen and within the mucus barrier. Interestingly, aluminum
could directly cross the intestinal mucosa and this should be
further investigated, considering the potential neurotoxicity of
Al (178).

Diosmectite, a natural silicate used for the treatment
of infectious diarrhea, can adsorb toxins and bacteria, and
modify the rheological characteristics of gastrointestinal mucus.
Diosmectite administration showed anti-inflammatory activity,
a general amelioration of the intestinal epithelium morphology,
of biomarkers of oxidative stress and a modulatory action of
cytokine production bymucosal cells (14). In pigs, in comparison
with untreated animals, CPL administration resulted in a higher
fraction of lymphoid cell subsets, with exception of CD8+ T cells,
and higher recruitment of CD45RA+ (a marker for memory T
cells) cells in interfollicular, but not in follicular areas of the ileum
Payer’s patches (143).

Clay administration demonstrated protective effects on
the intestinal mucosa by physical reinforcing the mucous
barrier, the first line of defense during infections, which is
possibly responsible for the documented antidiarrheal and anti-
inflammatory effects of clays (15, 179). The slower transit
rate of intestinal content, the increase of enzyme activity and
morphological changes of the enteric mucosa are among the
causes of the reduction of incidence, severity and duration
of diarrhea (15, 140). A contribution to clay anti-diarrheal
effects may come from illite and smectite adsorptive properties,
which cause a reduction of water and cation enteric excretion
leading to the increase in the fecal consistence (180). In weaned
piglets, dietary supplementation with the hydrous magnesium-
aluminum silicate palygorskite (a synonym for attapulgite)
improved growth performance and reduced the incidence of
diarrhea. Palygorskite administration increased the intestinal
villus diameter and lymphocyte number in the jejunum and
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resulted beneficial to the intestinal integrity (181). Authors
suggested that palygorskite might exert its protective action by
forming a protective screen on mucosa layer. The protective
action of diosmectite on mucus was observed in rats (182, 183),
where diosmectite binds to mucin reducing the pepsin-induced
mucolysis induced by inflammation. In this case, diosmectite
may be included in the adherent intestinal mucus (15). In
addition, an increase in the number and size of mucin-producing
goblet cells was observed in pigs fed with smectite (180).

Clay minerals have also been examined as potential tool
against SARA. Clay supplementation in cows suffering from
SARA increased rumination and pre-stomach pH, reduced blood
lactate concentration and modulated the concentration of liver
enzymes (24, 165). These positive effects can be explained by clay
buffering effect, related to their H+ adsorption capacity (184),
in the GI tract, and by the slowing of the transit rate from the
rumen. This may influence the rumen and intestinal microbiota,
favoring the production of acetate, and reducing propionate in
the rumen, as well as the amount of fermentable carbohydrates
in the intestine for post-ruminal fermentations (164, 165).
Moreover, it was reported that clay supplementation influenced
the concentration of several AA and biogenic amines (BA)
depending on the presence of specific ruminal bacteria (24). The
presence of BA in systemic circulation have deleterious effects
on animal health, while AA are essential for the metabolism
and immune system. Therefore, clay-dependent modifications in
rumen microbiome can improve the maintenance of integrity
of nonspecific defenses of the gut wall (185). The enhancement
of the defensive capacity of the mucosal immune system has
been also observed in chicken supplemented by zeolite and
attapulgite (palygorskite) by an increase of antioxidant capability
and antibacterial activity, as well as of the concentration of
secretory immunoglobulin A in jejune mucosa (167). Finally,
effects of clays on the modulation of cytokine production were
observed, and anti-inflammatory properties were evidenced (14).

These results suggest that clays can interact with the ruminal
and intestinal microbiome (19), although further investigations
are needed to clarify the interconnections.

Effects of Clays on Microbiota
Clays can interact with microorganisms in multiple ways
(18), and many of the effects of clays in animals may
result from the modulation of the intestinal and/or ruminal
microbiota (19, 22, 23, 71, 186). Moreover, clay minerals
display antibacterial properties that could be exploited as a
potential alternative to the use of antibiotics (8, 49, 187,
188). Indeed, montmorillonite can alter the permeability
of bacterial cellular membranes allowing the diffusion of
intracellular ions and low molecular-weight metabolites (25,
189). As a practical example, the increased growth and elevated
organoleptic characteristics of meat in broilers receiving CPL
were associated with reduced total gut microbiota and enteric
infections (147). Moreover, the antibacterial properties of
clays may be selective. Montmorillonite administration can
counteract reduced nutrient digestibility, increased oxidative
stress and reduced growth observed in weaning gilts receiving
zearalenone. Montmorillonite was beneficial for detoxification

of zearalenone, possibly by the selective modification of the
intestinal microbiome, resulting in an improved Lactobacillus
population and a decreased E. coli count (23). In another
study, montmorillonite supplementation to pigs promoted the
growth of Lactobacillus and Bifidobacterium at the expense of
Clostridium and E. coli (179). In sheep, bentonite administration
impaired protozoa viability, leading to the reduction in ruminal
degradation of feed protein and bacteria predation (153).

The ion exchange capacity of montmorillonite can be
responsible of modifications of pH and oxidative state of the
intestinal environment, favoring some bacteria over others.
Montmorillonite could also damage the bacterial cell membrane
and enhance the adsorption of bacterial toxins (179). The
hydrogen bonding between diosmectite and enterotoxins of
E. coli, V. cholerae and Clostridium species prevented the
interactions of the toxins to cellular membrane receptors,
preventing mucosa damage (190–192). Montmorillonite may
also facilitate the flush out of gram-negative bacteria from
the intestine, rather than inhibiting bacteria growth. In fact,
montmorillonite can adsorb E. coli cells on its surface (25) by
anchoring bacteria to the positive charged sites on clay surface
(193), or by the cell adhesion through the fimbriae located in their
wall (25).

Clays can modulate the ruminal microbiome also by
regulating ammonia availability, as these minerals can reversibly
adsorb this molecule as a function of its concentration,
functioning as an ammonia buffering system for ruminal
microbiome (139, 175). When rumen microbes are not efficient
in capturing ammonia, this molecule is absorbed and converted
into urea in the animal liver, and then excreted with urine.
When urinary urea enters in the environment, it breaks down to
ammonia and nitrous oxide as environmental pollutants (194). In
this context, bentonite administration could be seen as a feeding
management strategy to reduce nitrogen wastage. Thus, mineral
adsorbents can be seen as an animal feed and slurry management
strategy against the environmental dispersion of nitrogen by
reducing ruminal ammonia release and improving its utilization
by ruminants, and reducing ammonia volatilization from slurries
(45, 165, 195, 196).

POTENTIAL CONTRAINDICATIONS OF
THE USE OF CLAYS

So far, the actions of clays against the negative effects and the
carryover of mycotoxins and the positive side effects of clays
on some production parameters of farm animals have been
highlighted. However, it is important to bear in mind that not all
studies reported positive effects of clays, which in some cases were
ineffective or even responsible of an increase of mycotoxicosis
symptoms or of other negative side effects (11). For instance,
according to Meisinger and colleagues most of the experiments
on the ability of sequestering agents to detoxify fusarium toxins
carried out in vivo in swine and poultry did not demonstrate any
preventive effect (197).

Due to their non-specific mechanism(s) of action, clay
minerals can interact with substances different from mycotoxins.
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Their effectiveness depends on their type and concentration and
on the specific mycotoxin tested, but it is also influenced by
other factors, such as feed composition, presence of specific
ions and molecules (including proteins, enzymes and vitamins)
and pH (198, 199). Indeed, clay minerals are able to interact
with metabolites and nutrients, such as nucleic acids, AA
and proteins by cation exchange, electrostatic interactions,
hydrophobic/hydrophilic interactions, hydrogen bonding and
van derWaals forces (200, 201). These interactions are commonly
considered beneficial, as they are related to a higher amount
of bypass proteins and in the more efficient utilization of AA
in ruminants (202). The possible application of clays as vectors
for gene and drug delivery was also suggested (201). However,
clay minerals can be responsible for imbalances of essential
nutrients, for possible interactions with hormones and veterinary
drugs, leading to negative effects on animal health and productive
parameters (11). In vitro experiments simulating the ingestion of
geophagic soils/clay minerals demonstrated that these additives
can reduce the bioavailability of some essential elements, such as
Fe, Cu, and Zn (203, 204), and can enhance the bioavailability
of others, such as Ca, Mg and Mn (203). A series of experiments
in rats fed with a diet supplemented with 2% bentonite showed
that this clay improved BW gain and stimulated Fe absorption,
although causing a moderate persistent decrease of Ca and Se
absorption and of their organ content (205–207). Despite the
detected deficiencies reported in these studies were moderate, it
must be considered that Se intake is marginal strongly depend on
geographical region (207). However, other studies in rats did not
find any relevant alteration following the dietary administration
of processed calcium montmorillonite (up to 2%), neither in
pregnant animals (208) nor after long treatments (28 days)
(209, 210). Also the inclusion of up to 2% Na-bentonite in rat
diet did not show signs of toxicity even if administered for
3 months (211). Regarding farm animals, (212, 213) reported
a reduction of Mn availability in poultry treated with 0.5%
bentonite and (214) noted that 0.5% sodium montmorillonite
was responsible of a decrease in P serum content in broiler
chickens. In contrast, diet supplementation with 0.5 and 1.0%
hydrated sodium calcium alumino-silicate (HSCAS) in chicks did
not compromise the utilization ofMn, phytate and inorganic P, as
well as of vitamin A and riboflavin, but caused a slight decrease
of Zn utilization (79, 215). Excessive administration of bentonite
(≥ 2%) in chicks can induce poor weight gain and obvious
signs of vitamin A deficiency up to an increase in mortality
(by 4 weeks administration of 5% bentonite) (216). Moreover,
sodium bentonite affected testosterone and thyroid hormone
levels in male broiler chicks (217). Diet supplementation with
zeolite in laying hens could be harmful for the formation of the
eggshell, since 1, 2, and 3% administration resulted in increased
Zn and Al levels and decreased Mg and Cu concentrations in
serum (218). However, (219) did not observe any considerable
alteration of egg quality due to dietary administration of CPL
(2%) in laying hens. Excessive administration of montmorillonite
can also impair growth performance and health in starter pigs:
inclusion of more than 1% in the ration had negative effects
on liver structure and serum mineral concentrations and 5%
montmorillonite caused a decrease in feed intake, aggravation

of liver damage and a reduced antioxidant capacity (220). In
female weaned piglets, a diet with 0.4 % aluminosilicate failed to
counteract the effects of Fusarium toxins, tended to reduce feed
intake and feed to gain ratio, decreased serum concentrations
of cholesterol and α-tocopherol, increased levels of albumin,
aspartate transaminase, and γ-glutamyl transferase, but it did not
affect the concentrations of retinol and retinyl esters in liver and
serum (221).

Undesirable effects of clay mineral administration have also
been reported in ruminants. In rams, bentonite decreased
the ruminal availability of Cu, Zn, and Mg and the liver
concentrations of Cu and Mg (153). However, considering the
predisposition of sheep to Cu poisoning, the reduction of dietary
Cu bioavailability could be seen as a positive effect of bentonite
(153). Feeding growing goats with diet supplemented with zeolite
at 0.12 and 0.16 % for 3 weeks, (80) recorded slight alterations of
serum concentration and excretion of Ca, signs of increased bone
resorption without alterations of bone structure. The treatment
led also to the significant decline in plasma concentrations of P,
Mg, and 1,25-dihydroxycholecalciferol and in renal excretion of
P, warning of possible negative long-term effects. The addition of
micronized zeolite up to 2% to lamb feed did not affect animal
performance and carcass yield, but affected serum total protein,
calcium and phosphorus concentrations. Increasing zeolite dose
to 3%, led to a decrease of slaughter weight, hot and cold
carcass weights (81). Bentonite administration at 5 and 10%
in Holstein cow fed with high-grain ration was responsible of
a significant decrease of energy and crude protein digestibility
and of a statistically significant decrease of Mg and P (222).
However, lower concentrations of bentonite (0.125, 0.25, 0.5, and
1%) were sufficient to counteract AFs effects and did not alter
dairy cows’ status and production (bodyweight, body condition
score (BCS), dry matter intake, milk yield, milk quality and
composition, minerals, vitamin A and riboflavin concentrations
in milk) (134–136).

In humans, 2 weeks oral treatment with 1.5 or 3.0 g/die of
NovaSil caused in the first 2 days gastrointestinal symptoms
(bloating, constipation, diarrhea, flatulence, and abdominal
pain) in 24 and 28% volunteers, respectively, and dizziness in
two subjects receiving 1.5 g NovaSil. However, no statistical
significance was found of these adverse effects between the two
groups. After treatment, statistically significant decrease (within
the normal range of clinical references) in blood levels of RBCs,
hemoglobin, total protein, albumin, ALT, and S were recorded in
the low-dose group, but not in the high-dose group. A significant
dose-dependent increase of serum Sr was observed. No other
significant differences in hematology, liver and kidney function,
and in electrolyte, mineral, vitamins A and E concentrations were
found in both groups. According to authors, results suggest the
relative safety of NovaSil clay in humans (223).

Regarding the interactions between adsorbing agents and
drugs/pharmaceuticals, binding phenomena to clays can enhance
or reduce the effects of drugs (11, 212, 213). For example, tylosin
was ineffective in cattle when bentonite was concomitantly
administered (224) and led to reduced or even canceled efficacy
of tilmicosin in poultry (225). Devreese et al. demonstrated, by
providing tylosin in broiler chickens, that bentonite was able to
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bind the macrolide antibiotic altering its pharmacokinetics (226).
Moreover, bentonite can reduce the effectiveness of coccidiostats,
such as monensin and salinomycin (213, 227, 228).

Altogether, results here reported evidence that further studies
are need to investigate on interactions between clays and
biological relevant nutrients and drugs. These evidences should
suggest the adoption of specific controls and interventions in
animal health practice, modifying animal diet, dosages and
withdrawal times of drugs and/or adsorbent additives, in order
to prevent cases of toxicity or nutrient deficiency/antibiotic
ineffectiveness (related to possible enhancement of microbial
resistance development) in animals and to safeguard public
health. EFSA has already proposed to ban the simultaneous
use of coccidiostats when bentonite is administered above 0.5
% and recommended to report the information on the label
of bentonite packaging to avoid its oral use concomitantly
with certain medicinal substances (e.g., macrolides) (212).
Analogously, Food Drug Administration (229–231) has ruled to
eliminate the use of robenidine, ipronidazole, and buquinolate in
combination bentonite.

CONCLUSIONS AND FUTURE
PERSPECTIVES

The use of clay minerals in the agro-food sector seems destined
to increase for several reasons: the first is the adoption of
prevention and decontamination strategies able to minimize
food and feed contamination by mycotoxins and, consequently,
reduce health and economic risks for humans and animals.
Likely, foreseen climate changes will affect mycotoxin production
and distribution in different world regions and these toxins
are predicted to become a major problem in Europe within
the next 100 years (232). Indeed, climate will become milder
in northern countries, making these areas suitable for fungal
growth and mycotoxin production. At the same time, heat
and drought in southern countries will cause a decrease in
agricultural production up to desertification and a replacement
of currently prevalent mycotoxins with AFs (35, 233–235).

Heavy metals are naturally present in soil and atmosphere,
fresh and salty waters. Moreover, human activities (e.g.,
mining, industrial production, waste dumping, etc.) significantly
contribute to heavy metal pollution (107, 108). In addition,
certain agricultural and farming activities can be considered
either as a source of heavy metals or can contribute to their
recirculation (97, 108). The administration of clay minerals
can be applied for controlling heavy metals absorption by
farm animals.

Finally, an increased use of clay minerals can be expected
for their putative contribution to fight against various problems
linked to intensive farming (e.g., antibiotic resistance, SARA,

greenhouse gases and ammonia emission, etc.), which represent
a huge economic problem for farmers and involve the
consumers’ sensitivity toward issues, such as animal wellbeing
and environmental sustainability.

National and international authorities set the maximum limits
or guide levels for the use of clays and clay minerals as feed

additives, which may be an ideal choice given their physical-
chemical properties, low cost, low or null toxicity and eco-
compatibility. However, it must be considered that clay minerals
are not completely inert additives, and can interfere with
intestinal/ruminal metabolism with possible consequences on
animal health. Most studies on clay minerals, aimed at evaluating
their effectiveness against toxic compounds, paid poor attention
toward any possible nonspecific collateral effect. Furthermore,
many studies did not report in detail the characteristics of
the clay used, making the interpretation of results difficult.
Other studies examined mostly productive parameters, which,
as well, may not be sufficient to provide an exhaustive picture
of the possible unwanted effects of clays on animal health and
physiology (11, 197). Therefore, further studies are needed,
particularly on ruminants, to verify possible interferences of clays
with rumen fermentations and metabolite uptake, which may
affect animal metabolism and, possibly, milk characteristics. In
particular, future studies should consider the effects of long-
term administration/accumulation of clays. Finally, the fate of
clay particles during their transit within the GI system should be
analyzed as, although clay micro and nanosize particles seem not
to be cytotoxic at the intestinal level, their capacity to stimulate an
inflammatory response should be carefully considered and their
effects on already diseased subjects should be taken into account.
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Agricultural by-products have been identified as potential feed resources in animal

production. The present study investigated the effects of cassava residue (CR) or

fermented CR (FCR) on antioxidant capacity, immunity, gut barrier functions, and lipid

metabolism in pigs. A total of 120 healthy Huanjiang mini-piglets were assigned into three

groups, including control group (basal diet), CR group (basal diet + 5% CR), and FCR

group (basal diet + 5% FCR). The experiment lasted for 30 days. The results showed

that, dietary CR or FCR supplementation increased the jejunal catalase (CAT, P = 0.063)

and glutathione peroxidase (GSH-Px, P < 0.05) levels and hepatic superoxide dismutase

(SOD, P < 0.05) level while decreased (P = 0.077) ileal malondialdehyde (MDA) level,

when compared with the control group. Dietary CR supplementation increased intestinal

SOD and hepatic GSH-Px levels, whereas decreased jejunal and hepatic MDA levels (P

< 0.05). Dietary CR supplementation increased the levels of secretory immunoglobulin

A (sIgA) in the intestine and liver, as well as jejunal interleukin (IL)-10, ileal tumor

necrosis factor (TNF)-α, and hepatic interferon (IFN)-γ, whereas dietary CR or FCR

supplementation decreased the jejunal IL-1β level and increased hepatic IL-10 level

(P < 0.05). In the intestinal microbiota analysis, dietary CR or FCR supplementation

enhanced the colonic α-diversity and ilealActinobacteria abundance, whereas decreased

ileal Verrucomicrobia and colonic Tenericutes abundances (P < 0.05). In addition, dietary

FCR supplementation increased Firmicutes and decreased Bacteroidetes abundances

in the ileum and colon, whereas CR supplementation increased Escherichia-Shigella

and decreased Terisporobacter abundances in the ileum (P < 0.05). Moreover, dietary

CR or FCR supplementation up-regulated (P < 0.05) the gene expressions related to

gut barrier functions of piglets. However, dietary CR supplementation showed negative

impacts on hepatic lipid metabolism by up-regulating the expression of genes associated
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with fatty acid synthesis and triglyceride and lipid metabolism. In conclusion, dietary

CR or FCR supplementation can maintain the health of piglets by increasing antioxidant

capacity, gut barrier function, and altering the intestinal microbiota composition, but CR

supplementation may increase the potential risk of abnormal lipid metabolism.

Keywords: alternative feed, cytokines, hepatic biochemistry, intestinal microbiota, gut physiology, pigs

INTRODUCTION

The constant growth of the population is closely related to
a growing demand for food of plant and animal origin. In
addition, with the improvement of people’s living standards
and health awareness, consumers’ demand for high-quality
and safe pork is increasing. Feeding strategies in livestock
production, particularly non-conventional native feed resources
and cost-effective alternatives, have been gained particular
interest to improve the sustainable development of animal
industries. Recent research evidence has confirmed that cereal-
based conventional concentrates could be partially replaced
with non-conventional feed resources as livestock feed with
no detrimental on animal health and production performance
(1, 2). Moreover, non-conventional feed resources present
beneficial functions, including antimicrobial activity, antioxidant
activity, and gut health (3, 4). Cassava (Manihot esculenta)
is widely grown in tropical and subtropical regions. The
world-wide production of cassava is estimated to be 276.7
million tons, and it provides valuable food sources for more
than 105 developing countries (5, 6). Cassava is still widely
used in the production of starch, bioethanol, and other bio-
products, such as feed, medicines, and biopolymers (5). However,
after processing cassava products, a large number of residues
remained unused and may cause environmental pollution.
Cassava residue (CR) contains a higher content of calories and
various contents of proteins, ether extract, mineral substances,
and vitamins that can make it highly nutritious compared
with other tubers. Therefore, the application of CR to pigs’
feed could help reduce its environmental impact and the waste
of nutrients.

Extensive research evidence highlighted that microbial
fermentation could improve the nutritional quality of pig feed
by increasing the bioavailability of nutrients and reducing the
content of anti-nutritional factors (7–9). Recent studies have
found that fermented corn-soybean meal could improve the
immune function of pigs, and fermented feed has been shown
positive impacts on the gut functions of pigs by enhancing the
beneficial bacteria (Lactobacillus) and inhibiting the pathogenic
bacteria (Escherichia coli) in the intestine (10). Furthermore,
fermented feed supplements from apple pomace, mushroom,
mulberry leaf extracts, etc., have been extensively studied
to improve reproductive performance, growth performance,
antioxidant capacity, and intestinal function of pigs (11–14).
However, the application of CR or fermented CR (FCR) in pig
feed is still limited.

Thus, it remains uncertain whether CR or FCR boosts
intestinal functions and gut microbiota composition, as well as

the lipid metabolism of piglets. Moreover, our previous study
also showed that microbial fermentation could enhance the
nutritional quality of CR by increasing crude protein and crude
fat contents and decreasing the detergent fiber content (15).
Therefore, we hypothesized that partial replacement of corn-
soybean bean with CR or FCR might influence the antioxidant
capacity, intestinal gut ecosystem, and hepatic lipid metabolism
of piglets. In the present study, we evaluated the effects of CR
or FCR supplements on the intestinal and hepatic antioxidant
capacity, gut barrier function, intestinal microbiota composition,
and lipid metabolism of Huanjiang mini-piglets.

MATERIALS AND METHODS

Preparation of Cassava Residue and
Fermented Cassava Residue
The integral CR was provided by Du’an Honghe Starch Co.,
Ltd. (Guangxi, China) and contained 16.13 MJ/kg gross energy,
2.73% crude protein, 37.78% neutral detergent fiber, and 2.52%
minerals. A 200 kg of CR was mixed with 20 kg corn-soybean-
based meal thoroughly, and then 0.20 kg of fermented liquid
(Lactobacillus plantarum 1 × 108 + Bacillus subtilis 0.2 × 108

+ Saccharomyces cerevisiae 0.2× 108) was sprayed on the surface
of feed and mixed vigorously. After mixing, CR was packed and
sealed in a polyethylene bag with a capacity of 5 kg at 27–30◦C
for 7 days. Finally, FCR samples were stored at 4◦C to prevent
deterioration. The selection and concentration of the bacterial
species were based on our previous findings (15). Fermentation
liquid broth was obtained fromHunan Lifeng Biotechnology Co.,
Ltd. (Changsha, China).

Experimental Design and Diet
Management
A total of 120 healthy Huanjiang mini-piglets with similar
body weight (BW, 8.85 ± 0.64 kg) were selected and assigned
randomly to one of three groups with eight replicates per
group and five piglets per replicate. The three groups were as
follows: (a) control group, fed a basal diet; (b) CR group, fed
a basal diet supplemented with 5% CR; and (c) FCR group,
fed a basal diet supplemented with 5% FCR. Dietary CR and
FCR were mixed uniformly with the basal diet and fed twice
daily (08:00 and 15:00). During the experimental period, piglets
were housed in pens (2 × 3m), and the rearing house had
forced ventilation and maintained the temperature at 23–26◦C.
The supplementing dose of the CR and FCR were based on
our previous findings (unpublished data). The composition and
nutrients levels of the basal diet for piglets met the Chinese local
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swine nutrient requirements (NY/T65-2004) and the National
Research Council (NRC, 2012) diet requirements (16, 17). The
composition and nutrient levels of the basal diet for piglets
are presented in Supplementary Table 1. The experiment lasted
for 30 days. Feed and drink were freely accessible during the
experimental period.

Sample Collection
At the end of the 30-day trial, one piglet from each replicate
and a total of eight piglets per group (n = 8) with
similar BW was selected for sample collection. The piglets
were then euthanized using electric shock (120V, 200Hz)
as previously described (18). The ileum (10 cm above the
ileocecal junction) and colon (middle portion) segments were
collected and immediately kept at −20◦C for microbiota
community analyses. The jejunum and ileum tissues were
excised, flushed in ice-cold phosphate buffer solution, and then
scrapped by glass slides. The mucosa scrapings (∼2 g) were
sampled, quickly frozen into liquid nitrogen, and immediately
stored at −80◦C for further studies of antioxidant, secretory
immunoglobulin A (sIgA), cytokines, and gut barrier function.
The liver tissue samples were collected, snap frozen into
liquid nitrogen, and then stored at −80◦C for further analyses
of biochemical parameters, antioxidant, sIgA, cytokines, and
lipid metabolism.

Hepatic Biochemical Parameter Assays
Hepatic biochemical parameters, including triglycerides
(TG), total cholesterol (TC), alanine aminotransferase (ALT),
alkaline phosphate (ALP), high-density lipoprotein-cholesterol
(HDL-C), and low-density lipoprotein-cholesterol (LDL-C) were
determined using commercially available kits (F. Hoffmann-
La Roche Ltd., Basel, Switzerland) and Roche automatic
biochemical analyzer (Cobas c311, F. Hoffmann-La Roche Ltd.,
Basel, Switzerland).

Antioxidant Capacity Assays
Approximately 100mg of frozen intestinal (jejunum and
ileum) and hepatic tissue samples were thawed and quickly
homogenized with ice-cold physiologic saline (1:9, w/v). Then
the samples were centrifuged at 2,000 × g for 20min at 4◦C.
The supernatants were used for further analysis. The oxidant
and antioxidant indicators, including malondialdehyde (MDA),
catalase (CAT), superoxide dismutase (SOD), glutathione (GSH),
and GSH peroxidase (GSH-Px), were analyzed by commercially
available ELISA assay kits (Mei mian, Jiangsu, China) according
to the manufacturer’s instructions with a Multiscan Spectrum
Spectrophotometer (Tecan, Infinite M200 Pro, Switzerland).

Intestinal and Hepatic Secretory IgA and
Cytokines Assays
Samples (100mg) from the jejunum, ileum, and hepatic tissues
were homogenized with ice-cold physiological saline (1:9, w/v)
and centrifuged at 2,000 × g for 20min at 4◦C. Then the
supernatants were collected to measure the levels of sIgA and
cytokines, including interleukin (IL)-1β, IL-10, IL-22, tumor
necrosis factor (TNF)-α, and interferon (IFN)-γ by commercially

available ELISA assay kits (Mei mian, Jiangsu, China) according
to the manufacturer’s instructions.

Intestinal Microbiota Analysis
The intestinal bacterial genomic DNA was extracted from ileal
and colonic samples (n = 7–8) with a Hipure Stool DNA Kit
(Megan, Guangzhou, China) according to the manufacturer’s
protocol. The extracted DNA concentration and purity were
determined using NanoDrop ND-1000 spectrophotometer
(NanoDrop Technologies Inc., Wilmington, USA) and 0.80%
agarose gel electrophoresis, respectively. The bacterial 16S
rRNA genes from the V3-V4 region were amplified by
polymerase chain reaction (PCR) with the forward primer

338F (5
′
-ACTCCTACGGGAGGCAGCA-3

′
) and reverse

primers 806R (5
′
-GGACTACHVGGGTWTCTAAT-3

′
). The

PCR components and PCR amplification conditions were
maintained in accordance with the manufacturer’s guidelines
(New England Biolab Inc., MA, USA). The amplified PCR
products were detected with 2.0% agarose gel electrophoresis
with an AXYGEN AxyPrepDNA gel recovery kit. According
to the standard protocol, purified amplicons were pooled into
equimolar and pair-end (2 × 300) sequencing by the MiSeq
Reagent Kit in an Illumina MiSeq platform (Illumina, San
Diego, USA) to construct a sequence library by the Biomarker
Technologies Co., Ltd. (Beijing, China). Raw sequence data of
the present study are deposited in the NCBI Sequence Read
Archive (SRA) with under the accession number PRJNA793624.

The α-diversity of the OTU level was measured by the
quantitative insights into microbial ecology (QIIME, version
1.8) software. The β-diversity analysis was used to evaluate the
structural difference of ileal and colonic microbiota in the control
and treatment groups. Partial least squares discriminant analysis
(PLS-DA) and nonmetric multidimensional scaling (NMDS)
were also performed to find the structural variation of microbial
communities among the three groups. Using Metastats (http://
metastats.cbcb.umd.edu/) analysis procedure, the abundances of
different taxa at the phylum and genus levels were determined
among the three groups. Finally, the linear discriminant analysis
to estimate the effect size (LEfSe) analysis was performed to
evaluate the different abundant taxa using default parameters.

Hepatic Lipid Metabolism and Gut Barrier
Function-Related Gene Expression
Analysis
According to the manufacturers’ instructions, total RNA from
the intestinal and hepatic tissues was isolated using TRIzol
(Invitrogen, Carlsbad, USA). Approximately 1000 ng of total
RNA was reversely treated into cDNA by a PrimeScrip RT
Reagent Kit with gDNA Eraser (TaKaRa Biotechnology, Dalian,
China). After that, 2 µL of cDNA template was added to a total
volume of 10 µL RT-PCR reaction system solution containing
0.25 µL of each forward and reverse primers, following the 5.0
µL SYBR Green mix, and 2.5 µL of deionized distilled water. The
PCR cycle conditions were as follows: an initial step at 95◦C for
5min, followed by 40 cycles of denaturation at 95◦C for 5 s, and
annealing at 60◦C for 30 s. Pig-specific primer sequences for lipid
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TABLE 1 | Effects of cassava residue (CR) or fermented cassava residue (FCR) on

hepatic biochemical parameters of piglets.

Items Control

group

CR

group

FCR

group

SEM P-values

ALT (U/L) 446.40 418.28 408.44 17.38 0.660

ALP (U/L) 196.60b 186.67b 308.00a 17.82 0.004

HDL-C (mmol/L) 0.07 0.08 0.06 0.01 0.792

LDL-C (mmol/L) 0.01 0.01 <0.01 0.00 0.073

TC (mmol/L) 0.69 0.80 0.88 0.04 0.220

TG (mmol/L) 0.16b 0.21b 0.31a 0.02 <0.001

Data are expressed as means with their SEM (n = 8). Means within a row without a

common superscript letter are different (P < 0.05).

ALP, alkaline phosphate; ALT, alanine aminotransferase; HDL-C, high-density

lipoprotein-cholesterol; LDL-C, low-density lipoprotein-cholesterol; TC, total cholesterol;

TG, triglycerides.

metabolism and gut barrier function related genes are presented
in Supplementary Table 2. The mRNA expression level for each
gene was calculated using the 2−11Ct method.

Statistical Analysis
The intestinal and hepatic parameters, including biochemical
parameters, antioxidant capacity, sIgA, and cytokines, as well as
the gene expression levels related to lipid metabolism and gut
barrier functions were analyzed by one-way analysis of variance.
The comparative analysis among different groups was performed
using Tukey’s post-hoc test (SPSS 26.0; SPSS Inc., Chicago, IL,
USA). The correlation between the gut barrier functions-related
indexes and intestinal microbial genera was measured using
Spearman’s correlation by the R package. All data are presented
as means ± standard error of the mean (SEM), and data were
considered statistically significant when P < 0.05, and trends
when 0.05 ≤ P < 0.10.

RESULTS

Effects of CR or FCR on Hepatic
Biochemical Parameters of Piglets
The effects of dietary CR and FCR supplementation on hepatic
biochemical parameters are shown in Table 1. Dietary FCR
supplementation increased (P < 0.05) the hepatic levels of TG
and ALP and tended to decrease (P = 0.073) the hepatic LDL-C
level of piglets compared with the control and CR groups.
However, dietary CR or FCR supplementation had no impact
(P > 0.05) on the hepatic TC, ALT, and HDL-C levels.

Effects of CR or FCR on Intestinal and
Hepatic Antioxidant Capacity of Piglets
The effects of dietary CR or FCR supplementation on antioxidant
activity of piglets are shown in Table 2. In the jejunum,
dietary CR supplementation increased the SOD and decreased
MDA activities of piglets (P < 0.05), whereas dietary CR
or FCR increased (P < 0.05) the GSH-Px activity and
displayed a trend for an increased (P = 0.063) CAT activity
of piglets, when compared with the control group. In the

TABLE 2 | Effects of cassava residue (CR) or fermented cassava residue (FCR) on

intestinal and hepatic antioxidant capacity of piglets.

Items Control

group

CR

group

FCR

group

SEM P-values

Jejunum

CAT (U/mg) 3.81 4.72 4.26 0.15 0.063

GSH (µmol/mg) 4.78 5.51 5.28 0.22 0.433

GSH-Px (U/mg) 24.43b 38.29a 36.28a 1.74 <0.001

MDA (nmol/mg) 3.62a 2.46b 2.96ab 0.18 0.026

SOD (U/mg) 94.62b 164.86a 119.53ab 9.75 0.006

Ileum

CAT (U/mg) 5.00b 6.82a 5.53b 0.19 <0.001

GSH (µmol/mg) 5.43b 7.71a 5.51b 0.30 <0.001

GSH-Px (U/mg) 45.09 60.62 46.45 3.01 0.056

MDA (nmol/mg) 4.43 3.69 3.58 0.79 0.077

SOD (U/mg) 124.10b 251.38a 183.75b 15.07 0.001

Liver

CAT (U/mg) 3.26 4.14 3.63 0.17 0.120

GSH (µmol/mg) 4.02 4.84 4.46 0.19 0.209

GSH-Px (U/mg) 16.24b 26.30a 24.53ab 1.81 0.040

MDA (nmol/mg) 2.93a 2.10b 2.44ab 0.14 0.042

SOD (U/mg) 269.02b 447.29a 431.33a 24.47 0.001

Data are expressed as means with their SEM (n = 8). Means within a row without a

common superscript letter are different (P < 0.05).

CAT, catalase; GSH, glutathione; GSH-Px, GSH peroxidase; MDA, malondialdehyde;

SOD, superoxide dismutase.

ileum, the activities of CAT, GSH, and SOD were increased
(P < 0.05) in the CR group compared with the control and
FCR groups. Moreover, the GSH-Px activity was tended to
increase (P = 0.056) in the CR group compared with the
other two groups, whereas MDA level was tended to decrease
(P = 0.077) in the CR and FCR groups compared with the
control group. In the liver, the GSH-Px activity was higher
and MDA level was lower in the CR group compared with
the control group, whereas SOD activity was higher in the
CR and FCR groups compared with the control group (P
< 0.05).

Effects of CR or FCR on Intestinal and
Hepatic Secretory IgA and Cytokines
Levels of Piglets
The effects of dietary CR or FCR supplementation on the
intestinal and hepatic sIgA and cytokines levels of piglets
are presented in Table 3. In the jejunal mucosa, the sIgA
concentration was increased (P < 0.05) in the CR group
compared with the control and FCR groups. In addition,
the IL-1β concentration in the CR and FCR groups was
tended to decrease (P = 0.067), whereas IL-10 concentration
in the CR group was tended to increase (P = 0.069), when
compared with the control group. In the ileal mucosa, sIgA
and IL-10 concentrations were increased in the CR group
compared with the control and FCR groups, whereas IL-
1β concentration was decreased in the FCR group compared
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TABLE 3 | Effects of cassava residue (CR) or fermented cassava residue (FCR) on

intestinal and hepatic secretory IgA and cytokine levels of piglets.

Items Control

group

CR

group

FCR

group

SEM P-values

Jejunum

IL-1β ( ρg/mg) 217.46 181.50 188.09 6.84 0.067

IL-10 (ρg/mg) 47.64 58.11 52.89 1.88 0.069

IL-22 (ρg/mg) 84.57 82.52 92.25 4.60 0.680

TNF-α (ρg/mg) 50.75 50.35 50.71 2.42 0.998

IFN-γ (ρg/mg) 11.32 11.69 10.51 0.50 0.628

sIgA (µg/mg) 13.43b 18.06 a 14.03b 0.62 0.001

Ileum

IL-1β (ρg/mg) 280.19a 276.63a 236.24b 7.52 0.020

IL-10 (ρg/mg) 63.18b 84.61a 63.36b 3.25 0.003

IL-22 (ρg/mg) 119.12 120.02 108.89 4.78 0.586

TNF-α (ρg/mg) 69.51 79.38 65.57 2.50 0.053

IFN-γ (ρg/mg) 14.60 15.34 13.90 0.54 0.555

sIgA (µg/mg) 16.76b 22.40a 16.19b 0.81 <0.001

Liver

IL-1β (ρg/mg) 170.71 154.01 179.90 7.17 0.342

IL-10 (ρg/mg) 34.45b 49.48a 47.16a 2.10 0.003

IL-22 (ρg/mg) 58.57 61.43 66.32 2.96 0.579

TNF-α (ρg/mg) 40.59 46.22 40.95 2.46 0.599

IFN-γ (ρg/mg) 8.24b 12.10a 10.97ab 0.61 0.022

sIgA (µg/mg) 11.11b 15.05a 12.90ab 0.57 0.011

Data are expressed as means with their SEM (n = 8). Means within a row without a

common superscript letter are different (P < 0.05).

IFN, interferon; IL, interleukin; TNF, tumor necrosis factor; sIg, secretory immunoglobulin A.

with the control and CR groups (P < 0.05). Moreover,
the TNF-α concentration had a trend to increase (P =

0.053) in the CR group compared with the control and
FCR groups. In the liver, sIgA and IFN-γ concentrations in
the CR group and the IL-10 concentration in the CR and
FCR groups were increased (P < 0.05) compared with the
control group.

Effects of CR or FCR on the Intestinal
Microbial Diversity of Piglets
The Miseq sequencing data obtained from the ileum and colon
were merged, quality controlled, and then clarified with an
illusion illustration. The analyses of OTUs and species taxonomy
were performed on the optimized sequence. The OTUs’ α-
diversity indexes are presented in Table 4. There were no
significant differences in the ileal α-diversity indexes except an
increasing trend of the raw tags (P = 0.099) in the CR and FCR
groups compared with the control group. In the colon, the OTU,
ACE, and Chao1 indexes were increased (P < 0.05) in the CR
and FCR groups compared with the control group. Moreover,
the FCR group had a higher (P < 0.05) coverage index in the
colon compared with the CR group. The results of PLS-DA and
NMDS (Figure 1) showed that the intestinal bacterial β-diversity
of the control, CR, and FCR groups were tended to cluster into

TABLE 4 | Effects of cassava residue (CR) or fermented cassava residue (FCR) on

microbial diversity indices in the ileum and colon of piglets.

Item Control

group

CR

group

FCR

group

SEM P-values

Ileum

Raw tags 78,693.13 79,063.50 78,917.29 72.91 0.099

Effective tags 75,764.00 76,724.75 74,037.14 635.47 0.237

OTU 560.00 567.00 480.00 21.12 0.194

ACE 622.13 612.26 547.97 17.97 0.208

Chao1 618.55 622.04 557.63 16.95 0.243

Simpson 0.10 0.16 0.14 0.02 0.598

Shannon 3.61 3.33 3.01 0.17 0.407

Coverage 0.998925 0.999 0.998686 0.00 0.533

Colon

Raw tags 79,052.00 78,966.88 78,957.50 57.71 0.778

Effective tags 70,473.50 70,015.25 69,953.75 418.67 0.869

OTU 444.00b 501.75a 535.75a 11.52 0.001

ACE 507.77b 576.84a 582.08a 10.03 0.001

Chao1 534.13b 582.81a 588.66a 9.33 0.024

Simpson 0.11 0.08 0.06 0.01 0.308

Shannon 3.70 3.72 3.98 0.11 0.488

Coverage 0.998375ab 0.998188b 0.998537a 0.00 0.04

Data are expressed as means with their SEM (n = 7–8). Means within a row without a

common superscript letter are different (P < 0.05).

three groups. In addition, there was more clear separation of the
PLS-DA and NMDS in the colon than in the ileum.

Effects of CR or FCR on the Intestinal
Microbial Community of Piglets
The effects of dietary CR or FCR supplementation on the
intestinal microbiota community composition were assessed
using taxon-dependent analysis. The microbiota community
composition in the ileum and colon at the phylum level are
shown in Figure 2. In the ileum, Firmicutes (72.71–85.16%),
Actinobacteria (4.31–10.17%), Proteobacteria (3.22–13.08%), and
Bacteroidetes (0.60–5.44%) were the top four abundant phyla
of the different treatment groups (Figure 2A). The relative
abundances of Bacteroidetes (P = 0.064) and Spirochaetes
(P < 0.05) were lower in the FCR group compared with
the control group. The relative abundance of Actinobacteria
showed an upward trend (P = 0.050), while Verrucomicrobia
presented a downward trend (P = 0.072) in the CR and FCR
groups compared with the control group. Moreover, the relative
abundance of Firmicutes had a downward trend (P = 0.094) in
the CR group compared with the other two groups (Figure 2A).
In the colon, Firmicutes, Bacteroidetes, Proteobacteria, and
Actinobacteria were the top four abundant phyla and accounted
for 65.23% to 78.04%, 12.77% to 28.13%, 2.13% to 4.57%, and
2.24% to 2.41%, respectively (Figure 2B). The relative abundance
of Firmicutes was increased (P < 0.05) and Bacteroidetes was
decreased (P< 0.05) in the FCR group compared with the control
group. In addition, the relative abundance of Tenericutes was
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FIGURE 1 | Partial least squares discriminant analysis (PLS-DA) and nonmetric multidimensional scaling (NMDS) analyses of the bacterial community in the ileum and

colon of piglets. Each symbol represents the gut microbiota from one piglet, represents the piglets in the control group, represents the piglets in the CR group,

and represents the piglets in the FCR group (n = 7–8).

decreased (P < 0.05) in the CR and FCR groups compared with
the control group (Figure 2B).

The 20 most abundant bacteria in the ileum and colon at
the genus level are presented in Figure 3. In the ileum, the
most five dominant genera were Romboutsia (18.03–21.43%),
Turicibacter (8.25–12.81%), Terrisporobacter (5.71–15.26%),
Lactobacillus (6.86–9.33%), and Clostridium_sensu_stricto_1
(0.98–11.48%) (Figure 3A). Compared with the control
group, the relative abundances of Ruminnococcaceae_UCG-
005 and [Eubacterium]_coprostanoligens_group were
decreased (P < 0.05) in the FCR group. The relative
abundance of Terrisporobacter in the CR group and

Lachnospiraceae_XPB1014_group in the CR and FCR
groups were decreased (P < 0.05) compared with the
control group. In addition, the relative abundance of
Escherichia-Shigella was higher in the CR group compared
with the other two groups (Figure 3A). In the colon,
uncultured_bacterium_f_Muribaculaceae (8.97–33.01%),
Lactobacillus (10.92–14.98%), Clostridium_sensu_stricto_1
(3.46–7.94%), Lanchospiraceae_XPB_group (1.20–6.99%), and
Ruminococcaceae_UCG-005 (1.82–4.77%) were the most five
dominant genera (Figure 3B). The relative abundance of
uncultured_bacterium_f_Muribaculaceae was decreased while
the Ruminococcaceae_UCG-005 was increased in the FCR group
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FIGURE 2 | The relative abundance of piglets’ ileal (A) and colonic (B) microbiota community and taxonomic differences at the phylum level (n = 7–8). The data are

presented as the means ± SEM, and values with different letters mean significant difference (P < 0.05).

compared with the control group (P < 0.05). In addition, the
relative abundance of Treonema_2 was decreased (P < 0.05) in
the CR group compared with the control group. Furthermore,
the relative abundance of Romboutsia had an upward trend (P =

0.061), while the Streptococcus presented a downward trend (P
= 0.060) in the CR and FCR groups compared with the control
group (Figure 3B).

To further investigate the differences of ileal and colonic
microbiota communities among the three groups, LEfSe
analysis (LDA threshold score ≥ 4.0) was carried out at the
genus level (Figure 4). There was a significant enrichment of
Terrisporobacter in the ileum of the FCR group (Figure 4A).
In the colon, uncultured_bacterium_f_Muribaculaceae and
Streptococcus were enriched in the control group, whereas
Lachnospiraceae_XPB1014_group was enriched in the CR
group. Moreover, Terrisporobacter, Clostridium_sensu_stricto_1,

Romboutsia, and Turicibacter were enriched in the FCR
group (Figure 4B).

Effects of CR or FCR on Gene Expressions
Related to Gut Barrier Function of Piglets
The effects of dietary CR or FCR supplementation on gene
expressions related to gut barrier function of piglets are presented
in Table 5. Compared with the control group, dietary CR or FCR
supplementation up-regulated (P < 0.05) the mRNA expressions
of claudin-1, occludin, and mucin-1 in the jejunum of piglets.
The jejunal mRNA expressions of E-cadherin, Nrf2, and CD36
were up-regulated while the TLR4 was down-regulated in the CR
group, compared with the control and FCR groups (P < 0.05).
Moreover, the mRNA expression of NF-κB was up-regulated
(P < 0.05) and Keap1 was down-regulated (P < 0.05), and
ZO-1 had a toward of up-regulating trend (P = 0.087) in the

Frontiers in Veterinary Science | www.frontiersin.org 7 May 2022 | Volume 9 | Article 902328197

https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles


Azad et al. Cassava Residue on Intestinal Homeostasis

FIGURE 3 | The relative abundance of piglets’ ileal (A) and colonic (B) microbiota community and taxonomic differences at the genus level (n = 7–8). The data are

presented as the means ± SEM, and values with different letters mean significant difference (P < 0.05).

jejunum of the FCR group compared with the control and
CR groups. In the ileum, the mRNA expressions of claudin-
1, E-cadherin, NF-κB, and Nrf2 were up-regulated in the CR
and FCR groups compared with the control group, whereas

NF-κB was up-regulated and E-cadherin was down-regulated

in the FCR group compared with the CR group (P < 0.05).

Furthermore, compared with the control group, the mRNA
expressions of mucin-1, TLR4, and CD36 were up-regulated in
the CR group, while occludin and Keap1were up-regulated in the
FCR group (P < 0.05).

Correlation Analysis of Microbial
Abundances and Gut Barrier Function
The Spearman’s correlation analysis was assessed to evaluate
the correlations between the expression levels of gut barrier

function-related genes and the intestinal microbiota relative
abundance at the genus level of piglets. As shown in Figure 5A,
the ileal uncultured_bacterium_f_Muribaculaceae abundance
was positively correlated with the jejunal Nrf2 while negatively
correlated with the jejunal occludin, claudin 1, and NF-κB
mRNA expression levels. The ileal Lactobacillus abundance
was negatively correlated with the jejunal mucin, claudin 1,
and NF-κB mRNA expression levels. Moreover, there were
positive correlations between ileal Staphylococcus abundance
with the jejunal ZO-1, Terrisporobacter abundance with
the jejunal TLR4 and NF-κB, Enterococcus abundance with
the claudin1, and Tucibacter abundance with the jejunal
NF-κB mRNA expression levels. Furthermore, the ileal
uncultured_bacterium_f_Muribaculaceae abundance was
negatively correlated with the ileal keap1, occludin, and claudin 1
mRNA expression levels, while the ileal Lactobacillus abundance
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FIGURE 4 | Linear discriminant analysis combined effect size (LEfSe) measurement analysis of microbiota in the ileal (A) and colonic (B) contents of piglets.

was negatively correlated with the ileal occludin 1 mRNA
expression level (Figure 5B). As shown in Figure 5C, colonic
Terrisporobacter abundance was positively correlated with
the jejunal NF-κB, mucin, and claudin 1, while negatively
correlated with the keap1 mRNA expression levels. In addition,
there were also positive correlations between the colonic

Turicibacter abundance with the jejunal mucin, claudin1,

and CD36, Clostridium_sensu_stricto_1 abundance with the

jejunal NF-κB, and Lachnospiraceae_XPB1014_group abundance

with the jejunal ZO-1 and mucin mRNA expression levels.
Moreover, the colonic uncultured_bacterium_f_Muriculceae
and Ruminococcaceae_UCG-002 abundances were negatively
correlated with the jejunal ZO-1 and CD36 mRNA expression
levels, respectively. As shown in Figure 5D, colonic Turicibacter
abundance was positively correlated with the ileal mucin, TLR4,
E-cadherin, CD36, and Nrf2 mRNA expression levels, while
colonic Ruminococcaceae_UCG-002 abundance was negatively
correlated with the ileal Nrf2 mRNA expression level. Moreover,
colonic Terrisporobacter abundance was positively correlated
with the ileal occludin, keap1, NF-κB, claudin1, and Nrf2, while

colonic uncultured_bacterium_f_Muribaculaceae abundance was
negatively correlated with the ileal occludin and keap1 mRNA
expression levels.

Effects of CR or FCR on Gene Expressions
Related to Hepatic Lipid Metabolisms of
Piglets
The effects of dietary CR or FCR supplementation on the
mRNA expression levels of hepatic enzymes associated with
fatty acid synthesis and triglyceride metabolism, such as
fatty acid synthase (FASN), CCAAT enhancer-binding protein
alpha (CEBP-α), lipoprotein lipase (LPL), diacylglycerol-o-
acyltransferase 1 (DGAT1), and sterol regulatory element-
binding protein 1c (SREBP-1c) are presented in Figure 6A. The
mRNA expression levels of CEBP-α and LPL were up-regulated
(P < 0.05) in the CR group compared with the control and FCR
groups. Compared with the control group, the mRNA expression
level ofDGAT1was down-regulated (P< 0.05) and SREBP-1cwas
up-regulated (P < 0.05) in the CR and FCR groups. However,
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TABLE 5 | Effects of cassava residue (CR) or fermented cassava residue (FCR) on

gut barrier function-related gene expressions of piglets.

Item Control group CR group FCR group SEM P-values

Jejunum

ZO-1 0.99 1.02 1.25 0.05 0.087

Claudin-1 0.94b 1.15a 1.23a 0.04 0.002

Occludin 0.98b 1.16a 1.22a 0.03 <0.001

Mucin-1 0.98b 1.19a 1.26a 0.03 <0.001

E-cadherin 1.00b 2.05a 1.01b 0.12 <0.001

Keap1 1.43a 1.35a 1.32b 0.02 0.047

NF-κB 1.43b 1.40b 1.66a 0.04 0.006

TLR4 1.35a 1.14b 1.42a 0.03 <0.001

Nrf2 1.11b 2.14a 1.07b 0.12 <0.001

CD36 1.01b 2.05a 1.03b 0.11 <0.001

Ileum

ZO-1 1.00 1.01 0.99 0.01 0.875

Claudin-1 0.99b 1.21a 1.36a 0.04 <0.001

Occludin 1.00b 1.01b 1.28a 0.03 <0.001

Mucin-1 1.00b 1.24a 1.02b 0.03 0.002

E-cadherin 1.00c 1.14a 1.05b 0.02 <0.001

Keap1 1.00b 1.07b 1.28a 0.03 <0.001

NF-κB 1.00c 1.15b 1.27a 0.03 <0.001

TLR4 1.00b 1.21a 1.05b 0.02 <0.001

Nrf2 1.00b 1.24a 1.26a 0.03 <0.001

CD36 1.00b 1.25a 1.05b 0.03 <0.001

Data are expressed as means with their SEM (n = 8). Means within a row without a

common superscript letter are different (P < 0.05).

Keap1, kelch-like ECH-associated protein 1; NF-κB, nuclear factor kappa B; Nrf2, nuclear

factor erythroid 2-related factor 2; TLR4, toll like receptor 4; ZO-1, zonula occludens-1.

there was no significant difference (P > 0.05) in the mRNA
expression level of FASN among the three groups.

The effects of dietary CR or FCR supplementation on the
mRNA expression levels of hepatic enzymes associated with
cholesterol metabolism are presented in Figure 6B. The hepatic
cytochrome p450 family 27 sub-family A member 1 (CYP-
27A1) and acetyl-CoA oxidase 1 (ACOX-1) mRNA expression
levels were down-regulated (P < 0.05), whereas 3-hydroxy-3-
methylglutaryl-CoA reductase (HMG-CoA) was up-regulated (P
< 0.05) in the CR and FCR groups compared with the control
group. In addition, hepatic HMG-CoA mRNA expression level
was down-regulated (P < 0.05) in the FCR group compared with
the CR group. However, no significant differences (P> 0.05) were
observed in the hepatic carnitine palmitoyl transferase 2 (CPT2)
and peroxisome proliferator activated receptor alpha (PPAR-α)
mRNA expression levels among the three groups.

DISCUSSION

Agricultural industries produce a large quantity of agricultural
by-products after processing and production, which are rich
sources of bioactive compounds, such as polysaccharides,
flavonoids, proteins, vitamins, and mineral substances. These
compounds have been found to improve the antioxidant
capacity and gut barrier functions and gut microbiota alteration.

Therefore, the present study evaluated the partial replacement
of corn-soybean meal with CR or FCR on intestinal and
hepatic antioxidant capacity, immunomodulatory function,
gut microbiota composition, gut barrier functions, and lipid
metabolism of piglets. In the present study, dietary CR or FCR
supplementation improved the intestinal and hepatic antioxidant
capacity and immunomodulatory function, gut barrier function,
and regulated hepatic lipid metabolism of Huanjiang mini-
pigs.

The MDA is known as a decomposition product of
lipoperoxidation and the important marker of oxidative stress
(19). In addition, it has been found that early weaning stress
could induce oxidative stress by increasing the levels of MDA
and free radicals (e.g., H2O2 and OH•) and impairing the
cellular antioxidant defense system in piglets (20). Thus, it is
possible to reduce the degree of lipid destruction and increase
the ability of ROS scavenging by lowering the MDA level. In
the present study, dietary CR supplementation decreased the
MDA level in the jejunum and liver, and had a decreasing trend
in the ileum, suggesting that dietary CR supplementation may
influence oxidant status of piglets. Moreover, the SOD, GSH-Px,
and CAT are the major GSH-dependent enzymatic antioxidants
and have strong free radicals scavenging ability (21). The GSH
is a major endogenous antioxidant, acting as a free radical
scavenger in the cell, whereas GSH-Px is the speed-limiting
enzyme and an important indicator of oxidative stress. The
present study showed that dietary CR or FCR supplementation
increased the GSH-Px activity in the jejunum and SOD activity
in the liver of piglets, while dietary CR increased the SOD
activity in the jejunum and ileum and GSH-Px activity in
the liver of piglets. In addition, dietary CR supplementation
increased the CAT and GSH activities in the ileum of piglets.
Therefore, these findings revealed that dietary CR or FCR
supplementation could elevate the antioxidant capacity of piglets
which may contribute to reduce oxidative stress in the early age
of pigs.

The inflammatory cytokines have been found to disrupt
gut barrier function. For example, excessive pro-inflammatory
cytokines (i.e., IL-1β, TNF-α, and IFN-γ), level cause immune
response disorders, which further can lead to inflammation,
while anti-inflammatory cytokines (such as IL-10) can
reduce inflammation (22). In the present study, dietary CR
supplementation increased the concentrations of IL-10 in
the jejunum, IL-10 and TNF-α in the ileum, and IFN-γ in
the liver while both CR and FCR supplementation decreased
IL-1β in the jejunum and increased IL-10 in the liver. The
decreased pro-inflammatory cytokines and increased anti-
inflammatory cytokines in piglets fed with CR or FCR may be
partly improved the piglet’s immunomodulatory functions.
In addition, the present study showed that dietary CR
supplementation increased the intestinal and hepatic sIgA
secretion in the piglets. Secretory IgA is the most important
antibody in mucosal secretions and has a strong ability to
prevent the pathogen invasion from protecting the mucosal
barrier system (23). The possible reason for the beneficial
impacts of dietary CR or FCR on immune responses is that the
fiber contents presented in the CR could directly increase the
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FIGURE 5 | Spearman’s correlation between the jejunal (A) and ileal (B) barrier function-related parameters and ileal microbiota abundances, and jejunal (C) and ileal

(D) barrier function-related parameters and colonic microbiota abundances. * P < 0.05, ** P < 0.01, and *** P < 0.001.

potential immune cell activation and cell-mediated immunity
(24). Therefore, these findings indicated that CR inclusion in
piglets’ diets could enhance the immunomodulatory functions
of piglets by modulating the pro-/anti-inflammatory cytokines
and antibodies.

The gut microbiota plays a crucial role in the gastrointestinal
function, immune function, and health of the host (25). Alpha-
diversity is generally known as the diversity of organisms
within one site or one sample. Moreover, the higher α-
diversity is considered to be beneficial for the maintenance
of the intestinal homeostasis of the host (26). In the present
study, dietary CR or FCR supplementation had no impact
on the ileal microbial community richness (Chao 1 and
Simpson) and evenness (ACE and Shannon), whereas ACE,
Chao 1, and OTU indexes were increased in the colon of
piglets. In addition, β-diversity analysis revealed that dietary

CR or FCR supplementation could significantly change
the overall structure of the colonic microbial community
composition of piglets. Therefore, these findings indicate
that diet partially replaced with CR or FCR may contribute
toward maintaining the intestinal immune homeostasis
in piglets.

Firmicutes, Bacteroidetes, Proteobacteria, and Actinobacteria
were the most abundant phyla in the ileum and colon of piglets at
the phylum level, as these phyla are the predominant in the swine
gastrointestinal tract (27, 28). Meanwhile, Firmicutes abundance
was increased and Bacteroidetes was decreased in the ileum
and colon of piglets after the FCR supplementation in piglet’s
diet. These results indicate that dietary FCR supplementation
changed the structure of the intestinal microbiota in piglets.
Research evidence showed that the energy absorption was
enhanced in weaned piglets when the Firmicutes abundance was
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FIGURE 6 | Effects of cassava residue (CR) or fermented cassava residue (FCR) on hepatic lipid metabolism of piglets. The mRNA expression levels of enzymes

associated with fatty acid synthesis and triglyceride metabolism (A) and cholesterol metabolism (B). The data are presented as the means ± SEM, and values with

different letters mean significant difference (P < 0.05). ACOX-1, acetyl-CoA oxidase 1; CEBP-α, CCAAT enhancer-binding protein alpha; CPT2, carnitine palmitoyl

transferase 2; CYP-27A1, cytochrome p540 family 27 sub-family A member 1; DGAT1, diacylglycerol-o-acyltransferase 1; FASN, fatty acid synthase; HMG-CoA,

3-hydroxy-3-methylglutaryl-CoA reductase; LPL, lipoprotein lipase; PPAR-α, peroxisome proliferator activated receptor alpha; SREBP-1c, sterol regulatory

element-binding protein 1c.

higher than that of Bacteroidetes (29). Similarly, the increased
Firmicutes abundance might enhance the energy absorption
of piglets fed with FCR in the present study (7). Moreover,
dietary CR or FCR supplementation increased the Actinobacteria
abundance in the ileum while decreased Verrucomicrobia and
Tenericutes abundances in the ileum and colon of piglets,
respectively. Actinobacteria is associated with the biodegradation
of fiber and participate in the breakdown of plant-derived
carbohydrate starch and polysaccharides, including inulin
and arabinoxylan (30). Generally, a minor population of
Verrucomicrobia was found in the intestinal microbiota in
response to fermented dietary fiber intervention (7). These
results were similar to those of Lu et al., (7) who reported that
weaned piglets fed with the fermented corn-soybean meal had
a higher Actinobacteria abundance and a lower Verrucomicrobia
abundance.

At the genus level, dietary CR supplementation increased
the Escherichia-Shigella abundance in the ileum and decreased

Terisporobacter and Treponema_2 abundances in the ileum
and colon of piglets, respectively; whereas dietary FCR
supplementation decreased Ruminococcaceae_UCG-005 and
[Eubacterium]_coprostanoligens_group abundances in the ileum
and increased Romboutsia and Rumniococcaceae_UCG-005
abundances in the colon of piglets. Escherichia-Shigella is known
to be an opportunistic pathogen in animals and humans,
which is associated with numerous disorders and infectious
diseases (31). Ruminococcaceae plays a particularly important
role in fiber degradation to obtain more energy by its digestive
enzyme function (32). Further analysis of LEfSe confirmed
that the impacts of dietary CR or FCR supplementation on
the intestinal microbial enrichment in the ileum and colon
of piglets. Taken together, dietary CR supplementation may
contribute a little risk for the piglets’ intestinal health, whereas
the FCR supplementation could improve the intestinal health of
piglets by modulating the microbiota composition in the ileum
and colon.
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The gut barrier functions of early-aged piglets contribute
the foundation for later nutrient absorption and initial barrier
protection from inflammation, which persists later in life (33).
The tight junction proteins (e.g., ZO-1, claudin-1, and occludin),
mucins, and intestinal microbiota collaboratively build up the gut
barrier to maintain intestinal homeostasis and cellular functions
(34). In the present study, the up-regulated mRNA expressions
of tight junction proteins (ZO-1, claudin-1, and occludin) and
mucin-1 in the piglets’ intestine suggested that dietary CR or FCR
supplementation enhanced the intestinal physical and chemical
barrier functions of piglets. In addition, the mRNA expressions
of E-cadherin, NF-κB, and Nrf2 were up-regulated in the CR
and FCR groups compared with the control group, and NF-
κB was up-regulated and E-cadherin was down-regulated in
the FCR group compared with the CR group. Consistent with
these findings, the correlation analysis also revealed that the
gut barrier function parameters exhibited positive correlations
with the intestinal microbial abundances of Terisporobacter and
Turicibacter. Therefore, these findings suggested that dietary CR
or FCR supplementation is beneficial to maintain the piglets’
intestinal homeostasis.

Nutritional strategy shapes the intestinal microbiota, which
impacts hepatic lipid metabolism. In addition, hepatic lipid
accumulation may result from an improper balance between
lipid availability and lipid disposal and thus eventually provokes
lipoperoxidative stress and hepatic injury (35, 36). In the
present study, dietary FCR supplementation increased the
TG and ALP levels and decreased LDL-C level, which
indicated that dietary FCR supplementation might cause mild
inflammation in the liver, although further studies are needed
to clarify this point. Interestingly, dietary CR and FCR
supplementation significantly up-regulated the NF-κB gene
expression in the piglets’ gut in the present study. The NF-
κB is a transcription factor that plays an important role in
immunity and inflammation. It is also an essential factor
that controls gene expression of various pro-inflammatory
cytokines, chemokines, cell adhesion molecules, and acute-
phase protein (37). Nevertheless, pro-inflammatory cytokines
controlled by NF-κB activation (especially TNF-α) was not
affected by dietary CR or FCR supplementation. However,
further studies are needed for NF-κB protein evaluation in
order to correlate cytokine proteins and also to clarify NF-
κB activation mechanisms. The lipid accumulation in the liver
also depends on the fatty acid and triglycerides synthesis and
lipid metabolism-related gene expression levels. The present
study found that dietary CR supplementation up-regulated
the hepatic mRNA expression levels of FASN, CEBP-α, and
LPL in the piglets. The LPL is known as the key proteolytic
enzyme that takes part in lipid metabolism. The decreased
level of LPL blocks the lipid metabolism and helps the
accumulation of fat in the liver (38). Several studies showed
the increasing levels of FASN and CEBP-α in the high-fat
diet compared with the control group (39, 40). The reduced
level of HMG-CoA participates in the reduction of cholesterol
synthesis, which is associated with lipid metabolism, whereas
PPAR-α and CPT2 genes are associated with fatty acid β-
oxidation (41). Moreover, the down-regulated CYP-27A1mRNA

expression level was found to be involved with liver fibrosis
(42). However, the present study showed that dietary CR or
FCR supplementation up-regulated the hepatic mRNA levels
of HMG-CoA and down-regulated CYP-27A1 and ACOX-
1 in the piglets. Collectively, these findings indicate that
dietary CR supplementation showed a potential risk and FCR
supplementation had that tendency in some context. These
results might be the possible reason behind the biological
characteristics of CR. However, further studies are necessary to
reveal the exact reason.

CONCLUSION

In summary, partial replacement of corn-soybean meal with
agricultural by-product CR or FCR could maintain the piglets’
health via enhancing the intestinal and hepatic antioxidant
capacity, immunomodulatory functions, and the production
of IgAs. Moreover, dietary CR supplementation had more
distinctive effects than the FCR on antioxidant enzymes
in both intestine and liver, as well as on the production
of IgA. Meanwhile, these supplements increased the gut
barrier function and altered gut microbiota composition.
However, dietary CR supplementation showed the potential
risk to piglets’ hepatic lipid metabolism, whereas microbial
fermentation of CR had less impact. Nevertheless, partial
replacement of corn-soybean meal with CR or FCR
would be a cost-effective dietary supplemental strategy for
livestock production.
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Recently, the use of essential oils (EOs) or their bioactive compounds encapsulated by

nanoparticles as alternative supplements for in-feed antimicrobials is gaining attention,

especially in organic poultry production. Focusing on eugenol, its incorporation into

the nanoformulation is a novel strategy to improve its stability and bioavailability and

thus augment its growth-boosting and antimicrobial activities. Therefore, we explored

eugenol nanoemulsion activities inmodulating growth, digestive and gut barrier functions,

immunity, cecal microbiota, and broilers response to avian pathogenic E. coli challenge

(APEC) O78. A total of 1,000 one-day-old broiler chicks were allocated into five

groups; negative control (NC, fed basal diet), positive control (PC), and 100, 250, and

400 mg/kg eugenol nanoemulsion supplemented groups. All groups except NC were

challenged with APEC O78 at 14 days of age. The results showed that birds fed eugenol

nanoemulsion displayed higher BWG, FI, and survivability and most improved FCR over

the whole rearing period. Birds fed 400 mg/kg of eugenol nanoemulsion sustained

a higher growth rate (24% vs. PC) after infection. Likely, the expression of digestive

enzymes’ genes (AMY2A, CCK, CELA1, and PNLIP) was more prominently upregulated

and unaffected by APEC O78 challenge in the group fed eugenol nanoemulsion at

the level of 400 mg/kg. Enhanced gut barrier integrity was sustained post-challenge in
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the group supplemented with higher levels of eugenol nanoemulsion as evidenced by

the overexpression of cathelicidins-2, β-defensin-1, MUC-2, JAM-2, occludin, CLDN-

1, and FABP-2 genes. A distinct modulatory effect of dietary eugenol nanoemulsion

was observed on cytokine genes (IL-1β, TNF-α, IL-6, IL-8, and IL-10) expression

with a prominent reduction in the excessive inflammatory reactions post-challenge.

Supplementing eugenol nanoemulsion increased the relative cecal abundance of

Lactobacillus species and reduced Enterobacteriaceae and Bacteriods counts. Notably,

a prominent reduction in APEC O78 loads with downregulation of papC, iroN, iutA, and

iss virulence genes and detrimental modifications in E. coli morphological features were

noticed in the 400 mg/kg eugenol nanoemulsion group at the 3rd-week post-challenge.

Collectively, we recommend the use of eugenol nanoemulsion as a prospective targeted

delivery approach for achieving maximum broilers growth and protection against APEC

O78 infection.

Keywords: broiler chickens, eugenol nanoemulsion, performance, immunity, barrier function, APECO78, virulence

gene expression

INTRODUCTION

The overuse of in-feed antibiotics in the poultry industry had
increased the emergence of antibiotic-resistant bacterial strains
(1, 2) and drug residues in meat posing a risk to public health
and environment (3). Thus, regulations concerning the use of
antibiotic growth promoters or increasing consumer necessity
for poultry products free from antibiotics have increased the
pursuit of alternative products. Nowadays, there is a renewed
interest in developing safe and eco-friendly immunomodulating,
antioxidant, and antibacterial alternative natural agents (4). In
particular, phytogenic feed additives or their compounds, i.e.,
essential oils (EOs) have been displayed to modify gut signaling
molecules (5), gut (6) and luminal (7) microbiota composition,
gut integrity (8–10) and pro- and anti-inflammatory cytokines
expression (11–13). Other features of these additives include
their capability for increasing the growth performance, digestive
functions, or expression of digestive enzyme related genes (14–
17) and to enhance the meat quality in broiler chickens (18–
20). Among many potentially bioactive compounds from plant
extracts, eugenol (4-allyl-2-methoxyphenol), a component of
clove oil (21), has revealed positive potential impacts on growth
performance and intestinal health (22) due to its antioxidant,
antibacterial, and anti-inflammatory properties (23). It possesses
antibacterial efficacy against Gram-positive and Gram-negative
bacteria (24). Many studies have provided direct evidence about
its antibacterial activity, which is closely associated with its ability
for permeabilization of the bacterial cell membrane, destroying
membrane integrity and facilitating the entry of eugenol into
the cytoplasm, which finally interacts with proteins and enzymes
leading to the outflow of intracellular elements (23, 25, 26).

Escherichia coli (E. coli), the focus of this study, is a common
member of the gut microbial community, while avian pathogenic
E. coli (APEC) strains, especially O78 causes colibacillosis with
a consequence of poorer bird performance and major economic
losses due to higher morbidity and mortality rates (27). About
10–15% of avian gastrointestinal tract (GIT) coliforms have been

demonstrated to belong to the potentially pathogenic APEC
serogroups (28). Consistently, virulent and avirulent E. coli
are shown to colonize and efficiently persist in the GIT with
extra-intestinal translocation arising only under the existence
of stressors (29). Strikingly, the intestinal location of APEC
offers a good opportunity for spread into the environment
and transmission through feces with a capability for efficient
persistence in the dry environment. The dust in avian houses may
have up to 106 colony-forming units (CFU) of E. coli per gram
(28). In spite of advances in poultry production systems over
recent years, APEC still pose a challenge to poultry farmers and
threaten food security at a time of growing global demand. This
could be attributed to the development of free-range production
systems that could increase the incidence of colibacillosis due
to over-exposure of broiler chickens to environmental bacterial
pathogens, injury, and stress (30). The use of antibiotics
remains important in treating such bacterial infections; however,
non-antibiotic strategies are essential for APEC diseases, for
which antibiotic therapies are not optional. The merits of
nanotechnology have combined to introduce a source of new
marketable products in the research and field. Concerning
technical stability, nanosystems have the benefits of protecting
active ingredients against inactivation and degradation besides
incorporation of ingredients with dissimilar polarity to trigger
extended release and/or target a specific tissue (31). Among these
nanocarriers, nanoemulsions are considered suitable carriers
for active ingredients of EOs owing to their easy preparation,
high surface area and stability, low cost of production, and
the potential of production on large industrial scale for
pharmacological and biological applications (32). In this context,
the precise mode of actions of eugenol nanoemulsion beyond
its promising effects with a special reference in controlling
APEC and restoring broilers productivity in antibiotics-free
system need forceful investigation. Hence, our experimental
study evaluated, for the first time, the efficacy of eugenol
nanoemulsion on the growth performance, gut barrier and
digestive functions, immune response, and cecal microbiology
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at the molecular levels. Since, there were no data regarding the
use of eugenol nanoemulsion as a potential candidate against
APEC, we elucidated its optimistic role in the reluctance of
colisepticemia experimentally induced in broilers focusing on
the morphological alterations of APEC and modulation of its
virulence gene expression as well.

MATERIALS AND METHODS

Ethical Approval
The experiment procedures were approved by the University
Strategies for the Care of Experimental Animals and they
have been certified by the ZU-IACUC Board of the Faculty of
Veterinary Medicine, Zagazig University, Egypt.

Preparation and Characterization of
Eugenol Nanoemulsion
Eugenol (W246719-1KG-K, Mol. Wt. 164.20), medium viscosity
sodium alginate (Code A-2033), and polyoxyethylene (20)
sorbitan monooleate were purchased from Sigma-Aldrich (Saint
Louis, MO, United States). For oil phase preparation, sodium
alginate was dissolved in hot distilled water at 70◦C under
continuous stirring until full solubility. A primary emulsion
was prepared by blending the aqueous sodium alginate solution
and eugenol essential oil (1% v/v) plus Tween 80 (1% v/v) as
nonionic surfactant using a digital Ultra-Turrax disperser (IKA,
Germany) for 2min at 3,400 rpm. Ultrapure water was used as
a solvent during all preparations. Afterward, the coarse emulsion
was homogenized at 10,000 rpm for 10min until the formation of
nanoemulsion solution. This mixture was then sonicated through
a Sonopuls HD 2200 ultrasonicator (Bandelin Berlin, Germany)
at 700W for 10 min.

Characterization of the prepared eugenol nanoemulsion was
carried out by Fourier transform infrared (FTIR) spectroscopy
(Figure 1a) at Radioactive Isotopes and Generators, Atomic
Energy Authority, Egypt) and transmission electron microscopy
(TEM, Figure 1b) at the National Center for Radiation
Research and Technology, Egyptian Atomic Energy Authority,
Cairo, Egypt.

Experimental Chicks and Design
This experimental trial was carried out on 1,000 one-day-old
broiler chicks (Ross 308), which were purchased from the Zagazig
Poultry House hatchery. Upon arrival, they were separately
weighed (initial weight = 44 ± 1.2 g), stayed in a deep litter
poultry house for 35 days with an initial temperature of 34◦C,
which was slowly reduced to 24◦C (±2◦C) at the end of the
3rd week and kept in completely hygienic conditions. The chicks
were divided into five groups (200 /group with 10 replicates/ 20
chicks each). The first two bird groups were served as negative
control (NC, fed a control diet without eugenol nanoemulsion
and were not challenged) and positive control (PC, fed a control
diet without eugenol nanoemulsion and were challenged at 14
days of age with APEC O78 strain). The birds in the other
three treatment groups were fed eugenol nanoemulsion with
concentrations of 100, 250, and 400 mg/kg diet, respectively, and
challenged with APEC O78. All birds were permitted admission

to feed and water ad libitum during the 35-days experimental
period. The control diet for starter (1–10 days), grower (11–
20 days), and finisher (21–35 days) periods was formulated to
meet Aviagen recommendations (33) as presented in Table 1.
The chemical analyses of all feed ingredients and diets were
done according to the standard methods recommended by the
Association of Official Analytical Chemists (34).

Virulent APEC O78 Challenge Model
Virulent field APEC O78 multidrug-resistant (MDR) strain
used in the current experiment was previously recovered from
broiler chickens with colisepticemia according to a previous
research paper by one of the co-authors (35). The strain
was cultivated onto macConkey’s agar plates (Oxoid, UK) at
37◦C for 24 h and the challenge inoculum was adjusted to
give a final viable cell concentration of approximately 108

CFU/ml (36). The virulence of the strain was verified by PCR
investigation of the most important virulence genes; papC,
iroN, iutA, and iss (37). Moreover, the strain was evidenced
to be resistant to amoxicillin-clavulanic acid, aztreonam,
amikacin, erythromycin, streptomycin, rifampicin, colistin,
gentamycin, sulphamethoxazole/trimethoprim, ciprofloxacin,
ceftriaxone, chloramphenicol, piperacillin, tetracycline, and
imipenem being MDR. This resistance pattern was used as a
re-isolation marker (38).

At 14 days of age, all birds in PC and eugenol nanoemulsion
groups were orally inoculated, via crop gavage, with 0.5ml of 3×
108 CFU/ml APECO78 broth culture for experimental induction
of colisepticemia, while NC group was kept unchallenged.
The bacterial infection was ascertained via observing the
characteristic clinical picture and gross lesions associated
with colisepticemia besides re-isolation and identification of
the infecting APEC O78 strain. Additionally, a successful
establishment of the colisepticemia model was checked via
re-examining the antimicrobial susceptibility profiles and the
existence of the investigated virulence genes in the APEC
O78 strain.

Monitoring the Bird’s Growth Performance
The feed intake (FI) and body weight (BW) were recorded for
determination of the feed conversion ratio (FCR) and body
weight gain (BWG) at the end of starter, grower, and finisher
periods as described previously (10). The cumulative FI, BWG,
and FCR were calculated accordingly over the whole rearing
period (days 1–35). Mortality rates were recorded throughout the
experimental period.

Sampling
Blood samples were aseptically collected from the bird’s wing
vein and divided into two parts. The first part was kept with
heparin for some hematological assays and the second part was
collected in a clot activator vacutainer tube to allow clotting
and centrifuged for 10min at 3,000 rpm for separation of
serum, which was kept at −20◦C for further biochemical assays.
Five birds/replicates were slaughtered and sacrificed. The cecal
contents were aseptically removed from each bird, placed in
sterile tubes, and frozen at −80◦C for subsequent bacterial
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FIGURE 1 | Fourier transform infrared (FTIR) spectroscopy (a) and transmission electron microscopy (TEM, b) of eugenol nanoemulsion.

TABLE 1 | The ingredients and nutrient contents of basal diet.

Ingredient, % Starter (1–10 days) Grower(11–20 days) Finisher (21–35 days)

Yellow corn 59.00 61.50 65.50

Soybean meal, 48% 34.40 30.80 25.80

Soybean oil 1.80 3.00 4.00

Calcium carbonate 1.20 1.20 1.20

Calcium diphasic phosphate 1.50 1.50 1.50

Common salt 0.30 0.30 0.3

Premix* 0.90 0.90 0.9

L-Lysine HCL, 78% 0.35 0.3 0.3

DL-Methionine, 99% 0.25 0.2 0.2

Choline chloride 0.20 0.20 0.20

Anti-mycotoxin 0.10 0.10 0.10

Calculated composition

Metabolizable energy (Kcal/Kg) 3,106 3,103 3,200

Crude protein, % 23.01 21.5 19.50

Ether extract, % 4.33 5.6 6.62

Crude fiber, % 2.63 2.56 2.46

Calcium, % 1.20 1.19 1.17

Available phosphorous, % 0.53 0.50 0.48

Lysine, % 1.45 1.29 1.16

Methionine, % 0.58 0.51 0.49

*Vitamin premix supplied per kilogram of diet: retinol, 10.000 IU; tocopheryl acetate, 70mg; cholecalciferol, 6000 IU; menadione, 2.5mg; riboflavin, 7mg; thiamine, 4mg; pantothenate,

12mg; niacin, 50mg; folate, 3mg; pyridoxine, 6mg; biotin, 300 µg; cyanocobalamine, 15 µg; Fe (sulfate), 30mg; Cu (sulfate), 14mg; Se (selenate), 0.3mg; I (iodide), 1.20mg; Zn

(sulfate and oxide), 120mg; Mn (sulfate and oxide), 100 mg.

population counts via quantitative real-time PCR (qPCR) and
for analysis of mRNA expression of APEC virulence genes.
The pancreatic tissues were collected aseptically for subsequent
gene expression analysis of digestive enzymes. Moreover, the
jejunal segments were washed with sterile phosphate-buffered
saline, cut aseptically about 30–35 cm proximally from mid-
jejunum (Meckel’s diverticulum), and subjected to expression
analysis of barrier functions and cytokine related genes via
reverse transcription-quantitative polymerase chain reaction
(RT-qPCR) technique. Finally, the liver samples were used for

re-isolation of challenge APEC O78 strain, which was subjected
for TEM examination.

Biochemical and Hematological
Investigations
At 14 days (before challenge), the red blood cells (RBCs) were
estimated via a Neubauer hemocytometer (Sigma-Aldrich,
Germany) and hemoglobin (Hb) concentrations were calculated
using the cyanomethemoglobin colorimeteric procedure.
Moreover, the levels of alanine transaminase (ALT), aspartate
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transaminase (AST), total proteins, creatinine, uric acid, total
cholesterol, triglycerides, and a diverse fraction of lipoproteins
[low-density lipoprotein (LDL), very low-density lipoprotein
(VLDL), and high-density lipoprotein (HDL)] were assessed
using an automated spectrophotometer (Chemray 240. USSR).
At 21 and 35 days of age (1st and 3rd weeks post-APEC
O78 challenge, respectively), the levels of ALT, AST, total
proteins, creatinine, and uric acid and activities of lysozyme
(LYZ), myeloperoxidase (MPO), and nitric oxide (NO) were
assessed by commerce kits (Jiancheng Biotechnology InstituteTM,
Nanjing, China).

Gene Expression Profile Analysis by
RT-QPCR
At 14 and 35 days of age, pancreatic and jejunal tissues
were used for determining the mRNA expression levels
of genes encoding digestive enzymes [alpha 2A amylase
(AMY2A), cholecystokinin (CCK), pancreatic lipase (PNLIP),
and chymotrypsin-like elastase family, member 1 (CELA1)],
barrier functions [cathelicidins-2, β-defensin-1, mucin-2 (MUC-
2), junctional adhesion molecule-2 (JAM-2), occludin, claudins-
1 (CLDN-1), and fatty acid-binding protein-2 (FABP-2)] and
cytokines [interleukin-6 (IL-6), IL-8, IL-1β, IL-10, and tumor
necrosis factor-alpha (TNF-α)]. Moreover, cecal contents were
used for subsequent analysis of mRNA expression levels of
APEC O78 virulence genes (papC, iroN, iutA, and iss) at the
1st and 3rd week post-APEC O78 challenge. RNA was separated
by QIAamp RNeasy Mini kit (Qiagen, Hilden, Germany)
as endorsed by the manufacturers’ instructions. The RNA
concentration was estimated at 260 nm and the RNA clarity
was spectrophotometrically measured by computing the ratio of
absorbance wave length at 260 and 280 nm. One-step RT-qPCR
assays were achieved on the Strata-gene MX3005P real-time PCR
recognition system by a QuantiTect SYBR Green RT-PCR Kit
(Qiagen, Hilden, Germany). All PCR procedures were performed
in triplicate. The specificity of all PCR amplifications was verified
by a melting curve analysis. The transcripts expression levels
were normalized to those of TATA-binding protein (TBP),
glyceraldehyde 3-phosphate dehydrogenase (GAPDH), and E.
coli 16S rRNA genes as endogenous controls. The gene-specific
primer sequences exploited in RT-qPCR assay are presented in
Table 2. The outcomes of relative mRNA expression of studied
genes were assessed via the 2−11Ct method (42).

Quantitative Microbial Profiling
At 14, 21, and 35 days of age, DNA from frozen cecal
digesta samples was extracted with QIAamp DNA Stool
Mini Kit (Qiagen, Germany) following the manufacturer’s
instructions. The extracted DNA was subjected to qPCR assays
for quantification of genomic DNA copies of total bacteria
and some intestinal bacterial species, including Lactobacillus,
Enterobacteriaceae, and Bacteroids, at 14 and 35 days of age and
APEC O78 challenge strain at 1st and 3rd weeks post-APEC
O78 challenge, in triplicate, using Stratagene MX3005P RT-PCR
machine and SYBR Green PCR Master Mix (Qiagen, Germany)
according to the manufacturer’s protocol. The sequences of
the primers targeting the bacterial-specific 16S rRNA genes

TABLE 2 | Primer sequences used for quantitative PCR assays.

Encoding gene Primer sequence (5
′

-3
′

) Accession No./

Reference

Digestive

enzymes

AMY2A F: CGGAGTGGATGTTAACGACTGG

R: ATGTTCGCAGACCCAGTCATTG

NM_001001473.2

PNLIP F: GCATCTGGGAAG↓GAACTAGGG

R: TGAACCACAAGCATAGCCCA

NM_001277382.1

CCK F: AGGTTCCACTGGGAGGTTCT

R: CGCCTGCTGTTCTTTAGGAG

XM_015281332.1

CELA1 F: AGCGTAAGGAAATGGGGTGG

R: GTGGAGACCCCATGCAAGTC

XM_015300368.1

Barrier functions

Cathelicidins-2 F: AGGAGAATGGGGTCATCAGG

R: GGATCTTTCTCAGGAAGCGG

NM_001024830.3

β-defensin-1 F: AAACCATTGTCAGCCCTGTG

R: TTCCTAGAGCCTGGGAGGAT

NM_204993.1

Occludin F: ACGGCAAAGCCAACATCTAC

R:ATCCGCCACGTTCTTCAC

XM_031604121.1

CLDN-1 F: GGTGAAGAAGATGCGGATGG

R: TCTGGTGTTAACGGGTGTGA

NM_001013611

MUC-2 F: AAACAACGGCCATGTTTCAT

R: GTGTGACACTGGTGTGCTGA

NM_001318434

JAM-2 F: AGACAGGAACAGGCAGTGCT

R: TCCAATCCCATTTGAGGCTA

XM_031556661.1

FABP-2 F: AGGCTCTTGGAACCTGGAAG

R: CTTGGCTTCAACTCCTTCGT

NM_001007923

Cytokines

IL-6 F: AGGACGAGATGTGCAAGAAGTTC

R: TTGGGCAGGTTGAGGTTGTT

NM_204628.1

IL-8 F: CTGGCCCTCCTCCTGGTT

R: GCAGCTCATTCCCCATCTTTAC

XM_015281283.2

IL-10 F: GCTGAGGGTGAAGTTTGAGG

R: AGACTGGCAGCCAAAGGTC

XM_025143715.1

IL-1β F:GCTCTACATGTCGTGTGTGATGAG

R: 50-TGTCGATGTCCCGCATGA

NM_204524

TNF-α F: CGTTTGGGAGTGGGCTTTAA

R: GCTGATGGCAGAGGCAGAA

NM_204267.1

House keeping

GAPDH F: CAACCCCCAATGTCTCTGTT

R: TCAGCAGCAGCCTTCACTAC

NM205518

TBP F: GTCCACGGTGAATCTTGGTT

R: GCGCAGTAGTACGTGGTTCTC

Acc:8484

E. coli

16S rRNA F: GACCTCGGTTTAGTTCACAGA

R: CACACGCTGACGCTGACCA

(39)

Total bacteria

16S rRNA F: CGGYCCAGACTCCTACGGG

R: TTACCGCGGCTGCTGGCAC

(40)

Enterobacteriaceae

16S rRNA F: CATTGACGTTACCCGCAGAAGAAGC

R: CTCTACGAGACTCAAGCT TGC

Bacteroides

species

16S rRNA F: GAGAGGAAGGTCCCCCAC

R: CGCTACTTGGCTGGTTCAG

(Continued)
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TABLE 2 | Continued

Encoding gene Primer sequence (5
′

-3
′

) Accession No./

Reference

Lactobacillus

species

16S rRNA F: CACCGCTACACATGGAG

R: AGCAGTAGGGAATCTTCCA

E. coli O78

virulence

papC F: GACGGCTGTACTGCAGGGTGTGGCG

R: ATATCCTTTCTGCAGGGATGCAATA

(41)

iroN F:

AATCCGGCAAAGAGACGAACCGCCT

R:

GTTCGGGCAACCCCTGCTTTGACTTT

iutA F: GGCTGGACATCATGGGAACTGG

R: CGTCGGGAACGGGTAGAATCG

iss F: CAGCAACCCGAACCACTTGATG

R: AGCATTGCCAGAGCGGCAGAA

AMY2A, alpha 2A amylase; PNLIP, pancreatic lipase; CCK, cholecystokinin; CELA1,

chymotrypsin-like elastase family, member 1; CLDN-1, claudins-1; MUC-2, mucin-

2; JAM-2, junctional adhesion molecule-2; FABP-2, fatty acid binding protein-2; IL,

interleukin; TNF-α, tumor necrosis factor alpha; GAPDH, glyceraldehyde-3- phosphate

dehydrogenase; TBP, TATA-binding protein.

are shown in Table 2. The DNA samples extracted from pure
bacterial cultures were 10-fold serially diluted to create the
standard calibration curves. The number of target genomic DNA
copies was calculated and the bacterial quantities were expressed
in terms of log10 CFU per gram of the cecal digesta.

Transmission Electron Microscopy
At 35 days of age, liver samples of 3 birds in all groups were
collected for re-isolation of the challenge APEC O78 strain,
which was subjected to TEM examination for detecting any
morphological alterations. The re-isolated E. coli strain was
cultivated onto MacConkey’s agar plates at 37◦C and then fresh
pure colonies from agar plates were incubated at 37◦C to the
mid-logarithmic phase. The samples were prepared following
the procedures of Bozzola and Russell (43) with modifications.
Briefly, the bacterial specimens were fixed at room temperature
at 1:1 v/v in 2% glutaraldehyde and 1% paraformaldehyde for
1 h. Afterward, the samples were dehydrated by a graded ethanol
level (30, 50, 70, 90, and 100%). The specimens were then kept
in pure propylene and transmitted to epoxy embedding resin.
Uranyl acetate and lead citrate were used for staining of sample
sections, which were investigated via a JEOL JEM 1010 TEM
(Jeol Ltd., Tokyo, Japan) at the Regional Center forMycology and
Biotechnology, Al-Azhar University, Cairo, Egypt.

Statistical Analysis
All obtained statistical data were analyzed via the GLMprocedure
of SPSS version 22. The homogeneity among the treatment
groups was carried out through Levene’s test and normality by
Shapiro–Wilk’s test using the model Y ik = µ + Li + eik,
where Y ik is the observation, µ is the overall means, Li is the
effect of experimental groups and eik is random error. Variations

TABLE 3 | Effects of dietary supplementation of various levels of eugenol

nanoemulsion on growth performance parameters of broilers challenged with E.

coli O78 at 14 days of age.

NC PC Eugenol nanoemulsion

(mg/kg diet)

P-value SEM

100 250 400

Starter (1–10 days)

BW (g/bird) 312d 318c 319c 332b 341a < 0.001 5.91

BWG (g/bird) 267d 272c 274c 286b 295a < 0.001 5.29

FCR 1.29a 1.29a 1.29a 1.25b 1.20a < 0.001 3.8

FI (g/bird) 346c 352bc 354ab 359a 354ab < 0.001 7.41

Grower (11–20 days)

BW (g/bird) 1236e 1087d 1211c 1299b 1322a < 0.001 8.6

BWG (g/bird) 924e 769d 892c 967b 981a < 0.001 9.4

FCR 1.64bc 2.00a 1.70b 1.65bc 1.61c < 0.001 < 0.001

FI (g/bird) 1517c 1534bc 1516c 1594a 1578ab < 0.001 3.91

Finisher (21–35 days)

BW (g/bird) 2479b 1996d 2245c 2481b 2635a < 0.001 3.2

BWG (g/bird) 1243b 909d 1034c 1182b 1313a < 0.001 9.2

FCR 1.68e 2.53a 1.97b 1.84c 1.74d < 0.001 < 0.001

FI (g/bird) 2092c 2299a 2038d 2178b 2288a < 0.001 4.90

Allover (1–35 days)

BWG (g/bird) 2434b 1951d 2199c 2435b 2589a < 0.001 3.38

FI (g/bird) 3954c 4184ab 3909c 4131b 4221a < 0.001 5.5

FCR 1.62d 2.15a 1.78b 1.70c 1.63d < 0.001 < 0.001

Survivability (%) 96a 64c 86b 90a 96a < 0.001 1.5

BW, body weight; BWG, body weight gain; FI, feed intake; FCR, feed conversion ratio;

NC (negative control), birds fed on basal diet; PC (positive control), birds fed on basal diet

and challenged with E. coli at day 14 of age; SEM, standard error of the mean. Means

with different superscripts within the same row differ significantly (p < 0.05).

among the data were determined as SEM and the significance
was indicated at P ≤ 0.05. Tukey’s test was utilized to assess the
significant differences among the mean values. All graphs were
generated via the GraphPad Prism software Version 8.

RESULTS

Growth Performance Parameters
Growth performance parameters before and in response to
experimental APEC O78 infection are shown in Table 3.
Significant differences were detected among different
experimental groups along all rearing periods. In the starter
period (days 1 to 10), BWG and FCRwere prominently improved
in groups supplemented with 250 and 400 mg/kg diet of eugenol
nanoemulsion. Moreover, the FI was significantly stimulated
(P < 0.05) by increasing the level of eugenol nanoemulsion.
In the grower period (days 11 to 20), the E. coli challenge
significantly (P < 0.05) reduced FI and BWG and increased
FCR and survivability in the PC group compared to groups
that received eugenol nanoemulsion and were challenged
with E. coli, especially at higher doses. In the finisher period
(days 21 to 35), supplementation of eugenol nanoemulsion
significantly (P < 0.05) improved BWG and FCR, unlike the PC
group. In an overall trial period (days 0 to 35), BWG, FI, FCR,
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and survivability were negatively affected by E. coli challenge
in the group unsupplemented with eugenol nanoemulsion;
nevertheless, its supplementation significantly (P < 0.05)
boosted BWG and FCR of birds. Moreover, birds that received
400 mg/kg of eugenol nanoemulsion showed a higher significant
survivability rate (96%) compared with the PC group (64%).

Biochemical and Hematological Analyses
At 14 days of age, there were no significant differences (P > 0.05)
in the levels of ALT, AST, creatinine, and uric acid among all
experimental groups. The concentration of serum total proteins
was significantly (P < 0.05) increased with increasing levels
of dietary eugenol nanoemulsion. The RBCs count tended to
be increased in response to eugenol nanoemulsion, while no
significant differences were detected inHb concentrations among
various experimental groups. Inclusion of different levels of
eugenol nanoemulsion significantly (P < 0.05) decreased the
cortisol and triglycerides levels unlike the control group and the
most lowering values were detected in broilers fed 400 mg/kg of
eugenol nanoemulsion. In contrast, the serum VLDL and LDL
levels were greatly (P < 0.05) reduced post supplementation of
higher levels of eugenol nanoemulsion (Table 4).

At the 1st and 3rd weeks post E. coli challenge, the
unsupplemented and challenged birds exhibited the highest
levels of ALT, AST, creatinine, and uric acid. Meanwhile, their
levels were restored after dietary supplementation of eugenol
nanoemulsion, especially at the dose of 400 mg/kg. Moreover, the
highest level of serum total proteins was observed in birds fed
400 mg/kg of eugenol nanoemulsion at both intervals (Table 5).
During 1st week post E. coli challenge, the inclusion of higher
levels of eugenol nanoemulsion significantly (P < 0.05) reduced
the LYZ activities unlike the PC group; meanwhile the group fed
400 mg/kg of eugenol nanoemulsion restored the LYZ activities
to be similar to those in the NC group at 3rd-week post E. coli
challenge. Notably, the serum activities of MPO and NO contents
were significantly decreased (P < 0.05) in birds fed 250 and 400
mg/kg of eugenol nanoemulsion compared with the PC group at
both time points (Table 6).

Expression Analysis Data
The expression levels of genes encoding digestive enzymes before
and after E. coli challenge are illustrated in Figure 2. Before
E. coli challenge, the transcription of AMY2A and CCK genes
was significantly (P < 0.05) upregulated with increasing the
levels of eugenol nanoemulsion compared with the control
group. Moreover, the highest significant (P < 0.05) expression
levels of CELA1 and PNLIP genes were detected in the group
supplemented with eugenol nanoemulsion at the level of 400
mg/kg. Interestingly, AMY2A and PNLIP transcriptional levels
reached their peaks (P < 0.05) after dietary inclusion of 250 and
400 mg/kg eugenol nanoemulsion even after E. coli challenge.
Furthermore, CCK and CELA1 genes mRNA expression levels
were significantly (P < 0.05) upregulated, especially with higher
supplementation levels of eugenol nanoemulsion. The expression
profiles of gene encoding barrier functions are presented in
Figure 3. Prior to challenge, the transcription levels of β-
defensin-1 and cathelicidins-2 genes were not statistically (P

> 0.05) significant in response to dietary supplementation of
eugenol nanoemulsion. Moreover, dietary supplementation of
eugenol nanoemulsion at various levels significantly (P < 0.05)
increased the transcriptional levels of genes encoding TJPs,
including occludin and CLDN-1, in a dose-dependent manner
unlike the control group. Of note, the highest prominent (P <

0.05) transcription level of MUC-2 gene was observed in group
supplemented with eugenol nanoemulsion at the level of 400
mg/kg (increased by 1.31-fold).Moreover, the expression of JAM-
2 gene was significantly increased in groups fed 250 and 400
mg/kg eugenol nanoemulsion groups (increased by 2.37 and
2.51-fold), followed by 100 mg/kg eugenol nanoemulsion group
(2.16-fold increase). The expression level of FABP2 gene was
highly reported in groups fed 400 mg/kg eugenol nanoemulsion
group (2.05-fold increase), followed by 250 and 100 mg/kg
eugenol nanoemulsion groups (1.83- and 1.79-fold increase).
Notably, E. coli challenge did not negatively alter the relative
expression levels of barrier functions related genes upon dietary
eugenol nanoemulsion supplementation as evidenced by their
significant (P < 0.05) higher levels, especially with increasing
the concentrations of dietary eugenol nanoemulsion. As shown
in Figure 4, the quantitative expression of genes encoding
cytokines was prominently affected either earlier to or after the
E. coli challenge. Before the challenge, the group fed 400 mg/kg
eugenol nanoemulsion exhibited the highest significant (P <

0.05) expression levels of IL-6 and IL-8 genes. Moreover, dietary
supplementation of 250 and 400 mg/kg eugenol nanoemulsion
significantly (P < 0.05) downregulated the mRNA expression
levels of IL-1β and TNF-α genes in comparison with the control
group. Regarding the IL-10 relative expression levels, dietary
inclusion of eugenol nanoemulsion significantly (P < 0.05)
upregulated its levels in a dose dependent manner. Post E.
coli challenge, dietary eugenol nanoemulsion supplementation
significantly (P < 0.05) restored the excessive expression levels
of IL-6, IL-8, IL-1β, and TNF-α genes to be nearly similar to
those in the unchallenged group. Moreover, significant (P <

0.05) increased IL-10 mRNA expression levels were observed
in groups supplemented with eugenol nanoemulsion in a dose-
proportional manner, unlike the PC group.

Quantitative Profiling of Cecal Microbial
Loads
The profiling of cecal microbiota prior to and later to E.
coli challenge in different experimental groups is depicted in
Figure 5. There were no significant (P > 0.05) differences
observed in the total bacterial loads in response to dietary
various levels of eugenol nanoemulsion inclusion prior to E.
coli challenge. Bacteroides counts exhibited no significant (P
> 0.05) variations in all experimental groups except for the
group fed 400 mg/kg eugenol nanoemulsion, where its loads
decreased by 13% compared with the control group. Moreover,
Lactobacillus counts were markedly (P < 0.05) increased in 250
and 400 mg/kg eugenol nanoemulsion supplemented groups in
relation to the control group (7.4 and 7.8 vs. 6.7 log10 CFU/g,
respectively). The most prominent (P < 0.05) reduction of
Enterobacteriaceae counts was noticed in the group fed 400
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TABLE 4 | Effects of dietary supplementation of different doses of eugenol nanoemulsion on serum biochemical parameters of broilers prior to E. coli O78 challenge.

Parameter Control Eugenol nanoemulsion (mg/kg diet)

100 250 400 P-value SEM

Total protein (g/dl) 4.00d 4.36c 5.10b 5.87a < 0.001 0.03

ALT (U/L) 33.32 31.33 32.33 32.17 0.20 0.48

AST (U/L) 46.37 46.17 45.00 46.43 0.34 0.60

Uric acid (µmol/L) 9.92 10.06 9.83 10.03 0.89 0.10

Creatinine (mg/dl) 0.27 0.28 0.30 0.28 0.21 0.01

RBCs (×106/µL) 2.42b 2.47ab 2.52a 2.48ab 0.05 0.01

Hb (g/dl) 12.27 12.17 12.20 12.23 0.95 0.13

Cholesterol (mg/dl) 124.03a 124.57a 113.73b 103.78c < 0.001 1.18

Triglycerides (mg/dl) 97.78a 85.43b 83.70b 73.70c < 0.001 4.06

HDL (mg/dl) 39.93 35.56 39.04 39.89 0.18 2.99

LDL (mg/dl) 65.55b 71.92a 57.95c 49.15d < 0.001 2.88

VLDL (mg/dl) 19.53a 17.09b 16.74b 14.74c < 0.001 0.16

ALT, alanine transaminase; AST, aspartate transaminase; RBCs, red blood cells; Hb, hemoglobin; HDL, high-density lipoprotein; LDL, low-density lipoprotein; VLDL, very low-density

lipoprotein; SEM, standard error of the mean. Means with different superscripts within the same row differ significantly (P < 0.05).

TABLE 5 | Effects of dietary supplementation of various concentrations of eugenol nanoemulsion on serum biochemical parameters of broilers post-challenge with E. coli

O78.

Experimental

group

1st week post challenge 3rd week post challenge

Total

protein (g/dl)

ALT (U/L) AST (U/L) Uric acid

(µmol/L)

Creatinine

(mg/dl)

Total

protein (g/dl)

ALT (U/L) AST (U/L) Uric acid

(µmol/L)

Creatinine

(mg/dl)

Eugenol, PC 1.48e 68.73a 82.83a 17.80a 0.62a 1.53c 54.97a 75.30a 16.53a 0.56a

(mg/kg) NC 4.07a 33.24e 46.57c 10.30d 0.30c 4.10a 32.80d 46.50c 10.17d 0.31cd

100 2.40d 55.20b 56.53b 16.97a 0.43b 3.37b 43.60b 52.17b 13.97b 0.37b

250 2.87c 47.40c 56.30b 15.17b 0.37bc 3.73b 37.20c 47.83c 12.17c 0.35bc

400 3.60b 38.83d 54.73b 12.57c 0.34c 4.20a 33.53d 46.43c 9.57d 0.29d

P-value <0.001 <0.001 0.03 <0.001 <0.001 0.02 <0.001 0.04 <0.001 <0.001

SEM 0.31 0.68 0.08 0.06 0.00 0.01 0.02 0.02 0.02 0.09

PC (positive control), birds fed basal diet and challenged with E. coli O78 at 14 days of age; NC (negative control), birds fed basal diet; SEM, standard error of the mean; ALT, alanine

transaminase; AST, aspartate transaminase. Means with different superscripts within the same row differ significantly (P < 0.05).

mg/kg eugenol nanoemulsion. At 35 days of age (3rd-week post
E. coli challenge), there was no noticeable effect (P > 0.05) for
dietary eugenol nanoemulsion on total bacterial loads among all
challenged groups. Moreover, Bacteroides and Enterobacteriaceae
counts notably (P < 0.05) decreased with the increasing level
of dietary eugenol nanoemulsion in challenged broilers, unlike
the PC group. In contrast, birds supplemented with 400 mg/kg
eugenol nanoemulsion retained considerably higher significant
(P < 0.05) Lactobacillus counts even after E. coli challenge.

Quantification of E. coli O78 DNA Copies
The results of quantification of E. coli O78 in the cecal digesta of
broilers are described in Figure 6. At the 1st-week post-challenge,
the lowest significant (P < 0.05) log10 copies of E. coli O78
populations were observed in the cecal contents of broilers fed
400 mg/kg eugenol nanoemulsion (1.91 log units decreases than
the PC group). Another notable finding to emerge from our data

was the significant (P < 0.05) reduction in loads of pathogenic
E. coli O78 in groups supplemented with eugenol nanoemulsion
unlike the PC group in a dose-dependent manner at the 3rd-week
post E. coli challenge.

Expression Analysis of E. coli Virulence
Genes
Data displayed in Figure 7 showed the expression levels of E. coli
papC, iroN, iutA, and iss virulence genes post supplementation of
eugenol nanoemulsion. The most marked reduction (P < 0.05)
in iss and papC mRNA expression levels was detected in the
group that received eugenol nanoemulsion at the concentration
of 400 mg/kg, followed by 100 and 250 mg/kg at the 1st and
3rd week post E. coli challenge. The relative mRNA expression
levels of E. coli iroN gene were significantly (P < 0.05)
downregulated in broilers that received eugenol nanoemulsion,
especially at higher levels at both time points. Moreover, eugenol
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TABLE 6 | Effects of dietary supplementation of different levels of eugenol nanoemulsion on serum immunological parameters of broilers post challenge with E. coli O78.

Experimental group 1 st week post challenge 3rd week post challenge

LYZ (U/ml) MPO (U/L) NO (µmol/L) LYZ (U/ml) MPO (U/L) NO(µmol/L)

Eugenol (mg/kg) PC 217.49a 47.47a 8.90a 148.80a 30.47a 9.40a

NC 144.75d 33.50c 6.23c 104.72d 24.46b 3.88d

100 171.47b 37.87b 7.13b 127.08b 31.63a 5.32c

250 157.15c 32.97c 6.53bc 120.94bc 28.53b 4.68cd

400 151.33cd 32.40c 6.33c 113.13cd 26.17b 3.35d

P-value < 0.001 < 0.001 0.03 0.04 < 0.001 < 0.001

SEM 0.02 2.01 1.06 0.92 0.04 0.11

PC (positive control), birds fed basal diet and challenged with E. coli O78 at 14 days of age; NC (negative control), birds fed basal diet; LYZ, lysozyme; MPO, myeloperoxidase; NO,

nitric oxide. Means with different superscripts within the same row differ significantly (P < 0.05).

FIGURE 2 | Heat map demonstrating the expression levels of genes related to

digestive enzymes; AMY2A (alpha 2A amylase), PNLIP (pancreatic lipase, CCK

(cholecystokinin), and CELA1 (chymotrypsin-like elastase family, member 1) in

the pancreas of broiler chickens received different levels of eugenol

nanoemulsion pre- (at day 14) and post- (at 3rd week) E. coli O78 challenge

detected by RT-qPCR technique. Values are means with their SE. The intensity

of orange color denotes the degree of upregulation of the investigated genes.

NC (negative control): birds fed basal diet without eugenol nanoemulsion and

were not challenged, PC (positive control): birds fed a control diet without

eugenol nanoemulsion and were challenged, eugenol nanoemulsion 100, 250,

and 400: birds fed basal diet supplemented with 100, 250, and 400 mg/kg

diet eugenol nanoemulsion. All groups except NC were challenged with E. coli

O78 at 14 days of age. Different letters within the same row indicate a

statistical significance (P < 0.05).

nanoemulsion inclusion significantly (P < 0.05) reduced the iutA
gene expressions at both time intervals (down to 0.44- and 0.25-
fold, respectively in 400 mg/kg supplemented group compared
with the PC group).

Transmission Electron Microscopy
Analysis of E. coli
Transmission electron microscopy of the re-isolated E. coli
strains from the liver samples of broiler chickens in the PC group
showed that the bacterial cells retained their normal bacillary
shape and flagella with intact cell wall and uniform cytoplasm
(Supplementary Figure 1a). The E. coli strains recovered from
the broiler chickens in the eugenol nanoemulsion supplemented
groups revealed signs of cell wall deformation, shriveling in the
cells with loss of their structure, and the cells did not retain much

FIGURE 3 | Heat map illustrating the gene expression profiles associated with

barrier functions; cathelicidins-2, β-defensin-1, MUC-2 (mucin-2), JAM-2

(junctional adhesion molecule-2), occludin, CLDN-1 (claudins-1), and FABP-2

(fatty acid binding protein-2) in the jejunal tissues of broiler chickens

supplemented with different levels of eugenol nanoemulsion pre- (at day 14)

and post- (at 3rd week) E. coli O78 challenge determined by RT-qPCR assay.

Values are means with their SE. The intensity of orange color denotes the

degree of upregulation of the investigated genes. NC (negative control): birds

fed basal diet without eugenol nanoemulsion and were not challenged, PC

(positive control): birds fed a control diet without eugenol nanoemulsion and

were challenged, eugenol nanoemulsion 100, 250, and 400: birds fed basal

diet supplemented with 100, 250, and 400 mg/kg diet eugenol nanoemulsion.

All groups except NC were challenged with E. coli O78 at 14 days of age.

Different letters within the same row indicate a statistical significance (P <

0.05).

of their rod shape indicating bacterial cell damage as revealed
by TEM (Supplementary Figures 1b–d). This adverse effect was
most prominent post supplementing eugenol nanoemulsion
higher levels.

DISCUSSION

Avian pathogenic E. coli often causes a decline in the immune
defenses leading to significant economic fatalities. Using of
antimicrobials greatly enhanced the animals yield (44); but,
these settlements have been compromised by the expansion of
microbial resistance (45–47).
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FIGURE 4 | Heat map depicting RT-qPCR analysis of the relative expression

levels of mRNAs encoding cytokines; IL-6 (interleukin-6), IL-8, IL-1β, IL-10,

and TNF-α (tumor necrosis factor alpha) in the jejunal segments of broiler

chickens fed different levels of eugenol nanoemulsion pre- (at day 14) and

post- (at 3rd week) E. coli O78 challenge. Values are means with their SE. The

intensity of orange and blue colors denotes the degree of upregulation and

downregulation of the investigated genes, respectively. NC (negative control):

birds fed basal diet without eugenol nanoemulsion and were not challenged,

PC (positive control): birds fed a control diet without eugenol nanoemulsion

and were challenged, eugenol nanoemulsion 100, 250, and 400: birds fed

basal diet supplemented with 100, 250, and 400 mg/kg diet eugenol

nanoemulsion. All groups except NC were challenged with E. coli O78 at 14

days of age. Different letters within the same row indicate a statistical

significance (P < 0.05).

FIGURE 5 | The impact of dietary inclusion of various levels of eugenol

nanoemulsion on the populations (log10 CFU) of total bacteria, Lactobacillus,

Enterobacteriaceae, and Bacteriods as was estimated by qPCR assay in the

cecal digesta of broiler chickens pre- (at day 14) and post- (at 3rd week) E. coli

O78 challenge. Values are means with their SE. NC (negative control): birds

fed basal diet without eugenol nanoemulsion and were not challenged, PC

(positive control): birds fed a control diet without eugenol nanoemulsion and

were challenged, eugenol nanoemulsion 100, 250, and 400: birds fed basal

diet supplemented with 100, 250, and 400 mg/kg diet eugenol nanoemulsion.

All groups except NC were challenged with E. coli O78 at 14 days of age.

In the existing study, dietary supplementation of eugenol
nanoemulsion was capable of modulating broiler chickens’
immune responses to overcome experimental E. coli infection
and targeting their maximal potential growth performance.
Herein, increasing the level of eugenol nanoemulsion had
improved the overall growth rate and FCR earlier to experimental
E. coli infection (stater period). Meanwhile, the loss of body
weight and impaired FCR post-infection in the PC group, a

FIGURE 6 | Quantification of cecal APEC O78 loads (log10 CFU) in response

to eugenol nanoemulsion supplementation at the 1st and 3rd weeks

post-challenge as was measured by qPCR assay. Values are means with their

SE. NC (negative control): birds fed basal diet without eugenol nanoemulsion

and were not challenged, PC (positive control): birds fed a control diet without

eugenol nanoemulsion and were challenged, eugenol nanoemulsion 100, 250,

and 400: birds fed basal diet supplemented with 100, 250, and 400 mg/kg

diet eugenol nanoemulsion. All groups except NC were challenged with E. coli

O78 at 14 days of age.

FIGURE 7 | RT-qPCR investigation of the relative mRNA expression levels of

E. coli papC, iutA, iroN, and iss virulence genes in the cecal contents of broiler

chickens fed different levels of eugenol nanoemulsion at the 1st- and 3rd-week

post-challenges. Values are means with their SE. NC (negative control): birds

fed basal diet without eugenol nanoemulsion and were not challenged, PC

(positive control): birds fed a control diet without eugenol nanoemulsion and

were challenged, eugenol nanoemulsion 100, 250, and 400: birds fed basal

diet supplemented with 100, 250, and 400 mg/kg diet eugenol nanoemulsion.

All groups except NC were challenged with E. coli O78 at 14 days of age.

result of an inflammatory process and intestinal damage, were
restored in the group supplemented with eugenol nanoemulsion
at the level of 400 mg/kg diet. In agreement with our results,
birds fed different levels of EOs over the period of 1–42 days
showed increased BWG and better FCR when compared with
the control unsupplemented group (48). Based on previous
studies, the positive impact of EOs on the growth performance of
broiler chickens could be attributed to their bioactive compounds
capacity in augmenting the digestive and pancreatic enzymes
secretion (48) and enhancing immune functions (49). Moreover,
stimulating appetite and antimicrobial properties are likely to be
other reasons explaining the roles of EOs in enhancing growth
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performance (11). Nevertheless, themode of action of phytogenic
extracts is yet to be defined and it may differ due to various
sources, forms, and compositions of active elements being used
in diets. Notably, growth performance parameters of broilers
chickens fed thymol and carvacrol EOs were not impaired after
Clostridium perfringens (C. perfringens) challenge (8). Similarly,
dietary supplementation of nano encapsulated cumin essential
oil at the level of 200 mg/kg diet improved the FCR of broiler
chickens (50). Moreover, a recent study described the growth-
promoting effect of a mixture of eugenol and garlic tincture in
birds challenged with C. perfringens (22); however, the efficiency
of eugenol in its nano form on broilers performance was not be
investigated until now.

Interestingly, the better growth rate and feed utilization in
eugenol nanoemulsion supplemented groups came in alignment
with increasing the expression of genes encoding digestive
enzymes (AMY2A, CCK, PNLIP, and CELA1). It has been
stated that phytogenic extracts and their active principles
can control the expression profiles of digestive genes in
ileal mucosa (51) and stimulate the digestive secretions for
enhancing nutrients digestibility (52). The possible mechanisms
of EOs on growth performance could be due to the higher
feed digestibility by triggering the endogenous enzymes and
regulating the GIT microbial flora (53). Moreover, broilers fed
dietary EOs had augmented lipase, trypsin, and chymotrypsin
secretions (54). It was previously proven that EOs had positive
impacts on the nutrient digestibility of broiler chickens (22).
However, upregulating the digestive enzyme gene expression
following eugenol nanoemulsion was not studied until now.
Its boosting role on broilers performance could be clarified
by potentiating the bioavailability and bioactivity of eugenol
as eugenol nanoemulsion permits a deeper tissue penetration
and simplifies cellular uptake in the GIT, which leads to well-
organized upregulation of the digestive enzymes’ genes. Besides,
better broiler’s performance following dietary supplementation
of eugenol nanoemulsion even after exposure to E. coli infection
could be attributed to its optimistic role in modulating the
immune response and lowering the infection severity without
prompting antimicrobial resistance.

During the starter period, the existing data prior to the
challenge revealed non-significant changes on liver and kidney
function tests using various levels of eugenol nanoemulsion
explaining that eugenol nanoemulsion did not have any negative
impact on liver and kidney functions at such levels (55). Where
there was an evidence for the hypolipidemic activity of eugenol
nanoemulsion at the levels of 250 and 400 mg/kg with more
pronounced effects for the high dose, it was suggested that the
cholesterol-reducing impact induced by eugenol nanoemulsion
was entirely attributed to LDL reduction in Harb et al. (55).
Later to E. coli challenge, liver and kidney functions showed a
rise in ALT, AST, uric acid, and creatinine activities, which could
be due to the harmful effects of bacterial infection on hepato-
renal tissues (56, 57). However, supplementation of eugenol
nanoemulsion, especially at the level of 400 mg/kg revealed a
gradual decline of these parameters toward the normal levels as
those in the NC group concluding its hepato-renal protective
effects (58). Bacterial infection persuades systemic inflammatory

reactions, which is a critical problem in inducing stress on
immune functions that threaten the health status and result
in impaired bird performance (59). Phagocytic cells are mainly
responsible for the production of NO, LYZ, and MPO (60).
Increased NO and LYZ levels and MPO activities could be a
response to bacterial challenge stimulation and are the vital
indicators of inflammatory reactions (61). Meanwhile, lessening
NO along with LYZ andMPO levels at the 1st and 3rd week post-
infection in groups supplemented with various levels of eugenol
nanoemulsion, with more pronounced effects for the high dose,
revealed its potential role in alleviating the harmful effects of
bacteria. This may be related to the anti-inflammatory action of
dietary eugenol nanoemulsion (62, 63).

The intestinal mucosa is not only the main site for
nutrient digestion and absorption, but it also plays a crucial
role in the host defense against pathogens and prevents
the leakage of proinflammatory molecules via the intestinal
mucosa to the circulatory system (64). Integrity of intestinal
mucosa is maintained by tight junctions (65) those are critical
for establishment of an intact physical barrier among the
intestinal epithelial cells (66). The disruption of TJPs is a
major cause of the “leaky guts” that could lead to reduction
in the nutrient absorption, elevation in the permeability to
luminal antigens, bacterial translocation, tissue damage, and
sustained inflammation (67). Supplementation of phytogenic
active principles into nanoforms and assessing their impacts
on broiler intestinal barrier integrity are considered new issues
that require more investigations to understand their mode of
actions. The focus on eugenol nanoemulsion prophylactic roles
for protecting broilers against E. coli infection has not been
investigated until now. In this regard, our findings described
that broiler chickens fed eugenol nanoemulsion, especially at
higher levels considerably upregulated the expression of genes
encoding TJPs (occludin, claudins-1, and JAM-2) suggesting its
role in strengthening the barrier integrity before infection as
well as restoring its function even after E. coli experimental
infection. In agreement with our results, higher gene expression
levels of TJPs and augmented intestinal barrier function were
noticed upon thymol nanoemulsion supplementation, especially
at higher concentrations (68). Moreover, thymol and carvacrol
(69) have been shown to enhance the expression of genes
involved in barrier functions in broilers infected with C.
perfringens. Administration of phytogenic extracts exhibited a
profound impact on the expression of genes encoding TJPs
resulting in higher levels of Zona occludin at ileal and cecal
levels as well as CLDN1, CLDN5, and OCLN at the cecal level
(68). Phytogenics could enhance intestinal barrier integrity via
promoting the assembly of TJPs (70) that may lead to higher
protection against toxic feed substances or endogenously formed
toxic metabolites (71). Additionally, mucin is produced from
goblet cells and secreted into the intestinal lumen forming a
protective layer, which protects the gut from acidic chyme,
digestive enzymes, and pathogens (50, 72). Besides TJPs, the
mucus layer is the first defense barrier faced by intestinal bacteria,
where mucins are the main components of the mucus layer (73).
Remarkably, mucin implies the first line of immune defense
and augmenting its release is helpful in inhibiting the invasion
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of pathogens and spread of toxins into the GIT (74). The
inflammatory lesions diminish the mucin secreted from goblet
cells, prevent mucosal layer regeneration and trigger further
infection, bacterial translocation, and intestinal inflammation
(9, 75). Interestingly, increased expression levels of MUC-2
and FABP-2 genes were detected following dietary eugenol
nanoemulsion administration. In accordance, it has been shown
that birds fed a mixture of microencapsulated eugenol and
garlic EOs had increased intestinal integrity and enhanced
mucin-secreting goblet cells (40), which can further prove their
protective impacts against necrotic enteritis. Moreover, FABP
harmonize cells lipid responses and are recognized as major
contributions to both inflammatory and metabolic pathways
(76). Regarding E. coli infection, the lower expression levels
of MUC-2 and FABP-2 genes in infected and untreated birds
were associated with excessive gut inflammation. The reduction
of MUC-2 in challenged animals would be due to lowering
the capacity for mucosal renewal (77). In contrast, their
higher expression levels in birds supplemented with higher
concentrations of eugenol nanoemulsion and infected with E.
coli is an evidence of the gut barrier recovery and dysbacteriosis
(78). Similarly, birds fed dietary EOs (clove, Artemisia sieberi,
Coriondrum sativum L, and Myrtus communis) upregulated the
expression of MUC-2 gene in the jejunum unlike the control
treatment (79). The bioactive substances may modify the activity
of transcription factors that regulate mucin-2 gene expression
in broiler chickens (80). Besides its protective functions, mucin
has a role in nutrients filtration in the GIT and it also can affect
the nutrients digestion and absorption (81), which can explain
the better growth performance of broiler chickens in this study.
Recently, a mixture of microencapsulated eugenol and garlic EOs
had increased the expression levels of CLDN-1 and JAM-2 genes
in birds challenged with C. perfringens unlike the infected and
untreated birds (40).

Host defense peptides (HDP) are broad-spectrum
antimicrobial molecules those are expressed by the intestinal
mucosa and take part in the intestinal innate immunity and
mucosal defense and their gene expression depend on the
microbial modulation (82–84). The main function of HDP
is their antimicrobial activity and they also engaged in other
roles, including chemotaxis, immunomodulation, or wound
repair (85). Firm immunological barriers between the host and
the intestinal antigens can be achieved through the binding of
intestinal HDP with mucins (83). Moreover, a relation between
intestinal HDP gene expression and microbiota composition,
such as E. coli, was found (86). Additionally, a recent emerging
evidence has highlighted the beneficial effects of HDP on
mucosal barrier permeability by direct regulation of mucin
and TJPs genes‘ expression (83). The defensins are cystine-rich
antimicrobial peptides with broad antimicrobial activities as they
can trigger macrophages and immature dendritic cells to reach
mucosal tissues via chemokine receptors and also boost specific
immunity against pathogenic bacteria (87). Moreover, defensins
could act directly on bacterial pathogens and more importantly
play a vital role in the innate immunity helping in adaptive
immune response initiation and regulation (88). Cathelicidins
are produced by epithelial and mucosal cells and leucocytes,

where they are preserved in specific granules (89) and display
broad antimicrobial activities mediated via direct interaction
with and disruption of the microbial cell membrane (90).
Remarkably, the cathelicidins and defensins synergistic activity
implies their combined role in the orchestration of the innate
host defense (91). Consistent with the above-mentioned facts,
we demonstrated that the expression of HDP genes, including
β-defensin-1 and cathelicidins-2, was prominently increased
post supplementation of eugenol nanoemulsion, especially at
higher levels, indicating its effective role in stimulating the
mucosal defense; this finding was in the same line with the high
expression levels of TJPs related genes.

Cytokines play important regulatory roles in the intestinal
inflammatory response. During bacterial invasion into the
intestinal epithelial cells, gastrointestinal immune cells are
triggered to secrete cytokines, which play potential roles in the
immune responses against pathogens (92). TNF-α and IL-1β
are the important proinflammatory cytokines, which regulate
the host immune response against many pathogens through
differentiation and proliferation of the immune cells, NO
production, and apoptosis (93). Meanwhile, over and long-term
secretion of proinflammatory cytokines may cause gut damage
(94). Intestinal IL1-β is expressed in the cells of lamina propria
during intestinal health as well as disease conditions and its
low expression yields positive effects in the intestinal mucosa
and faster epithelia healing in case of inflammation (95). In
addition, IL-6, IL-8, and TNF-α are initiating an inflammatory
response by recruiting antimicrobial cells, such as neutrophils
and macrophages (93). In the current study, increased intestinal
gene expression levels of proinflammatory cytokines (TNF-α, IL-
1β, IL-6, and IL-8) were observed in broilers fed a control diet
and experimentally challenged with E. coli. As anticipated in our
study, the administration of eugenol nanoemulsion had the most
pronounced regulatory effects on the intestinal gene expression
of proinflammatory cytokines as evidenced by suppressing their
expression levels that might counteract inflammation caused by
E. coli and therefore improve gut health. This can be attributed
to the role of dietary eugenol nanoemulsion in enhancing the
non-specific immunity in the body by nonspecific killing of fungi,
bacteria, tumor cells, and parasites and thereby decreasing the
pathogenic loads as was previously interpreted (96). On the
other hand, IL-10 has predominantly opposing and complex
roles in inflammation and it plays a vital role in suppressing
the inflammatory and immune responses (97). Herein, the
upregulated IL-10 gene in groups that received dietary eugenol
nanoemulsion, especially at higher levels can suppress the
excessive inflammation and maintain the intestinal immune
homeostasis indicating its strong anti-inflammatory properties.
In accordance, 60 mg/kg of a blend of EOs exhibited anti-
inflammatory properties by reducing the expression of theTNF-α
gene expression and increasing that of IL-10 gene in the broilers
challenged with lipopolysaccharides injections (8) considering
their regulatory roles. The appropriate immune response induced
in our study after supplementing broiler chickens with eugenol
nanoemulsion, especially at higher levels, which was evidenced
by reduction of the expression of proinflammatory cytokines and
enhancing that of the anti-inflammatory one could be due to the
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uniformly dispersed nanodroplets of eugenol nanoemulsion with
more effective anti-inflammatory activities (98).

The intestinal microbiome plays a considerable role in
reinforcing and maintaining the intestinal epithelial barriers
and the immune system, which is critical for host protection
against pathogenic microorganisms. In the current study,
dietary eugenol nanoemulsion altered the cecal microbial
composition of total bacteria, Enterobacteriaceae, Lactobacillus,
and Bacteroides species before and after E. coli challenge.
The intestinal microbiome is comprised of a huge number of
symbiotic bacterial species that benefit the host by inhibiting
the colonization of pathogenic bacteria via many mechanisms,
such as augmentation of the immune responses, direct killing
of the pathogens, and competitive exclusion (99). The findings
observed in the present study revealed that broiler chickens
fed higher levels of eugenol nanoemulsion had increased (P
< 0.05) beneficial Lactobacillus counts in the cecal contents
compared with the control groups suggesting the positive
selection of eugenol nanoemulsion toward Lactobacillus species.
In agreement with our study, Mohammadi et al., reported
higher (P < 0.05) Lactobacillus counts in the caecum of broiler
chickens after dietary inclusion of clove essential oil (100).
Moreover, Agostini et al. revealed that clove stimulates the
Lactobacillus proliferation in broiler chickens (101). Recently,
higher ileal Lactobacillus loads were reported in broiler chickens
fed a microencapsulated product consisted of garlic and
eugenol tincture (40). Bacteroides species loads are increased
in the intestine of birds when they are infected with bacterial
pathogens (102). Herein, the increased loads of Bacteroides
species in the intestine were associated with higher E. coli loads
post-challenge. These bacteria exhibited excessive proteolytic
and immunostimulatory activities, which impair the immune
response and negatively affect intestinal health (103). Our results
demonstrated that broiler chickens supplemented with higher
levels of eugenol nanoemulsion had reduced populations of cecal
Bacteroides species compared with the control groups. Moreover,
Enterobacteriaceae counts followed the same decreasing trend
following eugenol nanoemulsion dietary inclusion indicating its
valuable effects against pathogenic bacterial species. Similarly
reduced loads of Bacteroides species were observed in birds fed
a microencapsulated product comprised of garlic and eugenol
tincture (40). Moreover, feeding chickens on a product of plant
EOs containing active components, such as eugenol decreased
the abundance of cecal Enterobacteriaceae (104). The selective
microbial effect of eugenol nanoemulsion proved in our study
against pathogenic bacteria could hypothesize its promising in
vivo antimicrobial properties. This may be linked to the fact that
nanoemulsions offer a wide surface area, so they could permit
the active components to penetrate faster and directly damage the
bacterial membranes (68, 105).

Although E. coli is considered a commensal bacterium in
the GIT of birds, some pathogenic serovars can invade various
tissues and cause diseases, such as colisepticemia, enteritis, and
colibacillosis (106). In this regard, APEC serotype O78 has been
associated with themajority of infectious diseases worldwide with
remarkable economic losses in the poultry industry (106). In the
present study, quantitative analysis of cecal E. coli post-challenge

revealed that dietary supplementation of eugenol nanoemulsion,
especially at higher levels significantly (P < 0.05) decreased
E. coli loads at the 1st-week post-challenge with respect to
the PC group. Moreover, E. coli populations were greatly (P
< 0.05) affected by dietary eugenol nanoemulsion inclusion
in a dose-dependent manner at the 3rd-week post-challenge.
This pronounced reduction in E. coli counts corroborated data
from previous investigators, where the density of ileal E. coli
was decreased (P < 0.05) after supplementing broiler chickens
with a trademark essential oil mixture containing eugenol
(22). Moreover, clove essential oil decreased (P < 0.01) E.
coli counts in the caecum of broiler chickens in comparison
with the control group indicating its inhibitory effects against
E. coli (100).

Transmission electron microscopy of E. coli strains re-
isolated from the liver samples of broiler chickens supplemented
with eugenol nanoemulsion revealed reduction in the size
of cells, cells shrinkage with signs of deformation in the
cell wall unlike the normal features observed in E. coli
strains re-isolated from the control group. Other investigators
have corroborated our observations; Di Pasqua et al. (107)
revealed similar results supporting the morphological alterations
described for E. coli cells treated with eugenol using a scanning
electron microscope confirming its promising antimicrobial
activity against E. coli. Although the precise mechanism of
action of phytogenic-derived molecules on bacteria is not
obviously understood, many hypotheses have been suggested
to elucidate the mode of their antimicrobial activities, which
varies among such products‘ sources. Nonetheless, their general
anticipated mechanisms of action are via disintegrating the
bacterial pH gradient and affecting the bacterial cell permeability
(11, 108). A critical enhanced antimicrobial property of
eugenol or its nanoformulations is owing to its hydrophobicity
(109), which helps in targeting the mitochondria and lipid-
containing bacterial cell membranes, destroying membrane
integrity and subsequently leading to leakage of intracellular
substances (25, 26). Other possible mechanisms of action
beyond their antimicrobial effects are related to damaging
membrane proteins, depleting the proton motive force, and
coagulating the bacterial cytoplasm (26). Herein, it seems
reasonable that eugenol nanoemulsion stimulated the intestinal
production of mucus in broiler chickens with consequent
impairment of E. coli adhesion as was previously documented
(11). Targeting bacterial virulence using new anti-virulence
therapies is considered a potential alternative approach that
can be used to disarm bacterial pathogens (2). From this
point of view, our results revealed that the beneficial effect
of eugenol nanoemulsion on E. coli was then ascertained by
its downregulating effect on E. coli papC, iutA, iroN, and iss
virulence genes. Previous studies are continuously recording
the in vitro modulatory effect of eugenol on the expression
of virulence genes of E. coli serovars (110, 111). However,
to the best of our knowledge, there are no data reporting
the in vivo effect of eugenol nanoemulsion on APEC O78
virulence in broiler chickens. The outcome of this finding
clearly proved the enhanced survivability of broiler chickens
challenged with E. coli upon supplementation with eugenol
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nanoemulsion compared with the unsupplemented control birds
offering new insights on its mechanism of action and suggesting
a powerful tool to control colisepticemia induced by APEC
in broilers.

CONCLUSION

Formulation of eugenol into the nanoemulsion form
efficiently controlled and sustained its release in GIT
and thus boosted its bioavailability, growth-promoting
efficiency, and antimicrobial activity against APEC O78.
These beneficial effects were more prominent after dietary
inclusion of eugenol nanoemulsion at the level of 400 mg/kg
and could arise from its promising role in accelerating the
digestive enzyme gene expression and preserving the gut
barrier functions. Finally, the cross-talk between underlying
multifocal mechanisms of eugenol nanoemulsion and
adaptive responses in broiler chickens could provide new
insights for controlling colisepticemia induced by APEC
and in turn target the goal of maximum production in
poultry farming.
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This study aimed to investigate the mechanism of redox status imbalance and hepatic

mitochondrial dysfunction induced by intrauterine growth restriction (IUGR) and relieve

this condition through dimethylglycine sodium salt (DMG-Na) supplementation during

the suckling period. Thirty normal birth weight (NBW) and 30 IUGR newborns were

selected from 20 sows. Briefly, 1 NBW and 1 IUGR newborn were obtained from each

litter of 10 sows, and 10 NBW and 10 IUGR newborns were obtained. Additionally, 2

NBW and 2 IUGR newborns were obtained from each litter of another 10 sows, and 20

NBW newborns were allocated to the N [basic milk diets (BMDs)] and ND (BMDs+0.1%

DMG-Na) groups. Furthermore, 20 IUGR newborns were assigned to the I (BMDs) and

ID (BMDs+0.1% DMG-Na) groups. The results revealed that the growth performance,

serum and hepatic redox status, and hepatic gene and protein expression levels were

lower (P < 0.05) in the I group compared to the N group. Additionally, supplementation

with DMG-Na (ND and ID groups) improved (P < 0.05) these parameters compared

to the non-supplemented groups (N and I groups). In conclusion, the activity of

Nrf2/SIRT1/PGC1α was inhibited in IUGR newborns, and this led to their hepatic

dysfunctions. Supplementation with DMG-Na activated Nrf2/SIRT1/PGC1α in IUGR

newborns, thereby improving their performance.

Keywords: intrauterine growth restriction, suckling piglets, hepatic, redox status, mitochondrial dysfunction,

dimethylglycine sodium salt

INTRODUCTION

Intrauterine growth restriction (IUGR) is defined as small-sized individuals at
gestational age possessing weights of below the tenth-centile or the population mean
minus 2 standard deviations of a population-based nomogram, and this condition
is an important issue in animal husbandry (1). IUGR exerts a permanent stunting
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effect on the efficiency of nutrient utilization, which results
in impaired long-term health. This is probably due to lack of
food intake, disease, or oxidative damage (2). Liver dysfunction
is associated with growth restriction and metabolic disorders
during various periods of life. However, little is known
regarding the postnatal effects of IUGR on hepatic function.
This should be an important topic, as the liver is one of
the most important organs that plays an essential role in the
metabolism and transformation of nutrients (3). After birth, slow
hepatic development may contribute to slow postnatal growth
rates in neonates with IUGR, and altered redox status and
hepatic mitochondrial function may negatively affect the growth
performance of neonates with IUGR throughout postnatal
development and later in adulthood (4).

Mitochondria are crucial in converting nutrients into
energy through cellular respiration. Thus, compromised hepatic
mitochondrial functions are associated with numerous diseases
(5). Nuclear factor erythroid 2-related factor 2 (Nrf2) is crucial
in maintaining mitochondrial function and is also involved in
the activation of the antioxidant defense system (6). Peroxisome
proliferator-activated receptor-γ coactivator-1α (PGC1α) is
a coactivator that possesses major pleiotropic functions in
mitochondrial biogenesis, as it induces the upregulation of
mitochondrial genes both at the nuclear and mitochondrial
genome levels (7). Its downregulation is usually accompanied
by elevated reactive oxygen species (ROS) that are induced
by oxidative damage, and finally, result in the activation
of antioxidant defenses system (both enzymatic and non-
enzymatic) (7). Sirtuin 1 (SIRT1) is originally described as a
factor regulating DNA repair and is highly sensitive to cellular
redox status, which is also known to control genomic stability and
cellular metabolism (8). Studies have found that SIRT1 physically
interacted with and deacetylated PGC1α at multiple lysine sites,
thus influencing the redox status and mitochondrial function of
cells (9).

Dimethylglycine sodium salt (DMG-Na) can improve the
redox status of the body and relieve oxidative damage by
scavenging the excessive generated free radicals. This is due
to its ability to act as an important material for glutathione
synthesis. It was found that DMG-Na can protect the body
against oxidative damage by improving the utilization of oxygen,
thus improving their performance (10–12). In the present study,
loss of SIRT1 activity impaired hepatic mitochondrial function
via its substrate PGC1α, thus destroying the redox status
balance and impairing the performance of IUGR suckling piglets.
This work also provides a novel insight that supplementation
with dimethylglycine sodium salt relieves hepatic redox status
imbalance and mitochondrial dysfunction of IUGR pigs via the
Nrf2/SIRT1/PGC1α network.

MATERIALS AND METHODS

This trial was conducted in accordance with the Chinese
guidelines for animal welfare and experimental protocols for
animal care and was approved by the Nanjing Agricultural
University Institutional Animal Care and Use Committee.

Experiment Design
In this study, 30 normal birth weight (NBW) newborn piglets
(1.53 ± 0.04 kg) and 30 IUGR newborn piglets (0.76 ± 0.06 kg)
were selected from 20 sows [Duroc × (Landrace × Yorkshire)]
according to a previously described method (13). All sows
possessed a similar birth order (3rd) and were fed the same
gestating diet that met the National Research Council (NRC,
2012) nutrient requirements. Briefly, one NBW and one IUGR
newborn were obtained from each litter of the 10 sows, and 10
NBW newborns (NBW group) and 10 IUGR newborns (IUGR
group) were obtained for this study. Additionally, two NBW and
two IUGR newborns were obtained from each litter of another 10
sows, and the 20 NBW newborns were allocated to the N (basic
milk diets) and ND (basic milk diets + 0.1% DMG-Na) groups.
Further, 20 IUGR newborns were assigned to the I (basic milk
diets) and ID (basic milk diets + 0.1% DMG-Na) groups. The
two NBW newborns from one litter were separated into N and
ND groups, and the two IUGR newborns from one litter were
divided into I and ID groups. The newborns were fed milk diets
for 7–21 days. DMG-Na (99.9% purity) was obtained from Qilu
Sheng Hua Pharmaceutical Co., Ltd., Shandong, China.

Newborns were weighed at 0, 7, 10, 13, 16, 19, and 21 days
of age. They were fed warm milk that was collected from their
correspondingmother every 2–3 h (∼9–10 times daily). Each sow
was specially attended by experienced staff to collect milk and
calculate their body weight. Before the trial, the corresponding
staff visited the sows daily and touched them gently. This was
performed to allow the sows to adapt to the presence of staff and
to reduce unnecessary stress responses. In this study, we intended
to imitate the natural feeding conditions for piglets and fed them
individually from bottles for 14 days. The piglets in the four
groups (N, ND, I, and ID) were raised in plastic houses (1.5m ×

0.7m× 0.7m; environmentally controlled; ambient temperature
of 33◦C) and were freely provided with water.

Sample Collection
The blood samples from the selected 10 NBW newborns and 10
IUGR newborns were withdrawn from the precaval vein, and the
animals were then stunned by electric shock and subsequently
slaughtered by jugular bloodletting within 2 h after birth without
suckling. At 21 days of age, 40 suckling piglets from the N, ND,
I, and ID groups (10 piglets per group) were weighed prior to
euthanization, and the blood samples were withdrawn from the
precaval vein. The piglets were then anesthetized via electrical
stunning and sacrificed by exsanguination, and liver samples
were subsequently obtained. The serum samples were separated
by centrifugation at 3,500 × g for 15min at 4◦C and then stored
at −80◦C until analysis. The hepatic tissue was removed from
the abdominal cavity immediately after the animal died and was
collected for analysis of the indicators described below.

Serum ALT and AST Study
Serum was individually used to measure the levels of alanine
aminotransferase (ALT) and aspartate aminotransferase (AST)
using the corresponding assay kit following the manufacturer’s
instructions (Nanjing Jiancheng Institute of Bioengineering,
Jiangsu, China).
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Histological Morphology Study
Hepatic samples fixed in 4% buffered formaldehyde were dried
using a graded series of xylene and ethanol and then embedded in
paraffin for histological processing. The hepatic samples (5µm in
size) were then deparaffinized using xylene and rehydrated with
graded dilutions of ethanol. Slides were stained with hematoxylin
and eosin (HE). Ten slides for each sample (middle site of the
samples) were prepared, and images were acquired using an
optical binocular microscope (14).

Hepatic samples were fixed in 1% (v/v) glutaraldehyde
solution and stored in the same solution until processing. After
post-fixation for 5min in 2.5% (w/v) osmium tetroxide, hepatic
samples were conventionally processed for visualization via
transmission electron microscopy and examined in a Philips 420
transmission electron microscope at 80 kV (14).

Redox Status Study
Hepatic samples were homogenized in 0.9% sodium chloride
solution on ice and then centrifuged at 3,500 × g for 15min at
4◦C. Both the serum and supernatant were used to calculate the
superoxide dismutase (SOD), glutathione peroxidase (GSH-Px),
glutathione (GSH), glutathione reductase (GR), catalase (CAT),
and malondialdehyde (MDA) levels using the corresponding
assay kit following the manufacturer’s instructions (Nanjing
Jiancheng Institute of Bioengineering). The protein content was
performed using a bicinchoninic acid (BCA) protein assay kit
according to the manufacturer’s instructions (Nanjing Jiancheng
Institute of Bioengineering).

Mitochondria Redox Status Study
Themitochondria from hepatic samples were obtained according
to a previously described method (15). The manganese
superoxide dismutase (MnSOD), glutathione peroxidase (GPx),
GSH, GR, and γ-glutamylcysteine ligase (γ-GCL) levels in the
hepaticmitochondria weremeasured using an assay kit according
to the manufacturer’s instructions (Nanjing Jiancheng Institute
of Bioengineering).

Oxidative Damage Study
The ROS level was detected using an ROS assay kit
(Nanjing Jiancheng Institute of Bioengineering). Briefly,
the hepatic mitochondria were incubated with 10µM of
dichlorodihydrofluorescein diacetate (DCFH-DA) and 10
mmol/L of DNA stain Hoechst 33342 at 37◦C for 30min. The
DCFH fluorescence of the hepatic mitochondria was calculated at
an emission wavelength of 530 nm and an excitation wavelength
of 485 nm using a fluorescence reader (FACS Aria III; BD
Biosciences, Franklin Lakes, NJ, USA). The results are expressed
as the mean DCFH-DA fluorescence intensity over that of the
control. MMP levels were calculated according to the method
described by Zhang et al. (16). Briefly, the mitochondria were
loaded with 1 × JC-1 dye at 37◦C for 20min and then analyzed
by flow cytometry (FACS Aria III). The MMP was measured
as the increase in the ratio of green to red fluorescence. The
results were shown as the ratio of the fluorescence of aggregates
(red) to that of the monomers (green). Protein carbonyls (PC)
and 8-hydroxy-2-deoxyguanosine (8-OHdG) within the hepatic

samples were measured using their respective assay kits following
the manufacturer’s instructions (Nanjing Jiancheng Institute
of Bioengineering).

The number of apoptotic and necrotic cells was measured
using an Alexa Fluor R© 488 Annexin V/Dead Cell Apoptosis kit
(Thermo Fisher Scientific, Inc., Waltham, MA, USA). Briefly,
the hepatic samples were ground with a glass homogenizer,
and the cells were washed twice with cool PBS buffer (pH =

7.4) and resuspended (2% suspension) in 1 × annexin-binding
buffer. Then, the cell density was determined and cells were
diluted in 1 × annexin binding buffer until reaching 1×106

cells/ml. A sufficient volume of the cell suspension described
above was stained with Annexin V-fluorescein isothiocyanate
and propidium iodide (1:9 dilution) staining solution in the dark
for 15min at room temperature. After incubation, the forward
scatter of cells was determined, and Annexin V fluorescence
intensity was measured in FL-1 with an excitation wavelength of
488 nm and an emission wavelength of 530 nm on a FACS Caliber
(BD Biosciences).

Mitochondrial Electron Transport Chain
Complexes Study
The electron transport chain (ETC) complexes I, complexes
II, complexes III, complexes IV, and complexes V activity in
the hepatic samples were tested using corresponding assay
kit according to the manufacturer’s instructions (SinoBestBio,
Shanghai, China).

Energy Metabolites Study
The glycogen content (Nanjing Jiancheng Institute
of Bioengineering), NAD+ and NADH concentration
(SinoBestBio), and ATP content (Solarbio, Beijing, China)
in the hepatic samples were tested using commercial kits
according to the manufacturer’s instructions, separately. The
mtDNA copy number of the hepatic samples was measured
using a real-time fluorescence quantitative polymerase chain
reaction (PCR) kit (Tli RNaseH Plus; Takara Bio, Inc., Otsu,
Japan). In brief, the 20 µl PCR mixture was composed of 10
µl of SYBR Premix Ex Taq (2×), 0.4 µl of upstream primer,
0.4 µl of downstream primer, 0.4 µl of ROX dye (50×),
6.8 µl of ultra-pure water, and 2 µl of cDNA template.
The sequence of the Mt D-loop gene upstream primer
was 5′-AGGACTACGGCTTGAAAAGC-3′, and that of the
downstream primer was 5′-CATCTTGGCATCTTCAGTGCC-
3′. The length of the target fragment was 198 bp.
The sequence of the β-actin upstream primer was 5′-
TTCTTGGGTATGGAGTCCTG-3′, and that of the downstream
primer was 5′-TAGAAGCATTTGCGGTGG-3′. The length of
the target fragment was 150 bp. The amplification of each hepatic
sample was performed in triplicate. The fold-expression of each
gene was calculated according to the 2−11Ct method (17), and
β-actin was used as an internal standard.

Quantitative Real-Time PCR Study
Quantitative Real-Time PCR (qPCR) was performed as described
previously (17). Total RNA was obtained from the hepatic
samples using Trizol Reagent (TaKaRa, Dalian, China) and then
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reverse-transcribed using a commercial kit (Perfect Real Time,
SYBR@ PrimeScriptTM, TaKaRa) following the manufacturer’s
instructions. The mRNA expression levels of specific genes were
quantified via real-time PCR using SYBR@ Premix Ex Taq TM

II (Tli RNaseH Plus) and an ABI 7300 Fast Real-Time PCR
detection system (Applied Biosystems, Foster City, CA). The
SYBR Green PCR reaction mixture consisted of 10 µl SYBR@

Premix Ex Taq (2X), 0.4 µl of the forward and reverse primers,
0.4 µl of ROX reference dye (50X), 6.8 µl of ddH2O, and 2
µl of cDNA template. Each sample was amplified in triplicate.
The fold-expression of each gene was calculated according to
the 2−11Ct method (17), and the β-actin gene was used as an
internal standard. The primer sequences that were used are listed
in Supplementary Table S1.

Western Blot Study
Total protein was isolated from three hepatic samples per
group using a radioimmunoprecipitation assay lysis buffer
containing a protease inhibitor cocktail (Beyotime Institute
of Biotechnology, Jiangsu, China). The nuclear protein in
the HEPATIC samples was extracted using a nuclear protein
extraction kit (Beyotime Institute of Biotechnology, Jiangsu,
China). The concentrations of total cellular and nuclear proteins
in the HEPATIC samples were measured using a bicinchoninic
acid protein assay kit (Beyotime Institute of Biotechnology).
Antibodies against related proteins were purchased from Cell
Signaling Technology (Danvers, MA, USA). Thereafter, equal
quantities of protein were resolved by SDS-PAGE and then
transferred onto polyvinylidene difluoride membranes. Next, the
membranes were incubated with blocking buffer (5% bovine
serum albumin in Tris-buffered saline containing 1% Tween
20) for 1 h at room temperature and then probed with primary
antibodies (1:1000) against Nrf2 (# 12721S), HO1 (# 82206S),
SOD (# 37385S), GSH-Px (# 3286S), Sirt1 (# 9475S), PGC1α (#
2178S), OCLN (# 91131S), ZO1 (# 13663S), Cyt C (# 11940S),
mtTFA (# 8076S), Mfn2 (# 9482S), Drp1 (# 8570S), Fis1 (#
84580S), and α-tubulin (# 2125S) overnight at 4◦C. Then, the
membranes were washed with Tris-buffered saline with 0.05%
Tween-20 and incubated with a suitable secondary antibody for
1 h at room temperature. Finally, the blots were detected using
enhanced chemiluminescence reagents (ECL-Kit, Beyotime,
Jiangsu, China) and subsequent autoradiography. Photographs
of the membranes were acquired using the Luminescent Image
Analyzer LAS-4000 system (Fujifilm Co.) and then quantified
with ImageJ 1.42 q software (NIH, Bethesda, MD, USA).

Statistical Analysis
The body weight data was conducted using a mixed model with
group (G), time (T), DMG-Na (D), and G× T×D as fixed effects
and piglets as random effects. If the P value of the interaction for
G × T × D was <0.05, differences in body weight among the
different groups were determined using one-way ANOVA. The
values with different superscripts that included a, b, and c (N, ND,
I, ID group) were significantly different (P < 0.05).

The data for hepatic ALT, AST, redox status, oxidative damage,
mitochondrial ETC, energy metabolites, and gene and protein
expression among trial A (NBWand IUGR), and trial B (N, ND, I,

ID) were analyzed separately. For Trial A, the corresponding data
were analyzed using a paired t-test. For trial B, the corresponding
data were analyzed using a mixed model with group (GB), DMG-
Na (D), and GB × D as fixed effects and piglets as random
effects. If the P value of the interaction GB × D was <0.05, a
one-way ANOVA was conducted among the different groups.
The values exhibiting different P-values (NBW, IUGR group in
black color) and a, b, c, d (N, ND, I, ID group in red color) were
significantly different (P < 0.05). Data are expressed as means
with standard deviation. All data were analyzed using Statistical
Analysis System software (version 9.1; SAS Institute, Inc., Cary,
NC, USA). The statistical difference was significant, and the P
value was no more than 0.05.

RESULTS

Growth Performance
The interaction effects (groups × time × DMG-Na) were
significant (P < 0.001) for the IBW and FBW traits (Table 1).
Body weight values were lower (P < 0.05) in the I group than
they were in the N group. Additionally, the FBW values were
increased (P < 0.05) in the ND and ID groups relative to those of
the N and I groups, respectively, during the suckling period. The
ADG values were decreased (P < 0.05) in the I group relative
to those in the N group from 10 to 19 d during the suckling
period. Additionally, the ADG values were increased (P < 0.05)
in the ND and ID groups relative to those in the N and I groups,
respectively, during the suckling period.

Serum ALT and AST Study
In trial A (Figure 1), the serum ALT and AST values in the IUGR
group were increased (P < 0.05) relative to those in the NBW
group. In trial B (Figure 1), the interaction effects (groups ×

DMG-Na) were significant for ALT (P = 0.042). Serum ALT
values were decreased (P < 0.05) in the ND and ID groups
relative to those in the N and I groups, respectively. Additionally,
serum ALT values were increased (P < 0.05) in the I group
compared to those in the N group.

Histological Morphology Study
Compared to the NBW group, the livers of the IUGR group were
more susceptible to internal structure damage, larger intercellular
spaces, and an increased number of mitochondrial swelling
(Figure 2). Over time, these phenomena were worse in the
N and I group compared with the NBW group and IUGR
group. Additionally, the hepatic internal structure damage, larger
intercellular spaces, and an increased number of mitochondrial
swelling existed in the I group as compared to the N group.
Supplementation with DMG-Na group (ND and ID) improved
hepatic internal structure, intercellular space, and the number of
mitochondrial swelling characteristics compared to those in the
N and I group.

Redox Status Study
In trial A (Figure 3), the SOD, GSH-Px, GSH, GR, CAT, and
MDA values in the IUGR group were lower (P < 0.05) than those
in the NBW group. In trial B (Figure 3), the interaction effects
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TABLE 1 | Supplementation with DMG-Na improved the growth performance of IUGR suckling piglets1.

Items Treatment2 P value

N ND I ID PG PT PD P G×T P G×D P T×D P G×T×D

IBW (7 d) 3.48 ± 0.26a – 2.23 ± 0.21b – <0.05 – – – – – –

FBW 7.71 ± 0.58b 8.90 ± 0.52a 5.92 ± 0.60c 7.03 ± 0.57b 0.038 – 0.764 – 0.378 – –

Average daily body weight gain (kg)

7–10 d 0.17 ± 0.03c 0.52 ± 0.02a 0.22 ± 0.04c 0.34 ± 0.05b 0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

10–13 d 0.34 ± 0.01b 0.49 ± 0.02a 0.20 ± 0.02d 0.26 ± 0.01c

13–16 d 0.43 ± 0.03a 0.31 ± 0.01b 0.29 ± 0.03b 0.35 ± 0.03b

16–19 d 0.23 ± 0.01b 0.22 ± 0.02b 0.22 ± 0.02b 0.36 ± 0.01a

19–21 d 0.35 ± 0.05 0.39 ± 0.05 0.44 ± 0.05 0.46 ± 0.07

1Values are expressed as mean ± SD, n = 10. Different superscripts a, b, c (N, ND, I, ID group) represent significant differences (P < 0.05).
2NBW, normal birth weight newborns; IUGR, intrauterine growth restriction newborns; IBW, initial body weight; FBW, final body weight; N, NBW newborns fed a basic milk diet; ND,

NBW newborns fed a basic milk diet plus 0.1% DMG-Na; I, IUGR newborns fed a basic milk diet; ID, IUGR newborns fed a basic milk diet plus 0.1% DMG-Na.

FIGURE 1 | (A,B) Supplementation with DMG-Na improved serum ALT and AST concentrations in IUGR suckling piglets. Data are expressed as the mean ± SD; n =

10 suckling piglets per group. The P-value (Trial A: NBW, IUGR group in black color) and a, b, c, d (Trial B: N, ND, I, ID group in red color) represent significant

differences (P < 0.05). NBW, normal birth weight newborns; IUGR, intrauterine growth restriction newborns; N, NBW newborns fed a basic milk diet; ND, NBW

newborns fed a basic milk diet plus 0.1% DMG-Na; I, IUGR newborns fed a basic milk diet; ID, IUGR newborns fed a basic milk diet plus 0.1% DMG-Na. ALT, alanine

aminotransferase; AST, aspartate aminotransferase.

FIGURE 2 | Supplementation with DMG-Na improved the hepatic histological morphology of IUGR suckling piglets. (A) Hematoxylin-eosin staining of the liver; Scale

bars represent 100µm. (B) Mitochondrial swelling in the liver. Scale bars represent 2µm. The mitochondria swelling was indicated by the red arrow. NBW, normal

birth weight newborns; IUGR, intrauterine growth restriction newborns; N, NBW newborns fed a basic milk diet; ND, NBW newborns fed a basic milk diet plus 0.1%

DMG-Na; I, IUGR newborns fed a basic milk diet; ID, IUGR newborns fed a basic milk diet plus 0.1% DMG-Na.
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FIGURE 3 | (A–F) Supplementation with DMG-Na improved the hepatic redox status of IUGR suckling piglets. Data are expressed as the mean ± SD; n = 10

suckling piglets per group. The P-value (trial A: NBW, IUGR group in black color) and a, b, c, d (trial B: N, ND, I, ID group in red color) represent significant differences

(P < 0.05). NBW, normal birth weight newborns; IUGR, intrauterine growth restriction newborns; N, NBW newborns fed a basic milk diet; ND, NBW newborns fed a

basic milk diet plus 0.1% DMG-Na; I, IUGR newborns fed a basic milk diet; ID, IUGR newborns fed a basic milk diet plus 0.1% DMG-Na. SOD, superoxide dismutase;

GSH-Px, glutathione peroxidase; GSH, glutathione; GR, glutathione reductase; CAT, catalase; MDA, methane dicarboxylic aldehyde.

(groups×DMG-Na) were significant for SOD (P< 0.001), GSH-
Px (P= 0.001), and GSH (P= 0.021). Hepatic SOD, GSH-Px, and
GSH levels were increased (P < 0.05) in the ND and ID groups

relative to those in the N and I groups, respectively. Additionally,
hepatic SOD, GSH-Px, GR, and CAT values were decreased (P <

0.05) in the I group compared to those in the N group.
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Mitochondrial Redox Status Study
In trial A (Figure 4), the mitochondrial MnSOD, GPx, GSH,
GR, and γ-GCL values in the IUGR group were lower (P <

0.05) than those in the NBW group. In trial B (Figure 4), the
interaction effects (groups × DMG-Na) were significant for GPx
(P = 0.018), GSH (P = 0.012), GR (P = 0.022), and γ-GCL

(P = 0.017). Hepatic mitochondrial GPx, GSH, GR, and γ-GCL
values were increased (P < 0.05) in the ND and ID groups
relative to those in the N and I groups, respectively. Additionally,
hepatic mitochondrial MnSOD, GPx, GSH, and GR values were
decreased (P < 0.05) in the I group relative to those in the
N group.

FIGURE 4 | (A–E) Supplementation with DMG-Na improved the hepatic mitochondrial redox status of IUGR suckling piglets. Data are expressed as the mean ± SD;

n = 10 suckling piglets per group. The P-value (Trial A: NBW, IUGR group in black color) and a, b, c, d (Trial B: N, ND, I, ID group in red color) represent significant

differences (P < 0.05). NBW, normal birth weight newborns; IUGR, intrauterine growth restriction newborns; N, NBW newborns fed a basic milk diet; ND, NBW

newborns fed a basic milk diet plus 0.1% DMG-Na; I, IUGR newborns fed a basic milk diet; ID, IUGR newborns fed a basic milk diet plus 0.1% DMG-Na. MnSOD,

manganese superoxide dismutase; GPx, glutathione peroxidase; GSH, glutathione; GR, glutathione reductase; γ-GCL, γ-glutamylcysteine ligase.
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Oxidative Damage Study
In trial A (Figure 5), the hepatic ROS, PC, 8-OHdG, and
percentage of apoptosis and necrotic cell counts in the
IUGR group were decreased (P < 0.05) relative to those
in the NBW group. In trial B (Figure 5), the interaction

effects (groups × DMG-Na) were not significant (P
> 0.05) for any of the tested oxidative damage traits.
Additionally, the percentage of apoptotic cells in the liver
was increased (P < 0.05) in the I group relative to that in the
N group.

FIGURE 5 | (A–F) Supplementation with DMG-Na improved the hepatic oxidative damage of IUGR suckling piglets. Data are expressed as the mean ± SD; n = 10

suckling piglets per group. The P-value (Trial A: NBW, IUGR group in black color) and a, b, c, d (Trial B: N, ND, I, ID group in red color) represent significant differences

(P < 0.05). NBW, normal birth weight newborns; IUGR, intrauterine growth restriction newborns; N, NBW newborns fed a basic milk diet; ND, NBW newborns fed a

basic milk diet plus 0.1% DMG-Na; I, IUGR newborns fed a basic milk diet; ID, IUGR newborns fed a basic milk diet plus 0.1% DMG-Na. ROS, reactive oxygen

species; PC, protein carbonyls; 8-OHdG, 8-hydroxy-2-deoxyguanosine; MMP, mitochondrial membrane potential.
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Mitochondrial ETC Complexes Study
In trial A (Figure 6), the mitochondrial ETC complexes I–V
values in the IUGR group were lower (P < 0.05) than were
those in the NBW group. In trial B (Figure 6), the interaction
effects (groups × DMG-Na) were significant for mitochondrial
ETC complex IV (P = 0.003) and V (P < 0.001). Hepatic
mitochondrial ETC complex IV and V values were increased (P
< 0.05) in the ND and ID groups relative to those in the N and

I groups, respectively. Additionally, hepatic mitochondrial ETC
complex I, IV, and V values were decreased (P < 0.05) in the I
group relative to those in the N group.

Mitochondrial Energy Metabolism Study
In trial A (Figure 7), the mitochondrial glycogen, ATP, NAD+,
NADH, and NAD+/NADH values in the IUGR group were lower
(P < 0.05) than those in the NBW group. In trial B (Figure 7),

FIGURE 6 | (A–E) Supplementation with DMG-Na improved the hepatic mitochondrial ETC complexes in IUGR suckling piglets. Data are expressed as the mean ±

SD; n = 10 suckling piglets per group. The P-value (Trial A: NBW, IUGR group in black color) and a, b, c, d (Trial B: N, ND, I, ID group in red color) represent significant

differences (P < 0.05). NBW, normal birth weight newborns; IUGR, intrauterine growth restriction newborns; N, NBW newborns fed a basic milk diet; ND, NBW

newborns fed a basic milk diet plus 0.1% DMG-Na; I, IUGR newborns fed a basic milk diet; ID, IUGR newborns fed a basic milk diet plus 0.1% DMG-Na.
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FIGURE 7 | (A–F) Supplementation with DMG-Na improved the hepatic energy metabolism in IUGR suckling piglets. Data are expressed as the mean ± SD; n = 10

suckling piglets per group. The P-value (Trial A: NBW, IUGR group in black color) and a, b, c, d (Trial B: N, ND, I, ID group in red color) represent significant differences

(P < 0.05). NBW, normal birth weight newborns; IUGR, intrauterine growth restriction newborns; N, NBW newborns fed a basic milk diet; ND, NBW newborns fed a

basic milk diet plus 0.1% DMG-Na; I, IUGR newborns fed a basic milk diet; ID, IUGR newborns fed a basic milk diet plus 0.1% DMG-Na; ATP, adenosine

triphosphate; NAD+, nicotinamide adenine dinucleotide; NADH, nicotinamide-adenine dinucleotide.

the interaction effects (groups × DMG-Na) were significant for
glycogen (P = 0.008) and NAD+/NADH (P = 0.032). Hepatic
glycogen and NAD+/NADH values were increased (P < 0.05) in

the ND and ID groups relative to those in the N and I groups,
respectively. Additionally, hepatic glycogen values were lower (P
< 0.05) in the I group than they were in the N group.
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FIGURE 8 | (A–C) Supplementation with DMG-Na improved the hepatic gene expression values in IUGR suckling piglets. Data are expressed as the mean ± SD; n =

10 suckling piglets per group. The P-value (Trial A: NBW, IUGR group in black color) and a, b, c, d (Trial B: N, ND, I, ID group in red color) represent significant

differences (P < 0.05). NBW, normal birth weight newborns; IUGR, intrauterine growth restriction newborns; N, NBW newborns fed a basic milk diet; ND, NBW

newborns fed a basic milk diet plus 0.1% DMG-Na; I, IUGR newborns fed a basic milk diet; ID, IUGR newborns fed a basic milk diet plus 0.1% DMG-Na. Nrf2, nuclear

factor erythroid 2-related factor 2; HO1, heme oxygenase 1; SOD1, copper and zinc superoxide dismutase; GSH-Px, glutathione peroxidase; Sirt1, sirtuin 1; PGC1α,

peroxisome proliferator-activated receptorγcoactivator-1α; SOD2, manganese superoxide dismutase; γ-GCL, γ-glutamylcysteine ligase; Trx2, thioredoxin 2; Trx-R2,

thioredoxin reductase 2; Prx3, peroxiredoxin 3; OCLN, occluding; CLDN2, cloudin2; CLDN3, cloudin3; ZO1, zonula occludens-1; MCD, lipid oxidation enzymes

malonyl-CoA decarboxylase; MCAD, medium-chain acyl-CoA dehydrogenase; SDH, mitochondrial proteins succinate dehydrogenase; UCP2, uncoupling protein 2;

COX2, cyclooxygenase 2; CS, citrate synthase; COX1, cyclooxygenase 1; Cyt C, Cytochrome C; MHC1, major histocompatibility complex I; mtTFA, mitochondrial

transcription factor A; Ndufa2, NADH dehydrogenase (ubiquinone) iron-sulfur protein 2; NRF1, nuclear respiratory factor 1; UCP1, uncoupling protein 1; POLG1, γ

DNA polymerases catalytic subunit γ; POLG2, DNA polymerases accessory subunit; SSBP1, single-strand DNA binding protein 1; Drp1, dynamin-related protein 1;

Fis1, mitochondrial fission 1; Mfn2, mitochondrial mitofusin2.

Gene Expression Study
In trial A (Figure 8), all hepatic gene expressions in IUGR
newborns were worse (P < 0.05) compared to those in NBW
newborns. In trial B (Figure 8), the interaction effects (groups ×
DMG-Na) were not significant (P > 0.05) for any of the tested
gene expression traits. Additionally, the expression of selected

genes in the liver was worse (P < 0.05) in the I group compared
to that in the N group.

Western Blot Study
In trial A (Figure 9), the gene expression in the liver of IUGR
newborns was worse (P < 0.05) compared to that in NBW
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newborns. In trial B (Figure 9), the interaction effects (groups ×
DMG-Na) were significant for SOD (P = 0.027) and mtTFA (P
= 0.050). Protein expression in the liver was better (P < 0.05)
in the ND and ID groups relative to that in the N and I groups,
respectively. Additionally, the selected protein expression in the
liver was worse (P < 0.05) in the I group than was in theN group.

DISCUSSION

Intrauterine growth restriction is one most important problem
in animal husbandry, as it can impair postnatal growth and liver
function by irreversible oxidative damage (18). Several studies
have been performed on IUGR piglets as a model to present

poor performance (1, 2, 18), and they are in agreement with the
present study using newborns with birth weights of 1.53± 0.04 kg
and 0.76 ± 0.06 kg as NBW newborns and IUGR newborns,
respectively. The liver is one of the most important organs that
play an essential role in the transformation of nutrients. It is
also responsible for metabolic homeostasis, therefore, impaired
by oxidative damage easily (19). In our previous studies, DMG-
Na was found to exert strong free radical scavenging capacity
in vitro and prove to ameliorate the oxidative damage induced
by LPS or indomethacin in mice (10). In addition, DMG-Na
was beneficial in protecting AAPH-induced porcine erythrocyte
hemolysis, preventing oleic acid hydroperoxides-induced IPEC-
J2 damage, and improving the skeletal muscle stem cells’

FIGURE 9 | Supplementation with DMG-Na improved the hepatic protein expression values in IUGR suckling piglets. Data are expressed as the mean ± SD, n = 10

suckling piglets per group. The P-value (Trial A: NBW, IUGR group in black color) and a, b, c, d (Trial B: N, ND, I, ID group in red color) represent significant differences

(P < 0.05). NBW, normal birth weight newborns; IUGR, intrauterine growth restriction newborns; N, NBW newborns fed a basic milk diet; ND, NBW newborns fed a

basic milk diet plus 0.1% DMG-Na; I, IUGR newborns fed a basic milk diet; ID, IUGR newborns fed a basic milk diet plus 0.1% DMG-Na. Nrf2, nuclear factor erythroid

2-related factor 2; HO1, heme oxygenase 1; SOD, superoxide dismutase; GSH-Px, glutathione peroxidase; Sirt1, sirtuin 1; PGC1α, peroxisome proliferator-activated

receptorγcoactivator-1α; OCLN, occluding; ZO1, zonula occludens-1; Cyt C, Cytochrome C; mtTFA, mitochondrial transcription factor A; Mfn2, mitochondrial

mitofusin2; Drp1, dynamin-related protein 1; Fis1, mitochondrial fission 1.
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mitochondrial dysfunction by Nrf2/SIRT1/PGC1α network (11,
20). It also revealed that dietary supplementation of DMG-Na
could improve the low growth performance, skeletal structure
damage, and skeletal muscle dysfunction of IUGR weaned piglets
(12). In this study, the average daily body weight gain of I group
(0.44) was higher than N group (0.35) at 19–21 d, which might be
explained by the 1.5 times higher feed intake of IUGR suckling
piglets than that of the NBW suckling piglets during 19–21 d. The
metabolic function of the liver under the dietary supplementation
of DMG Na could provide conditions for catch-up growth of
IUGR offspring (21, 22). However, from the body weight data
(Supplementary Table S2), we can see that although feed intake
and daily body weight gain of IUGR piglets have increased, their
body weight is still at a low level, which still needs more work on
this in the future. In addition, supplementation with DMG-Na
could improve the growth performance of IUGR suckling piglets
compared to those of NBW suckling piglets. This is probably
due to the benefits of DMG-Na on liver health by improving
their antioxidant capacity and confirmed by the ALT and AST
concentration. Taken together, DMG-Na could act as a health-
promoting additive for piglets, however, the specific underlying
mechanism requires further study.

Oxidative damage of suckling piglets caused by IUGR could
enhance the ROS concentration, thus, in turn, destroying the
balance of redox status and impairing mitochondrial function.
This could be improved in this study by SOD that catalyzes
the conversion of endogenous superoxide anions to hydrogen
peroxide through disproportionation, and hydrogen peroxide
is then finally neutralized by intracellular CAT and GSH-Px.
The MnSOD, GSH, GR, and γ-GCL are important in inhibiting
mitochondrial oxidative damage (23). Several studies revealed
that DMG-Na, shown as an antioxidant additive, could improve
the redox status of the animal, thus improving the ROS-induced
oxidative damage (10–12, 24). In the current study, DMG-Na
added to the basic milk diets could be beneficial in improving
the redox status by scavenging the excessive generated ROS,
thus maintaining the hepatic mitochondrial function. This would
be one main possible reason for the results shown in the
histological analysis.

The ROS content in the body maintains a balance with the
antioxidant defense system, this could be destroyed when the
body is under a condition of oxidative stress. Excessive generated
ROS can damage the structure and function of mitochondria,
and finally, disturb the balance of redox status (25). Intrauterine
growth restriction is closely related to oxidative damage, high
ROS concentration, reduced redox status, and mitochondrial
dysfunction (24). It was found that excessive generated ROS
could induce mtDNA damage, which impaired mitochondrial
function in turn produces more ROS (26). The MMP level
is negatively associated with ROS concentration and usually
acts as an indicator of mitochondrial apoptosis. In agreement
with the present study, another study revealed that IUGR
destroyed the redox status balance primarily due to the high
ROS generation (27). A previous study also showed that IUGR
newborns exhibit redox status imbalance and are easily prone
to oxidative damage (1). The current results revealed that the
reduced redox status in suckling piglets from the IUGR group

leads to impaired hepatic mitochondrial function. These results
also indicated that DMG-Na added in the basic milk diets could
relieve oxidative damage by reducing the excessive generated
ROS in suckling piglets, and numeral studies have found that
natural antioxidants exert beneficial effects in protecting cells
from oxidative damage (10–12, 24). The present results could be
explained that supplementation with DMG-Na reduced hepatic
oxidative damage by directly reducing the ROS generation and
indirectly strengthening the mitochondrial function.

Adenosine triphosphate (ATP) concentration can be
measured quantitatively using the mtDNA copy number and
are necessary for growth and glycogen synthesis and are related
to the mitochondrial number. A lower ATP content in IUGR
suckling piglets leads to lower postnatal hepatic glycogen storage
(12). The loss activity of complex I in the hepatic mitochondria
of IUGR suckling piglets can decrease mitochondrial energy
generation. In the present study, the lower NAD+/NADH ratio
could be explained by the reduced complex I activity, which
couples electrons from NADH to quinone with the translocation
of a proton across the inner mitochondrial membrane for ATP
generation (28). In addition, it suppresses the flux of glycolytic
and tricarboxylic acid cycle metabolites by the mitochondria,
therefore leading to reduced generation of ATP (28). An increase
in complex IV or V activity in the hepatic mitochondria of IUGR
suckling piglets is important in bioenergetics, a process that uses
the exergonic proton backflow for ATP synthesis from ADP
and inorganic phosphate within the matrix (29). It has been
found that DMG-Na as an antioxidant additive could protect
the liver from oxidative damage and maintain its function. A
previous study revealed that DMG-Na exerted a beneficial effect
on protecting the cells from oxidative damage induced by free
radicals (24), and this might be one main reason for improving
the hepatic mitochondrial ETC complex activity and energy
metabolism level in the DMG-Na supplemented group than the
DMG-Na non-supplemented group.

The Nrf2 and HO1 activation is crucial in inhibiting
hepatic oxidative damage by regulating redox status-related
gene expression (SOD, GSH-Px, and γ -GCL) (30). Hepatic
mitochondria are rich in Trx2, Trx-R2, and Prx3 that act in
concert to prevent oxidative damage by scavenging excessive
generated free radicals and regulating mitochondrial redox
status-related gene expression (31). PGC1α is a coactivator
possessing pleiotropic functions that regulate mitochondrial
function gene expression (MCD, MCAD, SDH, UCP2, COX2,
CS, COX1, Cyt C, mtTFA, Ndufa2, UCP1, mtDNA, POLG1,
POLG2, Drp1, Fis1, and Mfn2) both at the level of the nuclear
and mitochondrial genomes. SIRT1 is highly sensitive to cellular
redox status and is famous for controlling genomic stability
(32). It has been found that SIRT1 physically interacts with
and deacetylates PGC1α at multiple lysine sites, consequently
increasing PGC1α activity and regulating the redox status-related
and mitochondrial function-related gene and protein expression
(33). The ZO1, correlated with paracellular permeability and
acts together with OCLN and CLDN, is an important regulator
of cell permeability (34). To our knowledge, this is the first
study on supplementation with dimethylglycine sodium salt
relieves hepatic redox status imbalance and mitochondrial
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dysfunction of intrauterine growth restriction suckling piglets via
the Nrf2/SIRT1/PGC1α network. However, there still needs more
work on the specific underlying mechanism.

CONCLUSIONS

In conclusion, this study revealed that DMG-Na could reverse
hepatic dysfunction in IUGR suckling piglets. We also found
that DMG-Na could directly neutralize excessive generated free
radicals and indirectly improve the redox status-related and
mitochondrial function-related gene and protein expression
possibly via the Nrf2/SIRT1/PGC1α network. Thus, DMG-
Na can be acted as a health-promoting additive in treating
hepatic dysfunction in IUGR suckling piglets and is beneficial in
improving their performance during the suckling period.
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Putra Malaysia, Serdang, Malaysia

The postbiotic produced from Lactiplantibacillus plantarum has been revealed as a

potential alternative to antibiotic growth promoters (AGP). It helps to stimulate growth

performance, improve nutrient digestibility, intestinal histomorphology, immune response,

and improve meat quality in livestock. However, there is a paucity of information on

the effects of L. plantarum postbiotic produced by formulated media on the gut health

and immune response. Therefore, this study was conducted by using three strains

of dietary L. plantarum postbiotics to determine the growth performance, intestinal

histomorphology, intestinal mucin production, and immune status in broiler chickens.

A 245 male Cobb 500-day-old birds were assigned randomly to five treatments,

namely, NC: basal diet only (negative control), OTC: basal diet + 0.01% (w/w)

oxytetracycline (positive control), RG11: basal diet + 0.1% (v/w) Postbiotic RG11, RI11:

basal diet + 0.1% (v/w) Postbiotic RI11, and RS5: basal diet + 0.1% (v/w) Postbiotic

RS5. The body weight and feed intake were taken weekly. The small intestine and

its mucus, ceca digesta were collected on days 21 and 42. Fresh excreta for crude

mucin production were collected 3 days before slaughter on day 42. From the findings,

RS5 recorded a significant highest (p < 0.05) final body weight, body weight gain, and

significant lowest (p < 0.05) feed conversion ratio. The concentrations of glutathione

peroxidase, superoxide dismutase (SOD), acidic mucin, sulfated mucin, and intestinal

trefoil factor were significantly higher (p < 0.05) in the birds fed with RI11 and RS5.

Postbiotics RI11 and RS5 had up-regulated expression of intestinal Mucin 2, occludin,

and secretory immunoglobulin A. The antibiotic-fed chickens also showed a reduced (p

< 0.05) total bacteria and Bifidobacterium population but a significantly increased (p <

0.05) the population of Escherichia coli in the jejunum. In conclusion, the supplementation

of L. plantarum postbiotic can be used to substitute AGP as it promoted growth

performance, mucin production, ameliorated tight junction permeability, and immune

status in broiler chickens due to improved gut health and beneficial bacteria colonization.

Keywords: Lactiplantibacillus plantarum, postbiotics, antibiotic growth promoter, gut health, mucin dynamics,

immune response, broiler chickens
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INTRODUCTION

Production (performance), wellbeing, andwelfare of the livestock
are the ultimate concerns for a profitable business in the poultry
industry. The increment of inflammation incidence, heat stress,
dysbiosis, and genetic selection had contributed to low-grade
inflammation, which eventually leads to diseases and pathogenic
infections. One of the effective strategies to mitigate these adverse
effects is to ameliorate gastrointestinal health, especially through
immunomodulation of gut microbiota, mucin dynamics, and
reinforcement of the intestinal barrier. Since birth, the gut
microbiota starts to protect the bird by producing and releasing
compounds such as short-chain fatty acids (SCFAs), bacteriocin,
and lipopolysaccharides into the intestine against pathogens
(1) despite being subjected to changes with time (2). As the
gut becomes more matured, the mucins such as acidic and
sulfated mucins, together with tight junction proteins, work
synergistically with immune-related compounds such as pro- and
anti-inflammatory cytokines and immunoglobulin A to establish
a robust gut (2). Meanwhile the intestinal trefoil factor is the
key indicator of intestinal maturation and inflammation (3). On
the other hand, the gut is an intricate and dynamic area due to
continuous exposure to the external environment and various
potential stressors. Therefore, farmers used various feed additives
or supplements to boost animal performance and health.

Antibiotic growth promoter (AGP) has been used to enhance
feed conversion ratio, and growth performance (3–6), and
reduce bacterial infection (7–9) despite the actual underlying
mechanism that has remained unclear. Accumulating works of
literature proved that the prolonged usage of AGP resulted in
the emergence of antibiotic resistance genes in the ecosystem,
particularly through antimicrobial residue in the food chain
(10, 11), and reduced its efficacy (12). The limitation and ban
of in-feed inclusion of antibiotic growth promoters have sped
up the momentum to look for potential and safe alternatives
to surmount its adverse effects. Hence, it is necessary to use
another alternative for disease prevention and stimulate the
growth performance in commercial broiler production.

The Lactiplantibacillus plantarum (formerly, known as
Lactobacillus plantarum) (13) was isolated from fermented
Malaysian food (14, 15). A recent in vitro study reported that
L. plantarum postbiotics used in this study contain various
beneficial organic acids, including SCFA, pyrrole compounds,
intermediary compounds, and bacteriocin, which exhibit
antimicrobial and antioxidant activities (16). These beneficial
functional properties, in turn, lead to anti-inflammatory
activity once supplemented in feed. This was proven by the
studies conducted on various livestock to improve growth
performance, meat quality, and antioxidant activities of blood
plasma, gut permeability, and immune response. Moreover,
the supplementation of dietary postbiotics also reduced the
Escherichia coli, Enterobacteriaceae, and Salmonella population
in the caecum and mitigated the effects due to heat stress in
broiler chickens (17). Furthermore, the feed additive should
improve nutrient availability, reduce pathogenic microbial
growth to produce safe food for human consumption, and

minimize negative environmental implications for sustainable
farming (18).

Extensive studies have been conducted on the implications
of the supplementation of postbiotics on the livestock,
yet little information is available on the gut microbiota
immunomodulation, mucin dynamics, and immune response.
The recent research focus has shifted to the importance of
gut health, and gut microbiota on the overall health status
of the animal as the gut is responsible for nutrient digestion
and assimilation, protective barrier against exterior pathogens
by secreting immune-related compounds besides acting as
a reservoir for diverse microbes (19). In the light of the
information presented above, we evaluated the potential of
postbiotics originating from L. plantarum to modulate gut
microbiota, mucin dynamics, and immune response in broiler
chickens compared with antibiotic growth promoters. To
complete the objective mentioned, several parameters were
studied such as the antioxidant concentration (superoxidase
dismutase, glutathione peroxidase, and malondialchehyche),
intestinal trefoil factor and type of mucin as those are the key
factors to determine the gut health of the birds.

MATERIALS AND METHODS

Bacterial Maintenance and Postbiotic
Production
The L. plantarum RG11, RI11, and RS5, which were previously
isolated from the local traditional Malaysian fermented
food, were obtained from the Laboratory of Biotechnology,
Department of Bioprocess Technology, Faculty of Biotechnology
and Biomolecular Sciences, Universiti Putra Malaysia. The
stock cultures kept at −20◦C were revived twice using de-Mann
Rogosa Sharpe (MRS) broth and incubated at 30◦C for 48 and
24 h as described by Foo et al. (14). Then, the active bacteria
were washed once with sterile 0.85% (w/v) NaCl (Merck,
Darmstadt, Germany) solution and adjusted to 109 CFU/ml
before being inoculated into formulated media and incubated at
30◦C for 24 h according to the method described by Mohamad
Zabidi et al. (20). Finally, the postbiotic produced was ready
to be used after centrifuging at 10,000 g for 15min at 4◦C and
filtered through 0.22-µm cellulose acetate membrane (Sartorius
Minisart, Germany) to remove all the viable bacterial cells.
The L.plantarum strains selected for this study were based
on the results obtained from previous research conducted by
Chang et al. (16). The postbiotics RG11, RI11, and RS5 contain
15.4–17.5mM acetic acid, 15.1–23.8mM caproic acid, 30.8–426
g/L lactic acid, 31.9–36.2% hydroxyl radical scavenging activity,
and 1.90–2.25 mg/L of ascorbic acid-reducing activity and
exhibited inhibitory activity against positive indicator bacteria
and pathogenic bacteria.

Experimental Design, Animals and Housing
Management
A total of 245male Cobb 500-day-old chickens were bought from
a local hatchery. On arrival, all the birds were randomly assigned
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TABLE 1 | Ingredient composition and nutrient contents of the starter diet.

Ingredients (%) Dietary treatmentsa

NC OTC RG11 RI11 RS5

Corn 48.55 48.50 48.50 48.50 48.50

Soybean meal 48% 41.17 41.28 41.28 41.28 41.28

Palm oil 3.79 3.79 3.79 3.79 3.79

Wheat pollard 1.52 1.44 1.35 1.35 1.35

l-Lysine 0.06 0.07 0.07 0.07 0.07

DL-Methionine 0.31 0.32 0.32 0.32 0.32

MDCP 21%b 1.23 1.23 1.23 1.23 1.23

Calcium carbonate 1.78 1.78 1.78 1.78 1.78

Choline chloride 0.08 0.08 0.08 0.08 0.08

Salt 0.21 0.21 0.21 0.21 0.21

Mineral mixc 0.80 0.79 0.79 0.79 0.79

Vitamin mixd 0.30 0.30 0.30 0.30 0.30

Antioxidante 0.10 0.10 0.10 0.10 0.10

Toxin binderf 0.10 0.10 0.10 0.10 0.10

Oxytetracyclineg 0.01

RG11 0.10

RI11 0.10

RS5 0.10

Total 100.00 100.00 100.00 100.00 100.00

Calculated nutrient levelh

ME kcal/kgi 3,010.98 3,009.65 3,009.64 3,009.64 3,009.64

Protein % 22.02 22.06 22.06 22.06 22.06

Fat % 5.87 5.87 5.87 5.87 5.87

Fiber % 4.21 4.23 4.20 4.20 4.20

Calcium % 0.98 0.98 0.98 0.98 0.98

aNC: basal diet only (negative control), OTC: basal diet + 0.01% oxytetracycline (positive control), RG11: basal diet + 0.1% Postbiotic RG11, RI11: basal diet + 0.1% Postbiotic RI11,

RS5: basal diet + Postbiotic RS5.
bMonodicalcium phosphate 21%.
cMineral mix supplied per kg of feed: Co 0.6mg, Cu 20mg, Fe 100mg, I 2mg; Mn 110mg, Se 0.2mg, Zn 100 mg.
dVitamin mix supplied per kg of feed: Vitamin A 11494IU, Vitamin D3 1,725 IU, Vitamin E 40 IU, Vitamin K3 2.29mg, Cobalamin 0.05mg, Thiamine 1.43mg, Riboflavin 3.44mg, Folic

acid 0.56mg, Biotin 0.05mg, Pantothenic acid 6.46mg, Niacin 40.17mg, Pyridoxine 2.29 mg.
eAntioxidant comprises of butylated hydroxyanisole (BHA).
fToxin binder comprises natural hydrated sodium calcium aluminum silicates to bind to the mycotoxins present in the feed.
gOxytetracyline (200 mg/kg, purity ≥ 64.7%, Y.S.P. Industries (M) SDN BHD.
hAll the diets were formulated by using FeedLive International Software (Thailand).
iME kcal/kg = Metabolizable energy kcal/kg.

using completely randomized design (CRD) to five treatments
with seven replicates per treatment and seven birds per replicate.
The birds were kept in battery cages with measurement of 120 cm
(length) × 120 cm (width) × 45 cm (height). All the birds were
subjected to brooding for 7 days at 31–32◦C and gradually
reduced the temperature by 2◦C until it reached 25◦C. The
average relative humidity was between 60 and 75% throughout
the study. For the house lighting, the birds were subjected to
24 h of light during the brooding and 8 h of light at night
after the brooding period. The birds were fed with a starter
diet from day 0 to day 21 and a finisher diet from day 22
to day 42 according to respective dietary treatments, namely,
negative control (NC): basal diet only; OTC: basal diet + 0.01%
oxytetracycline; RG11: basal diet + 0.1% Postbiotic RG11; RI11:

basal diet + 0.1% postbiotics RI11 and RS5: basal diet + 0.1%
postbiotic RS5 (Tables 1, 2). The basal diet was formulated using
FeedLIVE software version 1.52 (Live Informatics Company Ltd.,
Thailand) according to the nutrient specification recommended
by Cobb 500 Broiler Performance and Nutrition Supplement.
All the birds were given feed, as shown in Tables 1, 2, and
water ad libitum.

Growth Performance Measurement
The body weight (BW) and feed intake (FI) were taken weekly
throughout the feeding trial. The collected data were used
to calculate body weight gain (BWG) and feed conversion
ratio (FCR).
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TABLE 2 | Ingredient composition and nutrient contents of the finisher diet.

Ingredients (%) Dietary treatmentsa

NC OTC RG11 RI11 RS5

Corn 56.50 56.40 56.40 56.40 56.40

Soybean meal 48% 32.41 32.40 32.40 32.40 32.40

Palm oil 5.45 5.50 5.50 5.50 5.50

Wheat pollard 1.10 1.15 1.06 1.06 1.06

l-Lysine 0.02 0.02 0.02 0.02 0.02

DL-Methionine 0.24 0.24 0.24 0.24 0.24

MDCP 21%b 1.45 1.45 1.45 1.45 1.45

Calcium carbonate 1.20 1.20 1.20 1.20 1.20

Choline chloride 0.08 0.08 0.08 0.08 0.08

Salt 0.20 0.20 0.20 0.20 0.20

Mineral mixc 0.80 0.80 0.80 0.80 0.80

Vitamin mixd 0.30 0.30 0.30 0.30 0.30

Antioxidante 0.10 0.10 0.10 0.10 0.10

Toxin binderf 0.15 0.15 0.15 0.15 0.15

Oxytetracyclineg 0.01

RG11 0.10

RI11 0.10

RS5 0.10

Total 100.00 100.00 100.00 100.00 100.00

Calculated nutrient levelh

ME kcal/kgi 3,168.08 3,167.57 3,167.57 3,167.57 3,167.57

Protein % 18.78 18.74 18.74 18.74 18.74

Fat % 7.70 7.74 7.74 7.74 7.74

Fiber % 3.77 3.79 3.76 3.76 3.76

Calcium % 0.78 0.78 0.78 0.78 0.78

aNC: basal diet only (negative control), OTC: basal diet + 0.01% oxytetracycline (positive control), RG11: basal diet + 0.1% Postbiotic RG11, RI11: basal diet + 0.1% Postbiotic RI11,

RS5: basal diet + Postbiotic RS5.
bMonodicalcium phosphate 21%.
cMineral mix supplied per kg of feed: Co 0.6mg, Cu 20mg, Fe 100mg, I 2mg; Mn 110mg, Se 0.2mg, Zn 100 mg.
dVitamin mix supplied per kg of feed: Vitamin A 11494IU, Vitamin D3 1725 IU, Vitamin E 40 IU, Vitamin K3 2.29mg, Cobalamin 0.05mg, Thiamine 1.43mg, Riboflavin 3.44mg, Folic

acid 0.56mg, Biotin 0.05mg, Pantothenic acid 6.46mg, Niacin 40.17mg, Pyridoxine 2.29 mg.
eAntioxidant comprises of butylated hydroxyanisole (BHA).
fToxin binder comprises natural hydrated sodium calcium aluminum silicates to bind to the mycotoxins present in the feed.
gOxytetracyline (200 mg/kg, purity ≥ 64.7%, Y.S.P. Industries (M) SDN BHD.
hAll the diets were formulated by using FeedLive International Software (Thailand).
iME kcal/kg = Metabolizable energy kcal/kg.

Samples Collection and Processing
A total of seven birds per treatment (one bird per cage)
were randomly selected and slaughtered according to the Halal
Slaughtering Protocol (21) at the age of 21 days (except for
cecal microbiota and gene expression) and 42 days. The mucosa
from the small intestine was flushed with cold phosphate buffer
solution (0.01M, pH 7.4), scraped using a glass slide, and stored
in different 1.5mlmicrocentrifuge tubes. The jejenum and cecum
content were quickly collected and frozen in liquid nitrogen.
All the samples were then stored at −80◦C until analysis.
Approximately 3–4 cm of each segment of the small intestine
(duodenum, jejunum, and ileum) were collected and flushed with
PBS (0.01M, pH 7.4) before preserving in 10% (v/v) neutral
buffered formalin at room temperature. The intestinal tissues

were embedded in paraffin blocks and then cut into 4µm using
microtome before being placed on the glass slide.

Mucosa Antioxidant
Glutathione Peroxidase
The glutathione peroxidase (GSH-Px) concentration in the
intestinal mucosa was measured using chicken glutathione
peroxidase (GSH-Px) ELISA kits (SunLong Biotech Co. LTD,
China) by following the manufacturer’s procedure.

Malondialchehyche
The malondialchehyche (MDA) concentration in the intestinal
mucosa was measured using chicken malondialchehyche (MDA)
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ELISA kits (SunLong Biotech Co. LTD, China) by following the
manufacturer’s procedure.

Superoxidase Dismutase
The superoxidase dismutase (SOD) concentration in the
intestinal mucosa was measured using chicken superoxidase
dismutase (SOD) ELISA kits (SunLong Biotech Co. LTD, China)
by following the manufacturer’s procedure.

Crude Mucin Production
Crude mucin concentration in the excreta was measured 3
days consecutively before the sampling day proposed by Horn
et al. (22) and Machado et al. (23). Fresh excreta were collected
randomly from each replicate 2-times daily (8 am and 4 pm) in a
Falcon tube and quickly chilled at 4◦C. Before collection, a clean
and the sanitized plastic canvas was placed under cages to collect
fresh and excreta without contamination. Quantification assay
was carried out using 3 g of excreta and added with chilled 25ml
of sodium chloride solution (0.15M sodium chloride, 0.02M
sodium azide). The sample was immediately homogenized using
Ultraturrax homogenizer for 1min, centrifuged at 12,000 g
for 20min at 4◦C, and the supernatant was decanted into a
new, pre-weighed 50ml Falcon tube. Later, 15ml of chilled
absolute ethanol was mixed with the supernatant. It was left
overnight in the −20◦C before centrifuging again at 12,000 g
for 10min at 4. The sediment or the pelleted mucin was rinsed
again with 10ml sodium chloride solution (0.15-M sodium
chloride, 0.02-M sodium azide) and 15ml of absolute ethanol, left
overnight re-centrifuge until clear supernatant can be obtained.
The supernatant was removed by aspiration and the sediment
was collected and weighed as the crude mucin yield.

Mucin Staining
Acidic Mucin
Acidic mucin produced by goblet cells was determined by using
Alcian Blue (pH 2.5) according to Prophet et al. (24) with slight
modification. Briefly, after deparaffinized and rehydrated with
xylene and ethanol, the slides were stained in 8GX solution (pH
2.5) (Merck, 101647) for 30min and washed under tap water for
10min. Later, the slides were counterstained in a nuclear fast red
solution (Sigma Chemical, 1.00121) for another 5min, washed
again in running tap water for 1min before dehydration, cleared,
and mounted with the coverslip. The goblet cell with acidic
mucin stained blue while the nuclei stained red to pale pink.

Neutral Mucin
Neutral mucin was identified by periodic acid–Schiff (PAS)
staining according to Fasina et al. (25). Sections were brought to
water, placed in 0.5% periodic acid (Sigma Chemical, 1.00482)
for 30min, and washed in running tap water for 15min. The
slides were then immersed in Schiff ’s reagent (Sigma Chemical,
S5133) for another 30min before washing again for 10min,
dehydrated, and mounted with the coverslip. Neutral mucin-
producing goblet cells stained pink as the result of the staining.

High Iron Diamine
The slides were stained in high iron diamine stain as
described by Spicer (26) to distinguish between sulfomucin

and sialomucin. The stain was prepared earlier by using
120mg of N,N-Dimethyl-m-phenylenediamine dihydrochloride
(Sigma Chemical, SA219223), and 20mg of N,N-Dimethyl-p-
phenylenediamine dihydrochloride (Sigma Chemical, D-5004)
with 50ml of distilled water. Then, mixed with 1.4ml of 40%
ferric chloride, the pH of the final solution should be around 1.5–
1.6. The slides were deparaffinized and rehydrated using xylene
and three different concentrations of alcohol. All the sections
were stained in the prepared high iron diamine solution for 18 h,
rinsed rapidly under running tap water for 30min, immersed in
Alcian Blue (Sigma Chemical, 66011) for 5min, and dehydrated
rapidly, clear, and mounted with a coverslip.

Morphometric Measurement
All the slides for each staining protocol were stained
simultaneously in one batch to minimize any possible error.
Every slide per histochemical staining for each intestinal
segment, dietary treatment, and period of growth was viewed
and evaluated under a light microscope (Leica RM2155,
Germany) equipped with a digital camera (Leica DFC 295,
Germany). A total of 10 villi and 10 crypts were examined
and calculated for goblet cells per millimeter of villus height as
described by Osho et al. (27).

Intestinal Trefoil Factor
The intestinal trefoil factor (ITF) was determined using
Chicken Intestinal Trefoil ELISA kits (QAYEE-BIO, China)
according to the manufacturer’s protocol. Briefly, the previously
collected frozen intestinal tissues (1 g) were thawed on ice and
homogenized with a 9ml phosphate buffer solution (0.01M,
pH 7.4) to obtain the supernatant. A 10 µl of the collected
supernatant was then added with 40 µl of diluent before being
subjected to incubation 2-times. Finally, the concentration of ITF
was calculated using the equation generated from the standard
curve plotted.

Deoxyribonucleic Acid Extraction and
Ceca Bacteria Quantification
The DNA from the cecum content was extracted by using
TriSureTM (Bioline, United Kingdom), homogenized using a
vortex, and incubated for 3min at room temperature. Later,
0.2ml of chloroform was used to separate the sample into four
phases (colorless upper phase, aqueous pale green, interphase,
and organic sediment) by centrifuging at 12,000 g for 15min
at 4◦C. All the layers were removed, leaving the interphase and
organic layers before being added with 0.3ml of absolute ethanol
and centrifuged at 2,000 g for 5min at 4◦C. The precipitated
DNA pellet was washed with 1ml of 0.1-M sodium citrate in
10% ethanol and centrifuged again at 2,000 g for 5min at
4◦C. After two washes, the sample was added with 1.5ml of
75% ethanol, incubated for 20min at room temperature, and
centrifuged at 2,000 g for 5min at 4. Thereafter, the pellet
was air dry for 15min before being re-suspended with 8mM
of sodium hydroxide and centrifuged at 12,000 g for 15min
at 4◦C. The supernatant was drawn out and transferred to
a new sterile microcentrifuge tube and stored at −20◦C for
microbial quantification. The DNA concentration and purity

Frontiers in Veterinary Science | www.frontiersin.org 5 July 2022 | Volume 9 | Article 883324242

https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles


Chang et al. Postbiotics and Gut Health in Chicken

TABLE 3 | The DNA primer sequences of target bacteria.

Target bacteria Primer sequence Product size References

Total bacteria F—CGGCAACGAGCGCAACCC R—CCATTGTAGCACGTGTGTAGCC 145 (28)

Lactobacillus F—CATCCAGTGCAAACCTAAGAG R—GATCCGCTTGCCTTCGCA 341 (29)

Bifidobacterium F—GGGTGGTAATGCCGGATG R—TAAGCCATGGACTTTCACACC 278 (30)

Enterococcus genus F—CCCTTATTGTTAGTTGCCATCATT R—ACTCGTTGTACTTCCCATTGT 144 (28)

Enterobacteriaceae F—CATTGACGTTACCCGCAGAAGAAGC R—CTCTACGAGACTCAAGCTTGC 195 (29)

E. coli F—GTGTGATATCTACCCGCTTCGC R—AGAACGCTTTGTGGTTAATCAGGA 82 (29)

F, Forward; R, Reverse.

TABLE 4 | The sequence of target primers and housekeeping genes.

Gene Primer sequence (5’-3’) Product size (bp) Accession number

MUC 2 F-TTCATGATGCCTGCTCTTGTG R-CCTGAGCCTTGGTACATTCTTGT 93 NM_001318434.1

OCLN F-ACGGCAGCACCTACCTCAA R-GGGCGAAGAAGCAGATGAG 123 XM_025144248

SIgA F: GTCACCGTCACCTGGACTACA R: ACCGATGGTCTCCTTCACATC 192 S40610

GADPH F-CTGGCAAAGTCCAAGTGGTG R-AGCACCACCCTTCAGATGAG 275 NM_204305

F, Forward; R, Reverse; MUC 2, Mucin 2; OCLN, Occuludin; SIgA, Secretory Immunoglobulin A; GADPH, Glyceraldehyde-3-phosphate dehydrogenase.

were determined using BioSpectrometer R© basic (Eppendorf,
Germany). Absolute quantification of bacteria in the sample was
carried out by using real-time polymerase chain reaction (qPCR)
and standard curves plotted with the known concentration
of target bacterial DNA. Before that, a master mix (20 µl)
was prepared by using 10 µl of 2x SensiFAST SYBR R© No-
ROX Mix, 0.8 µl of each 10µM forward and reverse primers,
2 µl sample, and 5.4 µl RNAase-free water. The reaction
mixture was then analyzed using a CFX96 real-time PCR system
(BioRad, Hercules, USA) with the cycling conditions as follows:
polymerase activation at 95◦C for 2min, denaturation at 95◦C
for 5 s, annealing at 60◦C for 10 s and followed by 72◦C for 10 s.
A melting curve was conducted to assess the product specificity
in each amplification. The same PCR conditions were applied to
all the target bacteria as shown in Table 3.

Ribonucleic Acid Extraction and Gene
Expression
For hepatic gene expression, the total RNA was extracted
from 20mg of liver tissue using innuPREP RNA Mini
Kit 2.0 (Analytik Jena, Berlin, Germany) according to the
manufacturer’s protocol. The concentration and purity of the
purified RNA were determined by using BioSpectrometer R© basic
(Eppendorf, Germany) at the absorbance of 260/280 nm (ratio
absorbance) prior converted to complementary DNA (cDNA)
using SensiFASTTM cDNA Synthesis Kit. The relative mRNA
levels of the genes were quantified through real-time PCR using
the Bio–Rad CFX PCR system (Bio–Rad Laboratories, USA). The
genes GADPH and β-actin were used as an endogenous control.
Before running the qPCR, a master mix (20 µl) containing 10-
µl 2X SensiFAST SYBR R© No-ROX Mix, 0.8-µl 10-µM forward
primer, and 0.8 µl 10µM reverse primer, 2-µl template and
6.4 µl RNAase-free water. Negative technical control without
the presence of a template was used to verify the absence

of contamination in the master mix. The list of gene primer
sequences studied in this experiment is presented in Table 4. The
qPCR cycling conditions were set using the following protocols:
polymerase activation at 95◦C for 2min, denaturation of DNA
at 95◦C for 5 s, annealing at 60◦C for 10 s, and extension at
72◦C for 10 s. Analysis of the melting curve at the end of the
amplification cycle was used to determine the product specificity.
The relative gene expression was measured according to Livak
and Schmittgen’s (31) method.

Statistical Analysis
The collected data were analyzed using analysis of variance
(ANOVA) in Statistical Analysis System (SAS), version
9.4, to determine differences between significant treatment
means and followed by Duncan’s Multiple Range Test
where appropriate. The results were presented in means and
standard error (SEM). The significant differences were declared
at p < 0.05.

RESULTS

Growth Performance
The growth performance of the broiler chickens is illustrated in
Table 5. Although the results showed no significant difference
in BW during the starter period, the birds fed with postbiotic
RS5 showed significantly higher (p < 0.05) BWG than OTC fed
birds. In the finisher period, OTC, RG11, and RS5 showed no
significant difference (p > 0.05) in final BW and BWG. Although
all treatment groups showed similarly (p > 0.05) FCR during
starter, RS5 was revealed to have the lowest FCR compared
to other dietary treatments. On the other hand, there was no
significant difference (p > 0.05) recorded for feed intake in all
dietary treatments throughout the study.
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TABLE 5 | Growth performance of chickens when fed with different postbiotics.

Parameters Treatment groups1 SEM2 p

NC OTC RG11 RI11 RS5

Starter (day 21)

Initial BW (g) 49.33 49.27 48.93 49.92 49.43 0.57 0.077

BW(g) 600.02a 595.85a 548.94b 566.35ab 601.56a 7.53 0.047

BWG (g) 552.70a 546.88b 499.01c 516.43bc 552.13a 14.50 0.022

FI (g) 952.76 976.22 903.67 903.60 949.26 5.23 0.56

FCR (g:g) 1.74 1.78 1.81 1.77 1.72 0.06 0.14

Finisher (day 42)

Final BW(g) 2,351.20ab 2,259.00ab 2,258.65ab 2,205.43b 2,458.04a 32.72 0.042

BWG (g) 1,749.13ab 1,662.84b 1,709.71ab 1,639.08ab 1,856.46a 30.19 0.015

FI (g) 3,096.06 2,965.50 2,940.96 2,926.74 2,991.57 10.21 0.48

FCR (g:g) 1.77a 1.78a 1.72a 1.78a 1.63b 0.03 0.037

abcMeans with different superscripts in the same row differ significantly at p < 0.05.
1Treatment groups: NC: basal diet only (negative control), OTC: basal diet + 0.01% oxytetracycline (positive control), RG11: basal diet + 0.1% Postbiotic RG11, RI11: basal diet + 0.1%

Postbiotic RI11, RS5: basal diet + Postbiotic RS5.
2SEM, Standard error of means.

TABLE 6 | The GSH-Px concentration of chickens when fed with postbiotics.

Parameter Treatment groups1 SEM2 p

NC OTC RG11 RI11 RS5

Starter (day 21)

Duodenum (ng/ml) 120.14 125.06 126.74 126.26 120.98 2.28 0.88

Jejunum (ng/ml) 120.14c 114.76c 120.86c 147.83a 133.94b 3.38 0.02

Ileum (ng/ml) 94.34b 123.02a 94.58b 119.42a 122.18a 4.10 0.004

Finisher (day 42)

Duodenum (ng/ml) 65.37ab 78.14a 68.97ab 86.49a 55.67b 3.72 0.04

Jejunum (ng/ml) 74.94c 78.21bc 96.01a 92.40ab 71.85c 3.19 0.02

Ileum (ng/ml) 81.13 80.41 83.29 84.49 92.41 2.23 0.4

abcMeans with different superscripts in the same row differ significantly at p < 0.05.
1Treatment groups: NC: basal diet only (negative control), OTC: basal diet + 0.01% oxytetracycline (positive control), RG11: basal diet + 0.1% Postbiotic RG11, RI11: basal diet + 0.1%

Postbiotic RI11, RS5: basal diet + Postbiotic RS5.
2SEM, Standard error of means.

TABLE 7 | Malondialchehyche concentration of chickens when fed different postbiotics.

Parameter Treatment groups1 SEM2 p

NC OTC RG11 RI11 RS5

Starter (day 21)

Duodenum (mg/ml) 3.68a 3.06b 3.68a 2.80b 3.02b 0.178 0.028

Jejunum (mg/ml) 2.91 3.24 3.19 3.59 3.17 0.09 0.26

Ileum (mg/ml) 3.45a 3.50a 3.34a 3.05b 3.15b 0.05 0.0017

Finisher (day 42)

Duodenum (mg/ml) 2.24 1.97 2.12 2.49 2.24 0.08 0.36

Jejunum (mg/ml) 2.54a 1.90ab 1.77b 1.50b 1.64b 0.012 0.01

Ileum (mg/ml) 1.94 1.75 1.79 1.63 1.72 0.18 0.12

abcMeans with different superscripts in the same row differ significantly at p < 0.05.
1Treatment groups: NC: basal diet only (negative control), OTC: basal diet + 0.01% oxytetracycline (positive control), RG11: basal diet + 0.1% Postbiotic RG11, RI11: basal diet + 0.1%

Postbiotic RI11, RS5: basal diet + Postbiotic RS5.
2SEM, Standard error of means.
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TABLE 8 | The SOD concentration of chickens when fed different postbiotics.

Parameter Treatment groups1 SEM2 P-value

NC OTC RG11 RI11 RS5

Starter (day 21)

Duodenum (mg/ml) 17.06 15.58 17.44 18.11 17.54 0.39 0.35

Jejunum (mg/ml) 14.83b 17.69a 14.17b 17.52a 17.75a 0.47 0.02

Ileum (mg/ml) 15.11b 17.42a 13.78b 14.31b 18.53a 0.52 0.001

Finisher (day 42)

Duodenum (mg/ml) 13.87bc 14.61ab 12.80c 16.33ab 17.11a 0.55 0.04

Jejunum (mg/ml) 13.20b 13.09b 16.51a 14.69ab 16.94a 0.51 0.01

Ileum (mg/ml) 12.5 14.13 14.18 13.35 14.72 0.32 0.22

abcMeans with different superscripts in the same row differ significantly at p < 0.05.
1Treatment groups: NC: basal diet only (negative control), OTC: basal diet + 0.01% oxytetracycline (positive control), RG11: basal diet + 0.1% Postbiotic RG11, RI11: basal diet + 0.1%

Postbiotic RI11, RS5: basal diet + Postbiotic RS5.
2SEM, Standard error of means.

Mucosa Antioxidant Concentration
Glutathione Peroxidase
The effects of the supplementation of L. plantarum postbiotics
on GSH concentration in broiler chickens are shown in Table 6.
When fed with postbiotics RI11, the chickens had significantly
higher (p < 0.05) GSH concentration in the jejunum and
ileum when compared to NC during the starter. However, no
significant difference (p > 0.05) was observed in the duodenum.
Meanwhile, in the duodenum during finisher, all the treatment
groups showed no significant difference (p > 0.05) except for
RS5. In the jejunum, the RI11 increased (p < 0.05) the enzyme
concentration compared to other treatment groups. Also, the
GSH concentration was lowest (p < 0.05) in NC, OTC, and
RS5. There was no significant (p > 0.05) difference recorded in
the ileum.

Malondialchehyche
Table 7 shows the MDA concentration of the broiler chickens
fed with different postbiotics. The MDA concentration in both
duodenal and ileal mucosa during the starter period had a
significant difference (p < 0.05) among the treatment groups.
In the duodenum, the highest concentration (p < 0.05) was
recorded in NC and RG11, while NC, OTC, and RG11 recorded
the highest concentration (p < 0.05) in the ileum. Unlike in the
starter, there was no significant difference in MDA concentration
in both duodenum and ileum. In the jejunum, dietary treatment
RS5 had lowered (p < 0.05) the MDA concentration in the
mucosal, whereas the NC had the highest MDA concentration.

Superoxidase Dismutase
The super-oxidase dismutase concentration of duodenum,
jejunum, and ileum mucosa fed with different postbiotics is
shown in Table 8. The OTC, RI11, and RS5 had higher (p < 0.05)
SOD concentrations than other dietary groups in the jejunum
during the starter. Meanwhile, the OTC and RS5 exerted the
highest significant difference (p < 0.05) compared to the other
groups in the ileum. During the finisher, OTC, RI11, and RS5

showed a significant difference in SOD concentration compared
to NC and RG11 in the duodenum. The OTC had the lowest
(p < 0.05) SOD concentration for jejunum compared to other
treatment groups but showed no significant difference with NC
and RI11. No significant difference (p > 0.05) was recorded in
SOD concentration in the duodenum during starter and ileum
during finisher.

Crude Mucin Production
The crude mucin production indicates mucin secretion,
especially along the lower gastrointestinal tract. As illustrated in
Figure 1, the crude mucin production was significantly highest
in chickens fed with postbiotic RI11 even though it showed
no significant difference with RG11. Meanwhile, the NC group
recorded the lowest secretion of crude mucin.

Mucin Staining
The effects of L. plantarum supplementation on mucin
composition in the small intestine are illustrated in Table 9.
The production of acidic mucin in the duodenum showed no
significant difference (p > 0.05) in all the dietary treatment
groups. However, the birds fed with postbiotic improved (p
< 0.05) the production of acidic mucin in the jejunum and
ileum compared to the OTC. There was no significant (p
> 0.05) difference between all the treatments on the neutral
mucin secretion in the goblet cells. No significant difference was
observed in the sialomucin and sulfomucin production in the
duodenum. The OTC group produced the lowest (p < 0.05)
sulfomucin in the jejunum and ileum, even though it showed
no significant difference (P > 0.05) with NC in the ileum.
The supplementation of postbiotics impeded the production of
sialomucin in both jejunum and ileum. However, no significant
difference was found between RG11 and OTC in the jejunum.
In the finisher period, as illustrated in Table 10, the inclusion
of postbiotic in feed did not affect (p > 0.05) the acidic mucin
secretion in the duodenum. On the other hand, the highest (p
< 0.05) acidic mucin production was detected in RS5 in both
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FIGURE 1 | Quantification of crude mucin in broiler excreta when supplemented with different postbiotics. abcBar with different superscripts differ significantly at p <

0.05. Treatment groups: NC: basal diet only (negative control), OTC: basal diet + 0.01% oxytetracycline (positive control), RG11: basal diet + 0.1% Postbiotic RG11,

RI11: basal diet + 0.1% Postbiotic RI11, RS5: basal diet + Postbiotic RS5.

TABLE 9 | Goblet cell mucin composition of broiler chickens when fed with different postbiotics during the starter period.

Parameter Treatment groups1 SEM2 p

NC OTC RG11 RI11 RS5

Acidic mucin (Numbers of gobbler cells/villus height in mm2)

Duodenum 1,304.75 1,281.25 1,321.5 1,342.5 1,317.5 22.67 0.46

Jejunum 1,594.25ab 1,531.75b 1,633.75a 1,634.25a 1,656a 15.23 0.043

Ileum 1,769b 1,744.75b 1,809a 1,870a 1,880.25a 28.51 0.012

Neutral mucin (Numbers of gobbler cells villus height in mm2)

Duodenum 1,066.75 1,075.75 1,116.5 1,129.25 1,106.5 32.55 0.45

Jejunum 1,315 1,318.25 1,328 1,335 1,333 26.34 0.34

Ileum 1,439 1,450 1,469.75 1,465.75 1,494.25 26.98 0.28

Sulfomucin (Numbers of gobbler cells/villus height in mm2)

Duodenum 1.33 1.30 1.34 1.35 1.37 0.39 0.66

Jejunum 1.411.46b 1.371.46c 1.43ab 1.46a 1.45a 0.03 0.022

Ileum 1.55b 1.54b 1.59a 1.58a 1.58a 0.012 0.103

Sialomucin (Numbers of gobbler cells /villus height in mm2)

Duodenum 0.102 0.107 0.097 0.096 0.099 0.0019 0.49

Jejunum 0.166a 0.157b 0.157b 0.152c 0.15c 0.0027 0.002

Ileum 0.34ab 0.39a 0.29b 0.28 b 0.26 b 0.0087 0.016

abcMeans with different superscripts in the same row differ significantly at p < 0.05.
1Treatment groups: NC: basal diet only (negative control), OTC: basal diet + 0.01% oxytetracycline (positive control), RG11: basal diet + 0.1% Postbiotic RG11, RI11: basal diet + 0.1%

Postbiotic RI11, RS5: basal diet + Postbiotic RS5.
2SEM, Standard error of means.

jejunum and ileum, whereas NC had the lowest (p < 0.05) acidic
mucin secretion. There was a significant difference (p < 0.05)
between RS5 with NC and OTC groups in the duodenum and

jejunum for the neutral mucin goblet cells. In the ileum, the
supplementation of postbiotic and OTC did not influence (p >

0.05) the neutral mucin secretion in goblet cells. Moreover, in
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TABLE 10 | Goblet cell mucin composition of broiler chickens when fed with different postbiotics during the finisher period.

Parameter Treatment groups1 SEM2 p

NC OTC RG11 RI11 RS5

Acidic mucin (Numbers of gobbler cells/villus height in mm2)

Duodenum 1,002.33 1,039.25 1,084.33 1,148.17 1,107.67 19.25 0.11

Jejunum 1,166.58b 1,170.25b 1,254.33b 1,288.08a 1,262.33ab 17.70 0.047

Ileum 1,481.08b 1,485.5b 1,515.25ab 1,527.42a 1,521.67ab 20.2 0.024

Neutral mucin (Numbers of gobbler cells /villus height in mm2)

Duodenum 1,000.33b 1,008.42b 1,003.58b 1,063.67ab 1,074.58a 30.92 0.046

Jejunum 1,162.75b 1,175.67b 1,217a 1,228.33a 1,218.75a 36.97 0.003

Ileum 1,265.17 1,243.42 1,268.83 1,268.5 1,289.58 22.61 0.56

Sulfomucin (Numbers of gobbler cells/villus height in mm2)

Duodenum 0.65ab 0.66ab 0.74a 0.67ab 0.71ab 0.013 0.013

Jejunum 0.74c 0.73c 0.85ab 0.90a 0.81bc 0.01 0.02

Ileum 0.91bc 0.88c 1.02a 0.97ab 1.01a 0.015 0.0019

Sialomucin (Numbers of gobbler cells/villus height in mm2)

Duodenum 0.085 0.096 0.091 0.099 0.094 0.006 0.964

Jejunum 0.106a 0.101ab 0.097b 0.099b 0.098b 0.001 0.033

Ileum 0.26a 0.26a 0.24ab 0.21b 0.20b 0.009 0.034

abcMeans with different superscripts in the same row differ significantly at p < 0.05.
1Treatment groups: NC: basal diet only (negative control), OTC: basal diet + 0.01% oxytetracycline (positive control), RG11: basal diet + 0.1% Postbiotic RG11, RI11: basal diet + 0.1%

Postbiotic RI11, RS5: basal diet + Postbiotic RS5.
2SEM, Standard error of means.

the duodenum, the RG11 had the highest (p < 0.05) sulfomucin
production but no significant (p > 0.05) difference in other
treatment groups. The RI11 and OTC produced the highest and
lowest (p < 0.05) sulfomucin, respectively, in the jejunum. The
secretion of sulfomucin in the ileum showed no difference (p
> 0.05) between all the postbiotic treatment groups but was
higher (p < 0.05) when compared with OTC. Moreover, no
significant (p > 0.05) changes were detected in the sialomucin
in the duodenum. Postbiotics RI11 and RS5 secreted the lowest
(p < 0.05) sialomucin compared to NC and OTC groups in
the jejunum. The RG11, RI11, and RS5 showed no significant
difference (p > 0.05) in producing sialomucin in the ileum, but
the lowest (p < 0.05) production was revealed in the NTC and
OTC groups.

Intestinal Trefoil Factor
The trefoil factor 3 or intestinal trefoil factor (ITF) in the
duodenum, jejunum, and ileum of broiler chickens after being
fed with L. plantarum postbiotics are shown in Table 11. The
results showed a significant difference (p < 0.05) in ITF in
different parts of the small intestine in both starter and finisher.
During the starter diet period, no significant difference (p >

0.05) was observed among all the treatment groups in the
duodenum. Moreover, the supplementation of RI11 and RS5
enhanced (p < 0.05) the ITF concentration in the jejunum. The
ITF concentration was the lowest in the ileum (p< 0.05) for OTC
and higher in postbiotic treatment groups. Interestingly, the NC
had a significantly higher (p < 0.05) concentration than the OTC
group in jejunum and ileum. Meanwhile, during the finisher, RS5
showed a significantly higher concentration (p < 0.05) than NC

and RG11 but no significant difference (p > 0.05) between OTC
and RI11 in the duodenum. On the other hand, NC and OTC
exhibited a significantly lower (p < 0.05) concentration than RS5
in both jejunum and ileum.

Ceca Bacterial Quantification
The microbial population supplemented with selected L.
plantarum postbiotics in the cecum is shown in Table 12. For the
total bacteria, the supplementation of L. plantarum postbiotics
had improved (p < 0.05) all the bacteria population except
Lactobacillus. The results indicated that RS5 had a higher (p <

0.05) count than NC. Meanwhile, the Bifidobacterium was found
significantly higher (p < 0.05) in the postbiotic treated groups
compared to the NC but no significant difference (p > 0.05) with
OTC. The inclusion of OTC and postbiotics RG11, RI11, and RS5
in the feed reduced (p < 0.05) the colonization of ENT and E.
coli in the caecum of broiler chickens. For Enterococcus, RI11
and NC recorded the highest and lowest (p < 0.05) populations
in the caecum, respectively.

Gene Expression
The result for the expression of SIgA, MUC2, and OCLN
genes is shown in Figure 2. The gene expression of SIgA
in broiler chickens was the highest (p < 0.05) in RI11, the
lowest (p < 0.05) in OTC, but no significant difference (p >

0.05) was found between all the postbiotic treated groups. The
supplementation of postbiotic RI11 had up-regulated (p < 0.05)
the expression of MUC2 than other treatment groups despite
showing no significant difference (p > 0.05) with RS5. Moreover,
the expression of the OCLN gene was up-regulated (p < 0.05) by
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TABLE 11 | ITF activity of chickens when fed with different postbiotics.

Parameter Treatment groups1 SEM2 p

NC OTC RG11 RI11 RS5

Starter (day 21)

Duodenum (mg/ml) 1.11 1.15 1.06 1.21 1.01 0.02 0.40

Jejunum (mg/ml) 1.18a 0.99b 1.06b 1.23a 1.20a 0.03 0.002

Ileum (mg/ml) 1.18b 1.08c 1.33a 1.36a 1.30a 0.03 0.0002

Finisher (day 42)

Duodenum (mg/ml) 0.63bc 0.72ab 0.55c 0.68ab 0.75a 0.02 0.01

Jejunum (mg/ml) 0.57b 0.57b 0.66b 0.82a 0.84a 0.03 <0.001

Ileum (mg/ml) 0.53c 0.63bc 0.64abc 0.69ab 0.81a 0.03 0.01

abcMeans with different superscripts in the same row differ significantly at p < 0.05.
1Treatment groups: NC: basal diet only (negative control), OTC: basal diet + 0.01% oxytetracycline (positive control), RG11: basal diet + 0.1% Postbiotic RG11, RI11: basal diet + 0.1%

Postbiotic RI11, RS5: basal diet + Postbiotic RS5.
2SEM, Standard error of means.

TABLE 12 | Ceca microbial quantification of chickens when fed with different postbiotic.

Parameter(log10 CFU/g) Treatment groups1 SEM2 p

NC OTC RG11 RI11 RS5

Total bacteria 9.05b 9.37ab 9.23ab 9.14ab 9.52a 0.06 0.014

Lactobacillus 6.73 6.59 6.66 6.79 7.03 0.09 0.68

Bifidobacterium 7.01c 7.61ab 7.88a 7.84a 7.92a 0.11 0.038

Enterobacteriaceae 6.39a 5.16b 5.33b 5.44b 5.17b 0.12 0.0002

E. coli 6.49a 6.02b 5.79b 5.78b 5.80b 0.07 0.0002

Enterococcus 5.36c 7.36ab 7.28b 7.82a 7.68ab 0.22 <0.0001

abcMeans with different superscripts in the same row differ significantly at p < 0.05.
1Treatment groups: NC: basal diet only (negative control), OTC: basal diet + 0.01% oxytetracycline (positive control), RG11: basal diet + 0.1% Postbiotic RG11, RI11: basal diet + 0.1%

Postbiotic RI11, RS5: basal diet + Postbiotic RS5.
2SEM, Standard error of means.

the supplementation of RS5 and RI11 compared to the NC and
OTC groups.

DISCUSSION

Growth Performance
Postbiotics are the bioactive secondary metabolites produced
from lactic acid bacteria during growth and metabolism, which
has similar positive effects to probiotics but without the
inclusion of bacterial cells (32, 33). The postbiotic produced
from L. plantarum comprised many beneficial compounds such
as antioxidant compounds, organic acids, bacteriocins, and
enzymes (16, 20). As a result, the postbiotics modulate the
immune response, fight against pathogenic infections, stimulate
the proliferation of good bacteria in the gut, and improve
livestock growth performance and production (7, 14, 17). The
production of plantaricin Ef and plantaricin W bacteriocin, as
well as SCFAs such as acetic acid, caproic acid, and lactic acid, are
well known for their broad spectrum of antimicrobial and anti-
inflammatory activities, involved in intestinal health, particularly
tight junction and mucous production (34–37). Chang et al. (16)
revealed that the L. plantarum postbiotics also produced acetoin,

intermediary compounds, and pyrrole compounds post bacterial
fermentation. These compounds exert inhibitory activity against
various pathogens and prevent the occurrence of inflammation
and oxidation in the host.

Postbiotics enhance the growth performance through
several postulated mechanisms when supplemented to the
birds. The SCFA and bacteriocin in the postbiotics exerted
bacteriostatic and bactericidal properties against pathogens in
the gastrointestinal tract. Moreover, the acidic property of SCFA
lowered the gut pH, which has a negative correlation with the
proliferation of low acidic tolerant pathogenic bacteria such as
Enterobacteriaceae, E. coli, and Salmonella (38). Such events
also stimulated the proliferation of beneficial microflora in
the gut, such as Lactobacillus and Bifidobacteria, to produce
various positive implications on the immune system, digestive
health, and growth performance in the birds. Furthermore, the
reduced pathogen load also reduced the chances in adherence
to the intestinal epithelial cell and preventing infection. It
is also presumed that the SCFAs produced by commensal
bacteria, particularly propionate and butyrate, have numerous
health-promoting effects, including decreasing the risk of gut
leakage, improving gut immunity, stimulating anti-inflammatory
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FIGURE 2 | Gene expression of jejunal MUC2, OCLN, and SIgA in broiler chickens when supplemented with different postbiotics. abcBar with different superscripts

differ significantly at p < 0.05. Treatment groups: NC: basal diet only (negative control), OTC: basal diet + 0.01% oxytetracycline (positive control), RG11: basal diet +

0.1% Postbiotic RG11, RI11: basal diet + 0.1% Postbiotic RI11, RS5: basal diet + Postbiotic RS5.

cytokines, and modulating the cellular activity of gut epithelial
cells (39, 40). Most studies revealed that the supplementation of
postbiotics improved villus height and crypt depth (17, 41–43).
Both parameters are the general indication of good intestinal
health, epithelial cell turnover, and nutrient absorption across the
intestine into the systemic circulation (44, 45). All the evidence
suggests that the L. plantarum postbiotic mechanism of action
promoted positive growth performance in poultry.

Mucosal Antioxidant Concentration
Recently, there has been a growing interest in the oxidative
stress and antioxidant capacity of the supplement used in the
animal feed due to heat stress and low-grade feedstuffs (feed
toxin) (46, 47). As a result, these stressors are predisposing
factors for disruption of normal physiological responses,
which involve molecular and cellular activities or better
known as inflammation (46, 48). The interaction between
the microbes such as Eimeria and their metabolite with
mucosa can lead to oxidative stress by forming reactive
oxygen species (ROS) and destroying the intestinal epithelial
barrier and the tight junction. In turn, this resulted in poor
growth performance and nutrient absorption (49, 50).
Although stressors are inevitable, it is crucial to include
natural antioxidants feedstuffs to promote the animals’
antioxidant capability, particularly in the gut. For example,
several studies suggested that L. plantarum postbiotic (cell-free
supernatant) has antioxidant activity, significantly inhibits
pathogen growth, and downregulated the expression of IL-8 in
human HT-29 cells (16, 51, 52).

In the intestinal mucosa, the enzymatic defense system
such as GSH-Px and SOD protects the host against oxidative
stress (53) apart from the antioxidant substance system; for
example, lipid-soluble and water-soluble antioxidants (47). This
study showed that the postbiotics produced by L. plantarum
enhanced the antioxidant concentration of GSH-Px and SOD
in the birds while lowering MDA in the intestinal mucosa.
Research conducted by Humam et al. (17) and Izuddin et al.
(42) highlighted that the L. plantarum postbiotics significantly
enhanced the total antioxidant capacity, catalase, glutathione,
GSH-Px, and thiobarbituric acid reactive substance activities in
broiler chickens and post-weaning lambs. Both GSH-Px and
SOD are highest at the early growth and intestinal development
(47). In other words, the supplementation of postbiotics played a
protective role during the crucial stage of growth to fully develop
the intestinal tract against oxidative stress. In addition, MDA
is the lipid peroxidation marker that indicates oxidative stress
and is associated with cell membrane damage. In this study,
however, the birds fed with postbiotics RI11 and RS5 significantly
reduced the MDA level in the small intestine compared to the
control groups. This agrees with Zhang et al. (54) and Jiang et al.
(55) that high levels of GSH-Px and SOD would reduce MDA
levels because both enzymes can remove free radicals generated
by MDA.

Intestinal Health, Tight Junction
Permeability, and Mucin Production
Good intestinal health is essential for the growth and production
of poultry. The intestinal tract has the largest mucosal tissue and
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secreted numerous immune-associated cells, includingmast cells,
goblet cells, secretory IgA (SIgA), and other epithelial-derived
factors. All these cells contribute to various physiological and
immunological reactions in the body to prevent the adhesion
of pathogens on the intestinal epithelial cell and maintain
health (56). Under normal conditions, the intestinal epithelium,
together with mucin secretion and tight junction proteins,
selectively permit the passage of nutrients, ions, and water but
hinder the entrance of infectious agents and feed toxins by
forming protective and functional barriers (57, 58). Furthermore,
the mucus secreted by goblet cells prevents mechanical injury,
bacterial translocation, and maintains intestinal equilibrium.
As the major component of mucus besides carbohydrates,
lipids, water, and proteins, the mucin, particularly acidic
mucin, and sulfomucin, enhance intestinal defense (59, 60).
Moreover, mucin is also the source of carbohydrates for the
commensal bacteria (61). In other words, once the intestinal
equilibrium has collapsed, the birds are prone to be infected with
pathogenic infections.

From the findings, crude mucin production is the general
indicator of mucus production along the gastrointestinal tract.
To the best of our knowledge, this is the first study to evaluate
the effect of the supplementation of postbiotics on crude mucin
production. However, the significantly higher crude mucin
production in birds treated with postbiotic RI11 might be
associated with goblet cell density and MUC2 secretion in the
intestine (62). The findings revealed that the birds fed with
L. plantarum postbiotics RI11 and RS5 produced significantly
higher acidic mucin and sulfomucin in the small intestine. The
higher secretion of acidic and sulfated mucin protects the host
epithelial layers against bacterial invasion. Both types of mucin
are more resistant to bacterial glycosidase and host protease (63).
Hence, reduction of the sulfomucin could affect the mucus layer
and intestinal health. The production of the sialomucin has been
implicated with changes in the intestinal microbiota (64). In
the mice model, the infection caused by rotavirus changed the
mucin sulfation and sialylation, while Pseudomonas aeruginosa-
infected mice were found to have higher sialic mucin in the
bronchial mucosa (65). However, more experiments have to be
performed to fully understand the possible relationship between
the sulfomucin and sialomucin in the intestine, especially during
inflammation in poultry. Remarkably, the secretion of the neutral
mucin is more prominent in the gastric mucosa, while the acidic
mucin is abundantly found in the intestinal mucosa (66). This
supported the finding of this study where a lower number of
goblet cells with the neutral mucin than acidic mucin in the
small intestine.

The supplementation of postbiotics promoted intestinal trefoil
factor secretion in the small intestine, which is important
for mucosal healing and against oxidation injury on epithelial
cells (67). Although no clear explanation has been reported
on the effect of ITF in poultry, in mice, ITF disrupted
genes hindered the repairing of the mucosal lining and led
to mortality due to colitis (68). Another study conducted by
Wang et al. (69) revealed that burn-induced injury mice treated
with recombinant human ITF (rhITF) protected the intestinal
mucosal lining, and promoted the production of acidic mucin

and sulfated mucin while lowering the secretion of neutral
mucin. Moreover, the control group mice also had lower
villi height, necrosis, and lymphocyte infiltration compared to
rhITF mice. A similar finding was reported by Hu et al. (70),
where ITF significantly reduced the damage to the endoplasmic
reticulum and glutamine transporters on the intestinal epithelial
cells. To our best knowledge, the finding from this study
showed that the supplementation of postbiotics promoted ITF
production in the intestinal mucosal, particularly in broiler
chickens. Consequently, it can be postulated that ITF exhibits
cryoprotective activity via continuous secretion of acidic mucin
by goblet cells even though inflammation and oxidative stress are
inevitable in poultry farming nowadays.

Concurrently, the presented data showed that L. plantarum
postbiotic improved intestinal permeability by up-regulating the
expression of OCLN in the jejunum. The previous study had
demonstrated that the supplementation of yeast and probiotic
L. plantarum 16 (Lac 16) up-regulated the intestinal barrier-
related genes such as OCLN and MUC2 (71). Studies on
mice documented that OCLN knockout mice showed chronic
inflammation and hyperplasia in the gastric epithelium and
testicular atrophy, albeit had normal barrier function (72, 73).
The reduction of OCLN gene expression is also associated with
various intestinal inflammatory diseases. Thus, this suggests that
it has a vital role in maintaining intestinal barrier integrity (74).

Lactic acid bacteria are well recognized as immunostimulants
associated with cytokine production, which subsequently affect
the innate and adaptive immune responses (75). Secretory IgA
protects the mucosal surface in the mucosa by presenting the
bacterial antigens to dendritic cells. Together with mucous,
trefoil peptides, and resistin-like molecule β, these compounds
form a polarized and tight barrier on the intestinal epithelium
(74). Besides that, SIgA also protects the intestinal epithelial
cell from bacterial toxins and regulates mucosal homeostasis
(76). In this study, the up-regulation of SIgA in postbiotic
treated groups. Other studies have liked that the supplementation
of L. plantarum increased the level of SIgA despite was the
animals were being challenged by Clostridium perfringens and
Salmonella pullorum (77). The up-regulation of SIgA also
helped to modulate the gut microbiota as it binds to the
commensal bacteria in the gut (78). Therefore, this explained
that the postbiotic treated birds had a higher population of
good bacteria in the caecum, subsequently improving the birds’
nutrient performance.

Ceca Microbiota
The gastrointestinal microbiota is inextricably linked to general
health, which is not only responsible for digestion and absorption
but also indirectly involves the endocrine and immune systems.
Any changes in the feed composition, nutrients, and medication,
particularly antibiotics, could influence the gut microbiota
composition. Meanwhile, caecum harbors the most complex
microbial community to prevent pathogen load, digest non-
starch polysaccharides, involves in the detoxification process, and
produce and absorption of nutrients such as amino acids (79, 80).
There is no strong evidence of a healthy microflora pattern in
the gut so far till this study took place. However, the research
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findings proved that the modulation of gut microbiota is highly
associated with the production and performance of the host
through the secretion of its metabolites and synergetic reaction
with the internal environment (81, 82).

In this study, the supplementation of L. plantarum had
up-regulated the population of beneficial bacteria such as
Bifidobacterium and Enterococcus. These normal inhabitants in
the gut are proven to stimulate the proliferation of commensal
bacteria through secreting bacteriocin and organic acids to kill
(or inhibit) the bad bacteria from the external environment
(83, 84). Moreover, the inclusion of organic acids and bacteriocin
from the postbiotic lowered the microenvironment pH and
prohibited the colonization of ENT and E. coli due to cell
lysis (85, 86). This is further proven by Chang et al. (16).
The high concentration of acetic acid impeded the growth of
Salmonella enterica CS3 and Listeria monocytogenes L55, and
caproic acid exerted bacteriostatic activity against E. coli E-30,
L. monocytogenes L55, and vancomycin-resistant enterococcus
(VRE). A study conducted by Humam et al. (17) also found
that the low cecal pH negatively correlates with the pathogenic
bacteria count. In other words, the lower the cecal pH, the
lower the population of ENT, E. coli, and Salmonella in the
caecum. A similar result can be seen in Kareem et al. (87), the
supplementation of postbiotic with inulin significantly reduced
the population of E. coli and ENT compared to the control
groups. In return, the commensal bacteria provide several
primary benefits to the host through the competitive exclusion of
pathogens or non-indigenousmicrobes, immune stimulation and

modulation, and influence the nutrient digestion and absorption
of the host (88). Under this condition, even if pathogens breach

the immune system, the risk of getting an infection is minimized

through immunomodulation in the gut, particularly the intestine.
Furthermore, a healthy gut microbiota composition regulates

the mucin secretion, tight barrier junction, and epithelial cell
turnover; hence, reducing the pathogens’ chance of adhesion in

the intestinal cells. In terms of immunity, the production of
IgA, the predominant immunoglobulin in the intestine, inhibits

the bacterial and viral adhesion to the epithelial cells and
neutralizes toxins (89). Similar to other physiological reactions
in the body, these processes require feed rich in energy and
protein; therefore, balance and nutritious feed influence the

gut microbiome composition. Poor quality (and quantity) of
the feed may increase inflammatory responses, dysbiosis, and
often reduce the growth performance of the livestock. However,
the study on the cecal and intestine microbiome composition
via genomic sequencing should be carried out in the future to
explore the impact of feeding postbiotics on the variation of
gut microbiota.

CONCLUSION

In conclusion, postbiotic RS5 improved growth performance,
antioxidant concentration, and acidic and MUC2 production by
reducing intestinal integrity and bacteria. Hence, L. plantarum
postbiotic is a good candidate to substitute AGP in poultry
feed with promising beneficial effects on growth performance,
antioxidant concentration, mucin production, gut permeability,
microbiota, and immune response.
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Ailiyasi Aisikaer, Fan Zhang, He-Wei Chen, Wei-Kang Wang,

Yan-Lu Wang, Liang-Kang Lv, Feng-Liang Xiong, Ying-Yi Liu,

Sheng-Li Li and Hong-Jian Yang*

State Key Laboratory of Animal Nutrition, College of Animal Science and Technology, China

Agricultural University, Beijing, China

Guanidine acetic acid (GAA) is increasingly considered as a nutritional growth

promoter in monogastric animals. Whether or not such response would exist

in rapid-growing lambs is unclear yet. The objective of this study was to

investigate whether dietary supplementation with uncoated GAA (UGAA) and

coated GAA (CGAA) could alter growth performance, nutrient digestion, serum

metabolites, and antioxidant capacity in lambs. Seventy-two small-tailed Han

lambs initially weighed 12 ± 1.6 kg were randomly allocated into six groups

in a 2 × 3 factorial experimental design including two forage-type rations

[Oaten hay (OH) vs. its combination with wheat silage (OHWS)] and three GAA

treatment per ration: no GAA, 1 g UGAA, and 1g CGAA per kg dry matter.

The whole experiment was completed in two consecutive growing stages

(stage 1, 13–30 kg; stage 2, 30–50 kg). Under high-concentrate feeding pattern

(Stage 1, 25: 75; Stage 2, 20: 80), UGAA or CGAA supplementation in young

lambs presented greater dry matter intake (DMI) in stage 1 and average daily

gain (ADG) in the whole experimental period; lambs in OH group had higher

ADG and DMI than that in OHWS group in stage 1 and whole experimental

period, but this phenomenon was not observed in stage 2. Both UCGA and

CGAA addition increased dietary DM, organic matter (OM), neutral detergent

fiber (NDF), and acid detergent fiber (ADF) digestion in both stages. In blood

metabolism, UCGA and CGAA addition resulted in a greater total protein (TP)

and insulin-like growth factor 1(IGF-1) levels, as well as antioxidant capacity; at

the same time, UCGA and CGAA addition increased GAA metabolism-creatine

kinase and decreased guanidinoacetate N-methyltransferase (GAMT) and

L-Arginine glycine amidine transferase catalyzes (AGAT) activity. In a brief,

the results obtained in the present study suggested that GAA (UGAA and

CGAA; 1 g/kg DM) could be applied to improve growth performance
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in younger (13–30 kg) instead of older (30–50 kg) lambs in high-concentrate

feedlotting practice.
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UGAA, CGAA, forage type, nutrient digestion, antioxidant index

Introduction

Guanidinoacetic acid (GAA) is a natural primary precursor

of creatine and synthesized in the pancreas and kidney from

arginine and glycine under the catalysis of L-arginine: glycine

amidinotransferase (AGAT). Afterward, S-adenosylmethionine

(SAM) methylated GAA to form creatine, and the latter

participated in energy and protein metabolism (1–3),

completing GAA biotransformation (see Figure 1). In an

earlier in vitro study (4), about 1.7% of the creatine and

phosphocreatine pool was irreversibly converted to creatinine

each day and excreted in the urine. Borosnan et al. (5) noted that

creatine was essential for animal body to maintain permanent

muscle growth, and animal body itself was able to compensate

for the creatine loss via the decomposition of creatine to

creatinine, and the latter excreted in urine. Therefore, the

author in that study (6) speculated that the requirement for

creatine was likely greater in young growing animals than in

adult animals, and as aforementioned compensation for creatine

losses, it might be necessary to provide extra creatine to the

growing tissues.

Previous studies reported that dietary GAA addition (0,

0.6, 6 g/kg basal diet, day-old male broiler; 0, 0.6 g/kg basal

diet, 25-day-old broiler; 0, 0.8, 1.2 g/kg basal diet, weaned

pig; 0, 0.3, 0.6, 0.9 g/kg basal diet, finishing pig) presented

beneficial effects on monogastric animals in terms of average

daily gain (ADG), slaughter characteristics and carcass meat

quality (7–10). In ruminant animals, limited studies indicated

that dietary GAA addition 0 or 0.6 g/kg basal diet improved

growth performance, as well as ruminal fermentation, and

apparent total tract nutrient digestibility in yearling Angus bulls

with a mean body weight of 440 kg (11, 12). Unlike monogastric

animals, the application of GAA in ruminants should not neglect

its microbial degradation in the rumen. Speer et al. (13) in a

recent study noted that the ruminal degradation rate of GAA

was 0.47–0.49 before it was absorbed in the lower digestive

tract. For ruminants, the type of forage (e.g., hay and silage)

is one of the factors that affect growth performance (14, 15).

Therefore, the objective of the present study was to elucidate

whether dietary supplementation of CGAA in comparison with

UGAA could exhibit greater growth performance in feedlotting

lambs with two forage types, and what possible action mode

could exist for GAA during the decomposition of creatine

to creatinine.

Materials and methods

The feeding trial in the present study was conducted at a

sheep farm at Huanghua (38◦22’N, 117◦31’E, Cangzhou, Hebei

province, China) from December 1, 2020 to March 31, 2021.

The animals were kept in an enclosed animal house and the

mean minimum and maximum room temperatures observed

during the experimental period were −20◦C and 23◦C (average

0.9◦C), respectively. In the present study, all the procedures

performed in animal feeding and sample collection followed the

Guidelines of the Beijing Municipal Council on Animal Care

(with protocolCAU20171014-1).

Guanidinoacetic acid products

The uncoated guanidino acetic acid (UGAA) and coated

guanidino acetic acid (CGAA) used in this trail had the form

of a white powder with available content of 984 g/kg and 600

g/kg GAA, respectively. Among them, the packaging material

coating with CGAA is mainly fat powder. UGAA and CGAA

were provided by Hebei Guang rui Company, Shijiazhuang city,

Hebei province, China.

Experimental design and animal feeding
management

Seventy-two small-tailed male Chinese Han lambs initially

weighed 12± 1.6 kg of BWwere chosen as experimental animals

and fed total mixed rations with different forage: concentrate

ratios (Stage 1, 25: 75; Stage 2, 20: 80) on dry matter basis except

that the forage source was different as listed in Table 1.

A 2× 3 factorial experiment design was applied to randomly

allocate the animals into two forage type of TMRs (OH,

rations with sole forage of oaten hay; OHWS, rations with

forage combination of wheat silage and oaten hay) and three

GAA addition group within each above forage type of ration

(control, a basal control ration without GAA addition; UGAA,

a basal ration added with 1.0 g/kg uncoated GAA; CGAA, a

basal ration added with 1.0 g/kg coated GAA). Consequently,

the aforementioned experimental design resulted in six ration

treatments, and each treatment had four bamboo-slotted

bedding pens and each pen was arranged with three lambs
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FIGURE 1

Metabolic processes of GAA. (AGAT, L-arginine: glycine amidinotransferase; Arg, arginine; CK, creatine kinase; GAMT, guanidinoacetate

N-methyltransferase; Gly, glycine; SAH, S-Adenosine homocysteine; SAM, S-Adenosylmethionine; PCr, phosphocreatine).

TABLE 1 Nutrient composition of oaten hay and wheat silage on dry matter basis.

Nutrient level DM(g/kg) CP(g/kg) EE(g/kg) NDF (g/kg) ADF (g/kg) OM(g/kg) GE(MJ/kg)

Oaten hay (OH) 879.5 118.0 24.1 611.6 351.4 917.0 14.4

Wheat silage (WS) 329.3 120.8 32.0 520.0 310.5 919.0 14.2

ADF, acid detergent fiber; CP, crude protein; DM, dry matter; EE, ether extract; GE, gross energy; NDF, neutral detergent fiber; OM, organic matter.

with free access to drinking water. Prior to ration feeding,

the corresponding amounts of UGAA or CGAA were mixed

with concentrate feeds first and then fed with corresponding

type of forage following the experimental design. The whole

experimental trial lasted for 127 days consisting of 7 days

adaptation and 120 days for data collection with each stage

about 60 days. All the rations were formulated to satisfy nutrient

requirement of 300 g gain/day (16) and all lambs were fed twice

at 0800 and 1,600 h daily (Table 2).

Growth performance

During the feeding trial period, live body weight of each

animal was weighed before morning feeding and recorded on

days 1, 18, 33, 47, 62, 90, and 120 to calculate ADG at above

different feeding intervals. The ration amounts offered were

daily recorded, and the ration leftovers were weighed before next

day’s morning feeding to calculate actual feed intake per pen

level. The moisture content of total mixed ration was weekly

determined and adjusted to calculate dry matter intake (DMI).

Feed conversion efficiency was expressed as F: G ratio and

calculated as DMI divided by ADG.

Apparent nutrient digestibility

At the end of each feeding stage, fecal samples per animal

were collected via the rectum for three consecutive days after

morning feeding. Meanwhile, representative samples of ration

offered, orts, and feces were oven-dried at 65◦C for 48 h and

ground to pass a 1mm sieve. Acid-insoluble ash (AIA) was

measured following the method of Van-Keulen and Young

(17). Dry matter (DM), organic matter (OM), ether extract

(EE), crude protein (CP), and acid detergent fiber (ADF) were

TABLE 2 Ingredient and chemical composition of total mixed rations

with di�erent forage type fed to lambs at di�erent feeding stages

(stage 1, 1–62 day; stage 2, 63–120 day).

Ingredients Stage 1 Stage 2

OH OHWS OH OHWS

Wheat silage 0 90 0 70

Oaten hay 250 160 200 130

Concentratea,b 750 750 800 800

Nutrient level (g/kg, as Dry Matter)c

Organic matter 893.3 901.8 905.6 910.5

Crude protein 191.9 193.7 184.6 174.5

Ether extract 36.6 35.1 38 37.5

Neutral detergent fiber 307.6 293.8 274.5 271.2

Acid detergent fiber 118.4 117.1 108 99.7

Gross energy (MJ/kg) 15.4 15.5 17 16.8

OH, the rations with the forage type of oaten hay; OHWS, the rations with the forage type

of oaten hay plus wheat silage.
aContained per kg in stage 1: 380 g Corn meal, 150 g Soybean meal, 180 g DDGS, 40 g

Premix, Contained per kg in stage 2: 500 g Corn meal, 150 g Soybean meal, 110 g DDGS,

40 g Premix.
bContained per kg premix:200–500mg Cu, 750–17500mg Fe, 750–5,000mg Mn, 1,250–

4,250mg Zn, 3.75–350mg I, 2.5–17.87mg Se, 75000–350000 IU vitamin A, 12,500–

142,500 IU vitamin D3 , 500mg vitamin E.
cDetermined using samples pooled by diet three times within each week.

analyzed following the analysis procedures of AOAC (18).

Neutral detergent fiber (NDF) was assayed following themethod

of Van Soest et al. (19). Apparently, total tract digestibility of

nutrients was calculated as follow:

Nutrient digestibility (%)

= 100− 100× (Nf × RAIA)/(Nr × FAIA)

whereNf is nutrient concentration in feces, RAIA is AIA content

in rations, Nr is nutrient content in rations, and FAIA is AIA

content in feces.
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Blood sample analysis

On days 60 and 120, blood samples of each animal were

collected via the coccygeal vein into the 5-mL evacuated

tubes before the morning meal. The blood samples kept

overnight at 4◦C were centrifuged at 3,000 g for 10min to

obtain serum samples. Afterward, the serum samples were

sent to a third-party examination agency (Shanghai Kehua

Biology Science and Technology Co., Ltd; Shanghai, China)

and subjected to the determination of total protein (TP),

albumin (ALB), urea N, triglycerides (TG), glucose, insulin-

like growth factor 1 (IGF-1), creatine kinase (CK), creatinine,

GAMT, AGAT, adenosine Triphosphate (ATP), superoxide

dismutase (SOD), malondialdehyde (MDA), catalase (CAT),

glutathione peroxidase (GSH-PX), total antioxidant Capacity

(T-AOC), and glutathione (GSH) using the corresponding

enzyme-linked immunosorbent assay kit. The contents of GAA

and creatine in blood were determined with high-performance

liquid chromatography (HPLC) as described by Buchberger and

Ferdig (20).

Statistical analysis

Data of each lamb feeding stage (stage 1 and stage 2) were

analyzed using the MIXED procedure of the Statistical Analysis

System Institute. The model was applied as follows:

Yijk = µ + Gi + Fj + (G×F)ij + Rk + eijk

where Yijk is the dependent variable, µ is the overall mean, Gi is

the fixed effect of GAA addition (I= 3: Control, UGAA, CGAA),

Fj is the fixed effect of total mixed ration type with different

forage source (OH, oaten hay; OHWS, oaten hay plus wheat

silage), G × F is the interaction of GAA and ration type. Rk is

the random effect of animals (k = 12 per treatment) or pens (k

= 4 per treatment), and eijk is residue error term. Least square

means and standard errors of the means were calculated with

the LSMEANS statement of the SAS software. Significance was

declared at P ≤ 0.05 unless otherwise noted.

Results

E�ect of forage type and GAA addition on
growth performance and feed e�ciency

As shown in Figure 2, the live body weight of feedlot

lambs in both OH and OHWS groups was linearly increased

during 120-day feeding. The growth coefficient ranked: CGAA

> UGAA > Control in OH group, but the coefficient in OHWS

group ranked: UGAA > CGAA > Control, suggesting that

both UGAA and CGAA promoted daily gain of the lambs. In

addition, regardless the form of GAA was added at day 120

(Supplementary Table 1), the lambs in OH group in comparison

with OHWS group presented greater BW (P = 0.031), and

dietary CGAA in OH group and dietary UGAA addition in

OHWS group presented greater BW compared with those of the

control group (P < 0.05).

The effects of forage type and GAA addition are presented in

Table 3. Interaction between forage type and GAA addition was

found for the DMI in stage 1, UGAA or CGAA addition in OH

group increased DMI than the control (P < 0.05), while there

was no difference in OHWS group (P > 0.05). Regardless the

form of GAA was added, the lambs in OH group in comparison

with OHWS group presented greater DMI (P = 0.003) and

greater ADG (P = 0.043), but no difference occurred for F: G

between the two forage groups. Compared with the control, both

UGAA and CGAA did not significantly increase ADG except

for somewhat numerical increments. However, both UGAA and

CGAA increased DMI (P = 0.004). Likewise, no improvement

of F: G was found in both UGAA and CGAA additions.

At the stage 2 unlike the stage 1, neither forage type nor

GAA addition significantly alter DMI, and dietary addition of

UGAA and CGAA tended to increase ADG (P = 0.077). Same

as the stage 1, no improvement of F: G was found by both GAA

addition and different forage type (Table 3).

For the whole experimental period, the lambs in OHWS

group in comparison with OH group presented not only lower

DMI (P = 0.010) but also lower ADG (P = 0.022) though F:

G did not differ between the two forage groups. GAA addition

(UGAA and CGAA) increased ADG (P = 0.014). In addition,

dietary CGAA in OH group and dietary UGAA addition in

OHWS group presented greater DMI and ADG compared with

those of the control (P < 0.05). The overall F: G did not alter in

response to both forage type and GAA addition (Table 3).

E�ect of forage type and GAA addition on
total tract nutrient digestibility

No forage type and GAA addition interaction was observed

for nutrient digestibility (Table 4). At the stage 1, the lambs

in OH group in comparison with OHWS group presented

greater NDF (P = 0.013) and ADF (P < 0.001) digestibility.

At the same time, both UGAA and CGAA increased DMD

(P = 0.001), OMD (P = 0.018), NDFD (P = 0.021), and ADFD

(P < 0.001) digestibility.

No difference was observed for nutrient apparent

digestibility as an effect of forage type at the stage 2. Similar

to stage 1, GAA, whether coated or not, improved DM

(P = 0.047), OM (P = 0.043), NDF (P = 0.025), and ADF

(P = 0.021) digestibility.
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FIGURE 2

The e�ect of forage type and guanidine acetic acid (GAA) addition on live body weight at di�erent feeding stages (stage 1, 1–62 day; stage 2,

63–120 day).

E�ect of forage type and GAA addition on
blood metabolites

As shown in Table 5, no improvement of the concentration

of TP, ALB, urea N, TG, glucose, and IGF-1 was found in two

forage-type diets at stage 1. Both forms of GAA resulted in

greater TP (P < 0.001) and IGF-1 (P = 0.004) level, but less

urea N (P < 0.001), TG (P < 0.001), and glucose (P < 0.001)

concentration in lambs.

Similar to stage 1, higher serum TP (P= 0.002) and IGF-1 (P

< 0.001), lower urea N (P= 0.005), TG (P= 0.004), and glucose

(P = 0.018) levels in lambs on diets are supplemented with

GAA (UGAA or CGAA) in stage 2. No significant difference was

found for other indicators with GAA addition (P > 0.05).

The interaction of forage × GAA was not significant for

GAA, creatine, and creatine-related metabolites (Table 6). At

stage 1, serum GAA (P = 0.001) and CK (P < 0.001) levels

increased, but GAMT (P < 0.001) and AGAT (P < 0.001)

decreased with UGAA and CGAA supplementations.

At stage 2, the lambs in OH group in comparison

with OHWS group presented less serum CK (P = 0.030)

concentration. In addition, compared with the control, GAA

(UGAA or CGAA) increased CK (P < 0.001), creatinine (P <

0.001), ATP (P = 0.003), GAA (P < 0.001) levels but decreased

GAMT (P = 0.002) and AGAT (P < 0.001) levels.

E�ect of forage type and GAA addition on
blood antioxidant levels

Forage type and GAA addition interacted (P < 0.001)

to affect SOD, CAT, GSH-PX, T-AOC, GSH, and MDA

concentrations (Table 7). At stage 1, for lambs in OH group,

compared with UGAA and the control, CGAA addition

presented higher SOD, CAT, GSH-PX, and T-AOC contents

(P < 0.05), serum concentration of MDA decreased (P < 0.05)

with UGAA or CGAA supplementation. For lambs in OHWS

group, the serum concentrations of SOD and CAT increased (P

< 0.05) with UGAA or CGAA supplementation. In addition,

the concentrations of SOD and CAT were higher (P < 0.05)

in UGAA than those in CGAA. Serum concentration of MDA

decreased (P < 0.05) with UGAA or CGAA supplementation,

and the concentration of MDA was lower (P < 0.05) in UGAA

than those in CGAA. At stage 2, lambs on diets supplemented

with CGAA had increased (P < 0.05) serum concentrations

of SOD, CAT, GSH-PX, and T-AOC, and decreased MDA (P

< 0.05) compared with UGAA and the control in OH group.

Lambs on diets supplemented with UGAA or CGAA had

increased (P < 0.05) serum concentrations of SOD, CAT, GSH-

PX, T-AOC, GSH, and decreased (P< 0.05)MDA concentration

compared with the control in OHWS group. Concentrations of

SOD, CAT, GSH-PX, T-AOC, GSH were higher (P < 0.05), and

MDA was lower (P < 0.05) for lambs in UGAA than those in

CGAA in OHWS group.

At stage 1 and stage 2, regardless of GAA form, the lambs

presented greater (P < 0.001) serum SOD, CAT, GSH-PX, T-

AOC, and GSH, but lower MDA (P < 0.001) concentration.

However, the lambs in OH group had less T-AOC level than that

in OHWS group in stage 2.

Discussion

E�ect of forage type and GAA addition on
growth performance

In the present study, the DMI and ADG of lambs decreased

in the OHWS group in comparison with the OH group at stage

1 and the experimental period. This result confirmed that silage
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TABLE 3 E�ects of forage type and guanidine acetic acid (GAA) addition on growth performance of feedlotting lambs at di�erent feeding stages

(stage 1, 1–62 day; stage 2, 63–120 day).

Items Forage GAA addition S.E.M P-value

Control UGAA CGAA Forage GAA Interaction

Feeding stage 1

DMI (g/day) OH 915b 1051a 1036a 23.5 0.003 0.004 0.019

OHWS 933 968 918

ADG (g/day) OH 275 287 307 9.6 0.043 0.217 0.233

OHWS 269 279 270

F: G OH 3.36 3.65 3.41 0.115 0.923 0.293 0.546

OHWS 3.50 3.53 3.41

Feeding stage 2

DMI (g/day) OH 1,430 1,436 1,462 27.3 0.099 0.414 0.949

OHWS 1,382 1,406 1,424

ADG (g/day) OH 300 317 330 13.3 0.206 0.077 0.717

OHWS 276 316 308

F: G OH 4.87 4.66 4.53 0.228 0.612 0.195 0.702

OHWS 5.10 4.52 4.74

Whole experiment period

DMI (g/day) OH 1,164b 1,237ab 1,241a 22.2 0.010 0.058 0.358

OHWS 1,150b 1,180a 1,163b

ADG (g/day) OH 287b 302ab 318a 8.0 0.022 0.014 0.358

OHWS 273b 297a 289ab

F: G OH 4.08 4.10 3.93 0.119 0.500 0.359 0.537

OHWS 4.26 4.00 4.05

OH, the rations with the forage type of oaten hay; OHWS, the rations with the forage type of oaten hay plus wheat silage; UGAA, the rations added with 1 g/kg of uncoated GAA product;

the rations added with 1 g/kg of coated GAA product.

ADG, average daily gain; DMI, dry matter intake; F: G, feed conversion efficiency expressed as the ratio of feed intake to live weight gain; S.E.M, standard error of least square means.
a,bIn the same row with different superscript letters indicates the significantly different values of P < 0.05.

(DM) replaces equal amounts of hay to save TMR but reduced

ADG. As a result, F: G did not change much (21). However, Wu

et al. (22), reported that replacing 20% of the peanut vine hay

with foxtail millet silage did not affect the DMI and ADG, while

when replacing 60% increased the DMI of dorper-Hu hybrid

male lambs. The possible reason was that the raw material of

wheat silage selected for this study was at dough stage, and the

NDF andADF contents were lower than that of oaten hay. Lower

fiber could reduce ruminal peristalsis, decrease ruminal passage

rate, and reversely lower DMI (23).

In previous studies, uncoated GAA was applied as feed

additive, and it was found as an improvement of growth

performance and feed efficiency in pigs, broiler chickens, and

bulls (24–26). However, there was little information available

concerning the forage type and GAA addition on Han lamb

performance. In addition, regardless the form of GAA was

added, the DMI in the stage 1 and ADG in the whole

experimental period of lambs were higher than that in the

control group. This was consistent with previously reported

about Jinjiang bulls and Angus bulls. Li et al. (26) and Li et al.

(27) found that the DMI of Jinjiang bulls and Angus bulls

increased with GAA addition. However, the findings of the

present study contrasted with the results of a previous study

with uncoated GAA at Xinjiang Agricultural University of China

(28), in which adding GAA without rumen protection treatment

in TMR significantly decreased the DMI of lambs but the ADG

and F: G were similar. Similar findings were also reported by Liu

et al. (11), who found that GAA or coated folic acid had no effect

on the DMI of Angus cattle. The differences may be attributed

to differences in the initial BW of the experimental animals. The

initial BW of lambs was 27 kg in the previous study, but only

12 kg of initial BW was tested in subsequent study. However,

no change in DMI, ADG, and F: G of lambs was observed in

stage 2 (30–50 kg). This also showed that the effect of GAA in

different animals and even in different diets of the same animal

was different. In the present study, it was worth mentioning that

the GAA content of CGAA was 0.6 g/g, and when the same

dose was added, the growth performance of lambs could reach or

exceed the addition of UGAA; thus, the coated treatment might

be necessary for ruminants.
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TABLE 4 E�ects of forage type and guanidine acetic acid (GAA) addition on nutrient digestibility in feedlotting lambs at di�erent feeding stages

(stage 1, 58–60 day; stage 2, 118–120 day).

Items Forage GAA addition S.E.M P-value

Control UGAA CGAA Forage GAA Interaction

Stage 1 (58–60)

DMD (%) OH 74.01b 74.88b 77.03a 0.543 0.766 0.001 0.443

OHWS 74.52 74.86 76.14

OMD (%) OH 76.84b 78.43ab 79.15a 0.569 0.837 0.018 0.541

OHWS 77.67 78.06 78.99

CPD (%) OH 77.01 77.36 77.30 0.554 0.170 0.824 0.953

OHWS 76.41 76.53 76.80

GED (%) OH 76.07 76.04 76.18 0.453 0.431 0.803 0.946

OHWS 76.31 76.22 76.65

EED (%) OH 83.18 83.35 83.51 0.861 0.645 0.980 0.983

OHWS 83.01 83.03 83.02

NDFD (%) OH 45.21b 47.78a 48.48a 0.600 0.013 0.021 0.051

OHWS 45.69 45.69 46.05

ADFD (%) OH 35.98b 40.52a 40.71a 0.498 <0.001 <0.001 0.113

OHWS 36.61 36.88 36.99

Stage 2 (118–120)

DMD (%) OH 78.17 78.56 80.39 0.761 0.111 0.047 0.133

OHWS 78.60b 81.44a 80.21ab

OMD (%) OH 81.25b 81.57b 84.07a 0.805 0.200 0.043 0.054

OHWS 81.72b 84.73a 83.06a

CPD (%) OH 78.30 79.02 80.68 0.875 0.701 0.160 0.092

OHWS 78.66 81.31 78.87

GED (%) OH 82.89 82.40 83.03 0.701 0.693 0.964 0.606

OHWS 82.67 83.45 82.89

EED (%) OH 85.41 85.51 86.26 1.209 0.692 0.897 0.955

OHWS 86.09 86.05 86.25

NDFD (%) OH 47.62b 51.07a 51.45a 0.816 0.212 0.025 0.126

OHWS 48.79 49.29 49.48

ADFD (%) OH 40.31b 44.29a 44.35a 0.800 0.966 0.021 0.051

OHWS 42.81 43.12 43.10

OH, the rations with the forage type of oaten hay; OHWS, the rations with the forage type of oaten hay plus wheat silage; UGAA, the rations added with 1 g/kg of uncoated GAA product;

the rations added with 1 g/kg of coated GAA product.

ADFD, acid detergent fiber digestibility; CPD, crude protein digestibility; DMD, dry matter digestibility; EED, ether extract digestibility; GED, gross energy digestibility; NDFD, neutral

detergent fiber digestibility; OMD, organic matter digestibility; S.E.M, standard error of least square means.
a,bIn the same row with different superscript letters indicates the significantly different values of P < 0.05.

E�ect of forage type and GAA addition on
total tract nutrient digestibility

Similar nutrient digestibilities were observed for lambs fed

two types of forages except for NDF and ADF in stage 1. Lambs

fed OH diet had higher digestibility of NDF and ADF than

OHWS diet, this corresponds to higher DMI in OH diet. These

results were consistent with those from other reports that the

DMI of cows was positively related to dietary NDF digestion

(29). In addition, the digestibility of NDF and ADF can be used

to measure the digestibility of diets in ruminants (30), but other

nutrient digestibilities did not significantly increase except for

somewhat numerical increments. This may be related to the

proportion of oat hay in OHWS diet in this study.

Li et al. (27) and Liu et al. (11) observed increased

apparent digestibilities of DM, OM, CP, NDF, and ADF

with supplementing GAA in diets of bulls. In agreement

with previous research, the present study observed increased

apparent digestibilities of DM, OM, NDF, and ADF with

supplementing UGAA and CGAA at two stages. The increment
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TABLE 5 E�ects of forage type and guanidine acetic acid (GAA) addition on blood metabolites in feedlotting lambs at di�erent feeding stages (stage

1, 60 day; stage 2, 120 day).

Items Forage GAA addition S.E.M P-value

Control UGAA CGAA Forage GAA Interaction

Stage 1 (60 d)

TP (g/L) OH 63.22b 71.17a 69.26a 0.907 0.114 <0.001 0.136

OHWS 63.57b 67.90a 68.58a

ALB (g/L) OH 38.07 38.04 38.12 0.846 0.974 0.316 0.230

OHWS 38.14 38.49 39.07

urea N (mmol/L) OH 13.09a 11.67b 11.82b 0.397 0.371 <0.001 0.749

OHWS 13.08a 11.05b 11.57b

TG (mmol/L) OH 0.44a 0.40b 0.40b 0.009 0.672 <0.001 0.938

OHWS 0.44a 0.41b 0.41b

glucose (mmol/L) OH 4.90a 4.50b 4.30b 0.282 0.745 <0.001 0.453

OHWS 4.92a 4.36b 4.36b

IGF-1 (ng/ml) OH 42.34b 44.13a 44.38a 0.498 0.915 0.004 0.778

OHWS 42.70 44.01 43.99

Stage 2 (120 d)

TP (g/L) OH 65.03b 67.68a 67.18a 0.783 0.697 0.002 0.585

OHWS 65.02b 67.27a 68.35a

ALB (g/L) OH 39.16 41.10 40.90 1.096 0.178 0.373 0.826

OHWS 38.57 39.14 39.75

urea N (mmol/L) OH 11.43a 9.84b 9.65b 0.453 0.267 0.005 0.573

OHWS 10.51 9.90 9.25

TG (mmol/L) OH 0.50a 0.42b 0.43b 0.017 0.052 0.004 0.176

OHWS 0.44a 0.43ab 0.40b

Glucose (mmol/L) OH 4.61a 4.06b 4.38b 0.227 0.850 0.018 0.450

OHWS 4.83a 4.10b 4.03b

IGF-1 (ng/ml) OH 40.18b 44.20a 44.18a 0.791 0.624 <0.001 0.993

OHWS 40.60b 44.43a 44.49a

OH, the rations with the forage type of oaten hay; OHWS, the rations with the forage type of oaten hay plus wheat silage; UGAA, the rations added with 1 g/kg of uncoated GAA product;

the rations added with 1 g/kg of coated GAA product.

ALB, albumin; IGF-1, insulin-like growth factor 1; TG, triglycerides; TP, total protein; S.E.M, standard error of least square means.
a,bIn the same row with different superscript letters indicates the significantly different values of P < 0.05.

in ADG was probably associated with the increase in total-tract

nutrient digestibility with UGAA or CGAA supplementation.

Also, the addition of GAA could improve intestinal cellular

energymetabolism (31) and gutmorphology (25). Therefore, the

addition of UGAA or CGAA to lamb diets may play a role in

improving post-ruminal nutrient digestion.

E�ect of forage type and GAA addition on
blood metabolites

The current research results showed that the forage type

did not affect serum metabolic indexes. This also revealed that

it is feasible to replace a certain proportion (36%) of OH

with OHWS.

Dietary UGAA or CGAA addition increased serum TP and

IGF-1 in stage 1 and stage 2. The change was in accordance

with that in Angus bulls (11). The increase in the concentration

of IGF-1 corresponds to the increased growth performance of

UGAA or CGAA group. A limited response of serum glucose,

urea N, and TG with the addition of GAA or CGAA in stage

1 and stage 2 was consistent with the findings in mice (32),

indicating that supplementary UGAA or CGAA affected insulin

homeostasis and ameliorates hyperglycemia. The reduction in

TG levels also provided indirect evidence that GAA reduces

fat deposition (33). However, Speer et al. (13), reported that

the plasma urea N level increased with continuous abomasal

infusion of 7.5 or 15 g/day GAA in steers. The different

supplementation modes and dose of UGAA or CGAA in the two

studies could explain the inconsistent results.
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TABLE 6 E�ects of forage type and guanidine acetic acid (GAA) addition on GAA, creatine, and creatine-related metabolites in feedlotting lambs at

di�erent feeding stages (stage 1, 60 day; stage 2, 120 day).

Items Forage GAA addition S.E.M P-value

Control UGAA CGAA Forage GAA Interaction

Stage 1 (60 d)

CK (U/L) OH 104.42b 121.57a 122.48a 2.093 0.791 <0.001 0.768

OHWS 106.11b 122.52a 121.21a

Creatinine (µmol/L) OH 64.35 65.19 64.82 1.005 0.232 0.925 0.909

OHWS 63.78 63.73 63.84

GAMT (U/L) OH 17.02a 15.76b 15.69b 0.250 0.668 <0.001 0.942

OHWS 17.16a 15.75b 15.84b

AGAT (U/L) OH 34.33a 31.64b 31.78b 0.451 0.494 <0.001 0.913

OHWS 34.73a 31.98b 31.82b

ATP (µmol/L) OH 1,132.61 1,134.12 1,146.83 20.953 0.656 0.781 0.994

OHWS 1,143.01 1,140.13 1,153.88

GAA (µg/mL) OH 26.32b 34.39a 33.97a 1.458 0.763 0.001 0.830

OHWS 28.02b 34.30a 33.62a

Creatine (µg/mL) OH 22.54 23.86 23.20 0.747 0.097 0.572 0.898

OHWS 24.14 24.67 24.45

Stage 2 (120 d)

CK (U/L) OH 70.98 75.92 75.23 1.372 0.030 <0.001 0.563

OHWS 71.85b 78.75a 79.06a

Creatinine (µmol/L) OH 55.23b 66.14a 67.18a 1.422 0.645 <0.001 0.688

OHWS 54.63b 66.87a 65.43a

GAMT (U/L) OH 18.36a 17.49b 17.57b 0.308 0.244 0.002 0.196

OHWS 18.56a 16.53b 17.40b

AGAT (U/L) OH 37.99a 35.03b 35.00b 0.690 0.062 <0.001 0.323

OHWS 37.12a 32.93b 34.83b

ATP (µmol/L) OH 1,157.85b 1,253.87a 1,247.98a 26.628 0.879 0.003 0.905

OHWS 1,148.50b 1,268.30a 1,253.01a

GAA (µg/mL) OH 28.54b 36.03a 36.45a 0.730 0.09 <0.001 0.905

OHWS 29.94b 37.21a 37.17a

Creatine (µg/mL) OH 27.06 27.32 27.46 0.385 0.235 0.276 0.795

OHWS 27.15 27.82 28.07

OH, the rations with the forage type of oaten hay; OHWS, the rations with the forage type of oaten hay plus wheat silage; UGAA, the rations added with 1 g/kg of uncoated GAA product;

the rations added with 1 g/kg of coated GAA product.

AGAT, L-Arginine glycine amidine transferase catalyzes; ATP, adenosine Triphosphate; CK, creatine kinase; GAMT, guanidinoacetate N-methyltransferase; S.E.M, standard error of least

square means.
a,bIn the same row with different superscript letters indicates the significantly different values of P < 0.05.

The formation of GAA is normally the rate-limiting step

of creatine biosynthesis, the AGAT reaction is the control

step in the pathway. AGAT can be feedback inhibited by

GAA (34). Therefore, decreased serum AGAT activity was

observed with UGAA or CGAA addition at stage 1 and stage 2.

GAMT is responsible for catalyzing the transfer of the methyl

group from S-adenosylmethionine to GAA to form creatine

and S-adenosylhomocysteine, S-adenosylhomocysteine has an

inhibitory effect on the activity of GAMT (34). The negative

response of blood GAMT activity was consistent with the

reaction with the GAA decomposition into creatine with UGAA

or CGAA addition. In this study, serum CK activity and creatine

concentration increased significantly after GAA addition, which

also proved that CK activity was highly correlated with creatine

concentration (34). Furthermore, dietary GAA (1 g/kg UGAA

or CGAA) increased blood GAA concentration in the present

study. It was also observed that the GAA content was increased

in the blood of Kazakh male lambs when 0.5 or 1 g/kg GAA was
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TABLE 7 E�ects of forage type and guanidine acetic acid (GAA) addition on serum antioxidant index.

Items Forage GAA addition P-value

Control UGAA CGAA S.E.M Forage GAA Interaction

Stage 1 (60 d)

SOD (U/ml) OH 94.18b 120.57b 181.26a 7.602 0.529 <0.001 <0.001

OHWS 83.79c 200.66a 123.49b

CAT (U/ml) OH 7.49b 8.07b 9.56a 0.176 0.646 <0.001 <0.001

OHWS 7.25c 9.91a 8.16b

GSH-PX (U/ml) OH 805.07b 839.07b 923.25a 10.607 0.654 <0.001 <0.001

OHWS 799.20 933.27 846.73

T-AOC (U/ml) OH 10.59b 11.34b 13.19a 0.243 0.666 <0.001 <0.001

OHWS 10.25 13.66 11.48

GSH (U/ml) OH 8.42b 8.99b 10.54a 0.188 0.507 <0.001 <0.001

OHWS 8.18 10.95 9.13

MDA (nmol/ml) OH 5.02a 4.43b 3.00b 0.181 0.574 <0.001 <0.001

OHWS 5.25a 2.57c 4.37b

Stage 2 (120 d)

SOD (U/ml) OH 103.09b 116.50b 166.68a 5.987 0.054 <0.001 <0.001

OHWS 92.68c 185.83a 137.00b

CAT (U/ml) OH 8.46b 8.55b 9.50a 0.138 0.126 <0.001 <0.001

OHWS 8.10c 9.86a 9.09b

GSH-PX (U/ml) OH 929.47b 946.30b 1,005.26a 12.538 0.619 <0.001 <0.001

OHWS 907.69c 1,029.11a 959.74b

T-AOC (U/ml) OH 12.09b 12.50b 13.52a 0.182 0.038 <0.001 <0.001

OHWS 11.92c 14.21a 12.95b

GSH (U/ml) OH 10.15b 10.56b 11.83a 0.178 0.385 <0.001 <0.001

OHWS 9.73c 12.31a 10.89b

MDA (nmol/ml) OH 4.37a 4.16a 3.20b 0.119 0.132 <0.001 <0.001

OHWS 4.59a 2.88c 3.81b

OH, the rations with the forage type of oaten hay; OHWS, the rations with the forage type of oaten hay plus wheat silage; UGAA, the rations added with 1 g/kg of uncoated GAA product;

the rations added with 1 g/kg of coated GAA product.

CAT, catalase; GSH, glutathione; GSH-PX, glutathione peroxidase; MDA, malondialdehyde; SOD, superoxide dismutase; T-AOC, total antioxidant Capacity; S.E.M, standard error of least

square means.
a,b,cIn the same row with different superscript letters indicates the significantly different values of P < 0.05.

supplemented in the diets (28), which was consistent with our

study. But the blood creatine concentration was not increased,

which was inconsistent with previous studies (28, 35), and it

might be attributed to differences in dietary GAA dosage (0.5

g/kg GAA in lambs diet; 0.3 g/kg GAA in pigs diet).

E�ect of forage type and GAA addition on
blood antioxidant levels

Although the effect of forage type on the antioxidant

capacity of lamb serum was limited, forage type and GAA

addition interacted to affect SOD, CAT, GSH-PX, T-AOC, GSH,

and MDA concentration. Because the only difference between

the two forage diets was that part of oaten hay is replaced by

equal wheat silage (DM), the possible reason was that the CGAA

was partially degraded by wheat silage-related microorganisms

in the rumen, resulting in a decrease in the amount of blood

absorbed into the intestine after entering the rumen.

At present, the antioxidant effect of GAA is inconsistent,

generally speaking, the appropriate concentration of GAA has

antioxidant effect, and excessive GAA may generate a hydroxyl

radical, strong free radical, and impede antioxidant capacity

(36). The antioxidant process is actually the process of removing

excess free radicals. A process that involves many antioxidant

enzymes which must be precisely coordinated. The antioxidant

defense mechanism of the body is a set of antioxidant enzyme

systems, including T-AOC, CAT, and GSH-PX, which can

protect the body from the damage of reactive oxygen species

(37). SOD is responsible for the breakdown of superoxide
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anions into hydrogen peroxide, while CAT and GSH-PX can

reduce hydrogen peroxide, thereby preventing the production

of highly toxic hydroxyl-free radicals. Importantly, GSH-PX can

also reduce hydrogen peroxides of polyunsaturated fatty acids,

thereby counteracting the toxic effects of lipid peroxide. GSH has

antioxidant and integrated detoxification effects. T-AOC used

to reflect the total capacity of antioxidant systems The final

product of lipid peroxide isMDA. In our study, with the addition

of UGAA or CGAA, SOD, CAT, GSH-PX, T-AOC, and GSH

increased, the MDA decreased, and in OHWS diet was more

obvious (in stage 1 and stage 2). This is consistent with previous

studies on pigs (38). It is worth mentioning that there is a clear

interaction between the two forage type diets addition UGAA or

CGAA. This also suggested that producers choose different type

of GAA or increase the amount of CCAA added for different

forage composition.

Conclusion

Under a high-concentrate feedlotting pattern, the feed

results obtained in the present study indicated that daily gain

presented a greater increase response to not only UGAA but

also CGAA supplementation in young lambs with body weight

from 13 to 30 kg, and such positive responses were more

pronounced in oaten hay fed lambs in comparison with oaten

hay plus wheat silage fed lambs. However, feed efficiency (F: G)

was not improved through feed intake tended to increase in

response to both UGAA and CGAA additions. In subsequent

feedlotting body weight increased from 30 to 50 kg, and dietary

addition of whatever form of GAA did not show a beneficial

response to growth performance though the GAA addition

somewhat increased dietary DM, OM, and fiber (e.g., NDF and

ADF) digestion. Both UCGA and CGAA additions increased

IGF-1 level, CK activity, as well as antioxidant capacity, but

decreased GAMT and AGAT activities in the blood. Taken

together, the results obtained in the present study implicated

GAA could be applied to improve growth performance

in younger (13–30 kg) instead of older (30–50 kg) in

feeding practice.
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The aquaculture industry is geared toward intensification and successfully

meets half of the world’s demand for fish protein. The intensive farming system

exposes the animal to the risk of disease outbreaks, which has economic

consequences. Antibiotics are commonly used for the health management

of aquaculture species. However, this has several drawbacks, including the

increase in antibiotic resistance in pathogenic bacteria and the entry of

antibiotic residues into the human food chain, which is a public health and

environmental concern. The potential of probiotics, prebiotics, synbiotics, and

medicinal herbs as alternatives to antibiotics for the health management of

aquaculture species has been investigated in numerous studies. This review

discusses the potential use of combinations of probiotics and medicinal herbs

as prophylactic agents in aquaculture, along with the definitions, sources, and

modes of action. The positive aspects of combining probiotics and medicinal

herbs on growth performance, the immune system, and disease resistance

of aquaculture species are also highlighted. Overall, this review addresses the

potential of combinations of probiotics and medicinal herbs as feed additives

for aquaculture species and the key role of these feed additives in improving

the welfare of aquaculture species.

KEYWORDS

aquaculture, medicinal herb, immune system, disease resistance, probiotic, synergy,

growth performance
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Introduction

Aquafeeds and aquaculture health management could be

described as a critical sector for the sustainability of the

aquaculture industry. Aquaculture contributed 48% of total

global fish production in 2019 and, in spite of the pandemic

(SARS-CoV-2 virus), remains the fastest growing industry,

according to latest FAO report (1). High consumer market

demand and advanced technologies have led the industry to

drastically shift to more intensive farming systems to increase

yields, which threatens the health of farmed fish through

stress. Synthetic antibiotics are used in aquaculture because of

their affordable price, accessibility, and efficacy to immediately

control disease outbreaks (2). However, the misuse of synthetic

antibiotics in aquaculture has led to an increase in antibiotic-

resistant cases in pathogenic bacteria in aquaculture systems.

Some reports also show that antibiotic residues enter the human

food chain (3). Therefore, a different approach should be applied

using non-toxic substances safer for the health management of

aquaculture species, such as effective microbes and herbs (4).

A survey has shown that shrimp farms in China, Thailand,

and Vietnam have switched to feed additives, such as medicinal

herbs, probiotics, and prebiotics, as alternatives to antibiotics for

disease prevention (5).

Probiotics are live microorganisms that, when administered

in adequate amounts, confer a health benefit on the host (6).

Probiotics are widely used to prevent and treat various diseases

in public health (7) and aquatic animals (8) by improving their

immune response (9, 10). Lactic acid bacteria (LAB) are the

most important probiotic group used in humans and animals

(11) with the ability to ferment glucose into lactic acid, acetic

acid, and ethanol. This probiotic group occurs naturally in dairy

products and plant materials. For a long time, LAB has been

used in the food and beverage industry to make dairy products,

such as cheese and yogurt. In aquaculture, LAB have been used

to promote the growth of the gut microbiota and counteract

fish pathogens, such as Streptococcus iniae and Lactococcus

garvieae (12). To date, there have been several recent studies

using probiotics in aquaculture, namely Bacillus subtilis (13),

Lactococcus lactis L19 (14), Lactobacillus plantarum (15), and

Lactococcus lactis subsp lactis PTCC 1403 (16).

Medicinal herbs have been an essential part of ancient

medicine, such as Chinese medicine, Unani medicine, and

Ayurveda, for centuries and are gaining popularity worldwide

as an alternative medicine to maintain wellbeing and treat

ailments, diseases, and health conditions in humans (17).

Many studies have shown that plant products can be used

as feed additives in aquaculture, as well to promote growth,

strengthen the immune system, and stimulate disease resistance

in aquaculture species (Table 1). Though the preparation of

medicinal herbs is too expensive to be used widely for animals,

some of the waste from the medicinal herb industry, especially

from ethanol or water extraction, still containing 30–50%

essential bioactive compounds, can be used as feed additive in

animal husbandry, including aquaculture (25). This could help

to solve the problem related to accumulation of by-products

from the medicinal herb industry worldwide. It is estimated that

the medicinal herb industry generates about 30 million tons of

waste annually (26).

The use of probiotics andmedicinal herbs in aquaculture has

its costs and benefits.When addingmultiple feed additives, there

are also conditions where the combination of active ingredients

contained in the plant extract and probiotics may not show

improvement or may not be beneficial to the fish. However,

there are reports showing that the combined use of probiotics

and medicinal herbs in aquaculture has been shown to improve

fish growth and welfare better than treatment with a single

additive (probiotics or herbs) (27–31). Therefore, this mini-

review discussed and highlighted the role of medicinal herbs and

probiotics in combination for the use in aquaculture.

Probiotics

Probiotics are considered beneficial and good

microorganisms that are usually used to maintain water quality

by breaking down ammonia and nitrate in an aquaculture

system, and as a feed additive to improve host health (32),

increase growth, boost the immune system, and promote

disease resistance in aquaculture species (33). Commonly

used probiotics include Aspergillus niger, A. oryzae, Candida

pintolopesii, Saccharomyces cerevisiae, Bacillus, Bifidobacterium,

Enterococcus, Propionibacterium, Pediococcus, Leuconostoc,

Streptococcus, and Lactobacillus (34). Probiotics can come

from conventional and non-conventional sources (34).

Conventional sources of probiotics include dairy products,

milk, and stool, while non-conventional sources come from

non-dairy fermented foods, non-intestinal sources, and animals’

digestive systems (34). Beneficial microorganisms must meet

several criteria before they can be recognized as probiotics.

These criteria are non-toxicity, inhibition of pathogenic

microorganisms, tolerance to acidic environments and bile, and

ability to attach to the epithelial cells of the gut (35).

Although the exact mechanism of action of probiotics is

unclear, the effect of probiotics on pathogenic microorganisms

is associated with several mechanisms, including antimicrobial

secretion, competitive adhesion to epithelium and mucosa,

reinforcement of the intestinal epithelial barrier, and regulatory

effects on the immune system, which are well-known in

mammals. In fish, there is evidence of the role of probiotics

in regulating intestinal epithelial function by promoting mucus

layer formation (36), secretion of antibacterial factors (37),

and competitive adhesion to intestinal epithelial cells (38).

In general, probiotics are reported to interact with intestinal

epithelial cells directly via cellular components such as DNA

(39), lipoteichoic acids (40), and polysaccharides (41) at the cell
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TABLE 1 Recent studies of medicinal herb application in aquaculture.

Medicinal herbs Aquaculture species Description References

Yacon, ginger, blueberry Olive flounder, Paralichthys

olivaceus

Stimulate disease resistant to

Streptoccocus iniae

(18)

Elephant’s foot (Elephantopus

scaber) extract

Nile tilapia, Oreochromis

niloticus

Better growth performance;

Improve immune system;

Stimulate disease resistant to

Streptoccocus agalactiae

(19)

Papaya leaf extract Red hybrid tilapia Improve growth performance (20)

Hygrophila auriculata Fingerling of Cirrhinus

mrigala

Better growth performance;

improve

(21)

Astragalus memberanaceus,

Bupleurum chinense

White shrimp, Litopenaeus

vannamei

Better growth performance;

improve immune system

(22)

Black garlic White shrimp, Litopenaeus

vannamei

Better growth performance;

improve immune system; stimulate

disease resistant to Vibrio

parahaemolyticus

(23)

Bougainvillea glabra leaf Nile tilapia, Oreochromis

niloticus

Better growth performance;

increase disease resistant to

Enterococcus faecalis

(24)

surface, as well as indirectly via the production of bioactive

metabolites (42). Microbe-derived peptides and polysaccharides

can activate signaling pathways and alter parameters, such

as cytokine release and gut permeability, thus improving the

barrier function of the epithelium (43).

Probiotics are widely administered for prophylaxis and

public health maintenance. Likewise, probiotics are used in

aquaculture health management to prevent disease outbreaks,

boost the immune system, and promote the growth of

aquaculture species (44). The benefits of using probiotics in

aquaculture have been consistently demonstrated. For example,

Azad et al. (44) reported the application of commercial

probiotics in the diet (Zymetin) and soil (Super PS) of giant

freshwater prawn, Macrobrachium rosenbergii was the best and

cost effective practise for maintaince of water quality and an

increase of production. Olmos et al. (45) reported that the

use of Bacillus subtilis in aquaculture can improve the growth

and disease resistance of shrimp and fish and maintain water

parameters in the aquaculture system. In red seabream, Pagrus

major, the probiotic increases immunological parameters,

such as sodium oxide dismutase (SOD) and the alternative

complement pathway (ACP) in serum (46). The ACP is involved

in direct killing of microorganisms via lysis, opsonisation of

microorganisms by phagocytosis, chemotactic attraction to the

site of inflammation and activation of leukocytes, processing

of immune complexes, and induction of specific antibody

responses through enhanced localization of antigens on B

lymphocytes and antigen-presenting cells. Probiotics, therefore,

have great potential for the aquaculture industry.

Medicinal herbs

Medicinal herbs are botanical therapeutic products derived

from plant parts that have been used for 100’s of years in

alternative medicine and ethnomedicine around the world (47).

Depending on the therapeutic elements, the plants’ leaves,

fruits, seeds, barks, roots, oils, and juices are used as medicine

(48). Medicinal herbs contain secondary metabolites or

bioactive compounds such as phenolic compounds, terpenoids,

and polysaccharides, rich in antioxidants and antimicrobial

properties and can treat various health conditions and

diseases (17). The preparation of these medicinal herbs

involves processes, such as aqueous extraction for therapeutic

formulation. The aqueous extraction is a common process for

preparing medicinal herbs that produce by-products. These

by-products still contain bioactive compounds that could be

reused instead of discarded as waste. The remaining bioactive

compound available in medicinal herb wastes can be added to

animal feed formulation as functional feed additives (49).

Medicinal herbs alone have been shown to strengthen

the immune system of aquatic animals. Bioactive compounds

such as flavonoids, terpenoids, saponins, and alkaloids in the

medicinal herb may provide an alternative to commercial

antibiotics as antimicrobial agents in aquaculture (18, 19).

Medicinal herbs contain antioxidant properties that can boost

the immune system by facilitating nutritional uptake into the

gut epithelial cell, and the bioactive plant compound promotes

the growth of the gut microbiota (50). However, the use of

medicinal herbs in aquafeeds may depend on the dosage, as
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the plants often contain an anti-nutritive factor and too high a

dosage of herbs may not be economical or may have negative

effects. For example, the addition of 0.5% garlic improved

the growth performance of sterlet sturgeon compared to the

control. However, the addition of 1% garlic did not make any

improvements in comparison with fish treated with 0.5% garlic

(51), indicating that the addition of more garlic extract than

the optimal amount of 0.5% to the sterlet sturgeon diet does

not improve further fish performance. In red hybrid tilapia, for

example, the addition of papaya leaf extract was optimal at 1–2%

of the extract, but at a higher level (4%), the growth performance

of red hybrid tilapia was negatively affected and did not differ

from the control group (20).

Combined e�ects of probiotics and
medicinal herbs on the growth
performance of aquatic animals

Combinations of probiotics and medicinal herbs have been

shown to boost growth performance of various aquaculture

species, from fish to crustaceans, and from freshwater to marine

fish (Table 2) (28, 61). According to the existing literature data,

the probiotics used so far in combination with herbal medicines

to promote the growth performance of aquaculture species

belonged to the group of lactic acid bacteria (LAB), with the

exception of the study by Harikrishnan et al. (52) in which the

probiotics from the group LAB were combined with medicinal

herbs along with yeast, Saccharomyces cerevisiae. The medicinal

herbs used for the combination with probiotics range from

common spices such as shallot (30), peppermint (53), and ginger

(54) which also contain various medicinal values, to superfoods

such as spirulina (55) and royal oyster mushroom (56). Herbal

mixtures commonly used in certain regions were also studied,

such as Allium koreanum, Glycyrrhiza uralensis, and Panax

ginseng in Korea (21), Isatis tinctoria L, Isatis indigodica Fort,

Forsythia suspersa Vahl, Corydalis bungeana Turez, Pogostemon

cablin (blanco) Benth, and Astragalus membranaceus (Fisch) in

China and many others. In addition to mixing the probiotic

into the feed containing herb additive, fermentation is also a

technique of combining both probiotic and herbs into aquafeed

(28, 62, 63).

Spices, which are widely available and inexpensive,

can be very effective when combined with probiotics. For

example, Ghafarifarsani et al. studied the effect of combined

supplementation of Persian shallots and probiotics in the

diet of Danio rerio (30). Their results showed that synergistic

supplementation of Persian shallots and probiotics improved

the growth performance of Danio rerio further compared to

supplementation with shallot or probiotics alone (30). Another

example of a spice tested in aquafeed is fenugreek. Bahi et al.

investigated the effects of fenugreek seed administration, either

alone or in combination with one of the following probiotics

[B. licheniformis (TSB27), L. plantarum or B. subtilis (B46)],

on growth performance parameters of gilthead sea bream (50).

In their study, Bahi et al. reported that the combined effect

of fenugreek and any probiotics significantly improved fish

weight gain compared to fenugreek alone (50). However, in the

study, Bahi et al. did not study the effect of probiotic as a single

supplement to compare with the other treatments.

Superfoods also have great potential for use as dietary

supplements and in combination with probiotics in aquafeeds.

Like spirulina and the oyster mushroom, these two superfoods

are widely available in the health food section, and often by-

products are created when processed superfoods are produced

commercially. Al-Deriny et al. investigated the effects of

Spirulina and Bacillus amyloliquefaciens on growth performance

and related parameters in Nile tilapia. Their results showed

that administration of Spirulina and probiotics significantly

improved growth in Nile tilapia compared to administration

of control preparations and single preparations (Spirulina or

probiotics) (55). A similar trend was also observed in white

shrimp, where Prabawati et al. demonstrated that the sole

administration of either royal oyster mushroom by-product

extract or L. plantarum was not as great as the synergistic effect

of both supplements (56).

Yu et al. reported that shrimp fed with a combination of

medicinal herbs (consisting of woad, indigowoad root, weeping

forsythia, bungeCorydalis, patchouli, andMongolianmilkvetch)

and probiotics (Bacillus spp.) showed significantly better growth

performance than shrimp fed a basal diet (21). Improved weight

gain was also observed in olive flounder fed a combination of

a medicinal herb mixture (A. koreanum, G. uralensis Fischer,

and P. ginseng) and probiotic cocktail (52). In the study by

Harikrishanan et al., it was reported that olive flounder fed only

medicinal herb mixture without probiotic cocktail did not gain

significant weight compared to the combined treatment (52).

However, in both studies, Yu et al. and Harikrishanan et al. were

unable to demonstrate the effect of a single administration of

medicinal herbs or probiotics in their study.

Although many studies have reported positive results on

the combination effect of medicinal herbs and probiotics,

there are also reports of no significant effect of combining

medicinal herbs and probiotics on the growth performance

of aquaculture species. For example, one study showed that

the use of 1% fermented cactus fruit liquid with probiotics

improved the growth performance of red seabream but not

at lower and higher level of supplement inclusion (28).

Therefore, selecting an ideal combination and dose of medicinal

herbs and probiotics is crucial for maintaining the health of

aquaculture species and avoiding setbacks in aquaculture species

growth performance.
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TABLE 2 Application of probiotic and medicinal herb combination in improving growth performance of aquatic animals.

Probiotics Dosage Medicinal herbs

Dosage

Fish species Duration References

Biomin
R©
IMBO probiotic

1 and 3%

Persion shallot

1 and 3%

Zebra fish Danio rerio 60 days (30)

Lactobacillus plantarum, L. acidophilus,

L. brevis, Bacillus subtilis, and

Saccharomyces cerevisiae

Each 0.1% of diet

Combination of Allium

koreanum, Glycyrrhiza

uralensis, and Panax ginseng

0.5% of diet

Olive flounder, Paralichthys

olivaceus

12 weeks (52)

Bacillus coagulans

3,000 CFU/ ml

Mentha piperita

2–8 g/ kg diet

Indian carp, Catla catla 90 days (53)

Bacillus coagulans

3,000 CFU/ ml

Dried ginger, Zingiber

officinale powder

1–15 g/ kg diet

Indian carp, Catla catla 90 days (54)

Bacillus amyloliquefaciens

109 CFU/ g diet

Spirulina platensis

1 g/ kg diet

Nile tilapia, Oreochromis

niloticus

60 days (55)

Lactobacillus plantarum

108 CFU/ kg diet

By-product from King oyster

mushroom extract

5 g/ kg diet

White shrimp, Litopenaeus

vannamei

8 weeks (56)

Bacillus sp., Pediococcus sp.,

Enterococcus sp., and Lactobacillus sp.

1.34× 1010 CFU/ kg diet

Pea

14% of diet

Senegalase sole, Solea

sengalensis

73 days (57)

Pediococcus acidilactici

NA

Citrus flavonoids

0.003%

Rainbow trout, Oncorhynchus

mykiss

63 days (58)

Bacillus subtilis

107 CFU/ kg diet

Tetraselmis chuii

100 g/ kg diet

Phaeodactylum tricornutum

100 g/ kg diet

Gilthead seabream, Sparus

aurata

4 weeks (59)

Bacillus coagulans G1902

1011 CFU/ g diet

Oregano oil

1 ml/ kg diet

Turbot, Scophthalmus

maximus

30 days (60)

Lactobacillus fermentum

Lactobacillus plantarum

108 CFU/ g diet

Pea protein concentration

9%/ kg diet

Rapeseed oil 19.8%/ kg diet

Atlantic salmon 38 days (36)

Combined e�ects of probiotics and
medicinal herbs on the immune
response and disease resistance of
aquatic animals

Numerous studies have reported that probiotic mixtures

in combination with medicinal herbs strengthen the immune

system and improve disease resistance in aquaculture species,

as shown in Tables 3, 4, respectively. Although the mechanism

of action of the synergistic effects is not well-described, the

improvement in immune response parameters is often used

as a reference for the results. The positive effect of combined

treatment, medicinal herbs, and probiotic can be observed in

both healthy and infected fish in which these treatments reduce

the oxidative stress level and restore the health of infected fish.

Prabawati et al. suggested that a combination of king oyster

mushroom (KOME) and probiotics (Bacillus spp.) could reduce

the risk of infectious diseases caused by Vibrio in shrimp (56). In

their report, synergistic treatment of both king oystermushroom

extract and probiotic outperformed single treatment supplement

(KOME and probiotics) in many aspects of health. The single

treatment (KOME or probiotic) increased the number of L.

bacillus in the intestine but showed no significant difference

from that of the control group. In contrast, the combined

treatment with the herb and probiotic treatment drastically

increased the number of L. bacillus bacteria in the gut of

the shrimp. Although the synergistic treatment seemed to

improve the number of L. bacillus significantly more than the

control group, the effect was not obvious compared to the

single-additive treatment (56). For the health status assessment,

the disease resistance of shrimp against V. alginolyticus was
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TABLE 3 Application of probiotic and medicinal herb combination in improving immune system of aquatic animals.

Probiotics Medicinal herbs Aquaculture species Duration References

Bacillus A. membranaceus, A. sinensis,

and C. hupehensis

Nile tilapia

Oreochromis niloticus

56 days (27)

Lactobacillus fermentum

Lactobacillus plantarum

108 CFU/ g diet

Pea protein concentration

9%/ kg diet

Rapeseed oil 19.8%/ kg diet

Atlantic salmon 38 days (36)

Bacillus licheniformis

Lactobacillus plantarum

Bacillus subtilis

20 g/ kg diet

Fenugreek seeds

50 g/ kg diet

Gilthead seabream, Sparus

aurata

3 weeks (50, 64)

Bacillus coagulans

3,000 CFU/ ml

Mentha piperita

2–8 g / kg diet

Indian carp, Catla catla 90 days (53)

Bacillus coagulans

3,000 CFU/ ml

Dried ginger, Zingiber

offcinale powder

1–15 g / kg diet

Indian carp, Catla catla 90 days (54)

Lactobacillus plantarum

108 CFU/ kg diet

By-product from King oyster

mushroom extract

5 g/ kg diet

White shrimp, Litopenaeus

vannamei

8 weeks (56)

Bacillus coagulans G1902

1011 CFU/ g diet

Oregano oil

1 ml/ kg diet

Turbot, Scophthalmus

maximus

30 days (60)

Lactobacillus plantarum

NA

Fermented lemon peel

0.1% of kg diet

Orange spotted grouper,

Epinephelus coioides

8 weeks (65)

TABLE 4 Application of probiotic and medicinal herb combination in stimulating disease resistance of aquatic animals.

Probiotics Medicinal herbs Disease Aquaculture species Duration References

Bacillus sp., Lactobacillus sp.,

and Yeast sp.,

Korean herbs mix

(undisclosed)

Edwardsiella tarda Nile tilapia

Oreochromis niloticus

28 days (29)

Lactobacillus sakei BK19

1% of diet

Baical skullcap extract,

Scutellaria baicalensis

1% of diet

Edwardsiella tarda Oplegnathus fasciatus

(Temminck and Schlegel)

6 weeks (31)

Lactobacillus plantarum, L.

acidophilus, L. brevis, Bacillus

subtilis, and Saccharomyces

cerevisiae

Each 0.1% of diet

Combination of Allium

koreanum, Glycyrrhiza

uralensis and Panax ginseng

0.5 % of diet

Streptococcus parauberis Olive flounder, Paralichthys

olivaceus

12 weeks (52)

Lactobacillus plantarum

108 CFU/ kg diet

By-product from King oyster

mushroom extract

5 g/ kg diet

Vibriosis due to Vibrio spp. White shrimp, Litopenaeus

vannamei

8 weeks (56)

Lactobacillus plantarum

NA

Fermented lemon peel

1–3% of diet

Photobacterium damselae Orange spotted grouper,

Epinephelus coioides

8 weeks (65)

Bacillus subtilis

1011 CFU/ g

Astragalus polysaccharide

37% of diet,

Tuckahoe polysaccharide 50%

of diet

Vibrio splendidus Sea cucumber, Apostichopus

japonicus

4 weeks (66)

Pediococcus acidilactici

0.2% of kg diet

Pistochio hulls derived

polysaccharide

0.1% of kg diet

Aeromonas hydrophila Nile tilapia, Oreochromis

niloticus

56 days (67)
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improved in all treatments (combination and single treatment)

compared to the shrimp in control. Shrimps in the combined

treatment had significantly lower cumulative mortality due

to the significant increase in immune responses, including

phenoloxidase, respiratory burst, and lysozyme activity in

shrimp as compared to the control and single supplement

treatments (56).

Abarike et al. reported that the combined treatment of

Chinese medicinal herbs and probiotics improves hemato-

immunological, stress, and antioxidant parameters, and

expression of HSP70 and HIF-1α mRNA to hypoxia, cold,

and heat stress in Nile tilapia, in comparison with single

supplement of Chinese herbs and probiotics (27). Harikrishnan

et al. found that olive flounder infected with S. parauberis

and treated with a combination of medicinal herbs (Korean

rocky chive, Chinese liquorice ginseng) and a probiotic cocktail

had significantly improved serum lysozymes, alternative

complement activity, phagocyte activity, and oxidative burst

activity compared to the uninfected control and S. parauberis

infected fish treated with herbs alone (52). In a separate study,

Harikrishanan et al. (31) investigated the protective effect of

Baical skullcap herb and/or probiotic Lactobacillus sakei BK19

enriched diet on hematological and immunity status of rock

bream against Edwardsiella tarda. When compared to the

control and single supplement treatment (herb or probiotic),

Harikrishanan et al. (31) found that treatment with Baical

skullcap and Lactobacillus sakei BK19 effectively minimized

mortality, restored altered hematological parameters, and

enhanced innate immunity in rock bream against E. tarda.

The combined treatment significantly improved the reactive

oxygen species (ROS) and the reactive nitrogen species (RNS)

in the infected fish already in the 1st week of treatment

compared to the control and to the treatments with only one

supplementation (31).

A study on gilthead sea bream showed that fenugreek seeds,

either alone or in combination with one of the probiotics

(B. licheniformis, L. plantarum, and B. subtilis), enhanced

the humoral immune response of the fish (50). Another

study with gilthead sea bream found that supplementing with

probiotic combination of B. licheniformis, L. plantarum, and

B. subtilis along with fenugreek increased hepatic superoxide

dismutase and catalase, which are antioxidants that protect

against oxidative stress (36).

The potential of the combination effect of probiotics and

Tunisian date palm fruit was described by Estaban et al. In

their study, the combined effect of both supplements was shown

to increase mRNA expression of antioxidant enzymes in the

mucosa of gilthead seabream (Sparus aurata L.) compared to

treatments with a single supplement (68). However, the study

lacked information on the control group. Guardiola et al.

(69) investigated the combined effects of Tunisian date palm

fruit and probiotics on serum antioxidant levels, humoral and

cellular innate immune status, and mRNA expression of selected

immune-related genes in the head-kidney and gut of European

sea bass (Dicentrarchus labrax). In the study, Guardiola et al.

indicated that the combination of supplements showed a better

innate immune response in sea bass than treatments with single

supplements (69).

However, not every combination of probiotics andmedicinal

herbs increases disease resistance in aquatic animals. For

example, Villumsen et al. (58) showed that a combination of

the probiotic Pediococcus acidilactici and the medicinal herb

citrus flavonoids did not increase the resistance of rainbow

trout (Oncorhynchus mykiss) to infection with Yersinia ruckeri.

Therefore, further studies on the combination of probiotics

and medicinal herbs for prophylactic purposes in aquaculture

need to be conducted before the combination can be used in

aquaculture health management.

Conclusion and future perspectives

This review article revealed the promising findings of

current probiotic and medicinal herb combinations as a feed

additive for aquaculture uses. The innovative combinations of

feed additives benefited the aquaculture industry by boosting the

aquaculture species’ growth performance, immune system, and

disease resistance. In the future, research can be carried out to

explore more possible combinations of feed additives adapted

for relevant aquaculture species with bio-safety considerations.

Existing knowledge gaps between findings from scientific

research and practical use in aquaculture need to be filled before

a new formulation of feed additive is feasible for commercial

application. Therefore, a combination of multispecies of

probiotic and medicinal herbs is an option for aquaculture

species health management.

Author contributions

KG: financial support. LW: project administration,

writing—original draft, and writing—reviewing and editing.

ZA: conceptualization and writing—reviewing and editing.

WW: writing—reviewing and editing. NA: writing—original

draft and reviewing and editing. HV: supervision and

conceptualization. All authors contributed to the article and

approved the submitted version.

Funding

This work was funded by theMinistry of EducationMalaysia

under the scheme of Fundamental Research Grant Scheme

(FRGS) with the code no. FRGS/1/2022/STG03/UMK/03/1

and Universiti Malaysia Kelantan Matching Grant (R/UMK

Frontiers in Veterinary Science 07 frontiersin.org

273

https://doi.org/10.3389/fvets.2022.869564
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org


Wei et al. 10.3389/fvets.2022.869564

MATCH/A0.700/00387A/008/2022). This research work was

partially supported by Chiang Mai University.

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those

of the authors and do not necessarily represent those

of their affiliated organizations, or those of the publisher,

the editors and the reviewers. Any product that may be

evaluated in this article, or claim that may be made by

its manufacturer, is not guaranteed or endorsed by the

publisher.

References

1. FAO. FAO Yearbook. Fishery and Aquaculture Statistics 2019/FAO annuaire.
Statistiques des pêches et de l’aquaculture 2019/FAO anuario. Estadísticas de pesca y
acuicultura 2019. Rome: FAO (2021).

2. Anokyewaa MA, Amoah K, Li Y, Lu Y, Kuebutornye FK, Asiedu B,
et al. Prevalence of virulence genes and antibiotic susceptibility of Bacillus
used in commercial aquaculture probiotics in China. Aquacult Rep. (2021)
21:100784. doi: 10.1016/j.aqrep.2021.100784

3. Das S, Mondal K, Haque S. A review on application of probiotic, prebiotic
and synbiotic for sustainable development of aquaculture. J. Entomol. Zool. Stud.
(2017) 5:422–9.

4. Rico A, Phu TM, Satapornvanit K, Min J, Shahabuddin A, Henriksson PJ,
et al. Use of veterinary medicines, feed additives and probiotics in four major
internationally traded aquaculture species farmed in Asia. Aquaculture. (2013)
412:231–43. doi: 10.1016/j.aquaculture.2013.07.028

5. Hill C, Guarner F, Reid G, Gibson GR, Merenstein DJ, Pot B, et al.
The International Scientific Association for Probiotics and Prebiotics consensus
statement on the scope and appropriate use of the term probiotic. Nat Rev
Gastroenterol Hepatol. (2014) 11:506–14. doi: 10.1038/nrgastro.2014.66

6. Hamilton-Miller J. The role of probiotics in the treatment and prevention
of Helicobacter pylori infection. Int J Antimicrob Agents. (2003) 22:360–
6. doi: 10.1016/S0924-8579(03)00153-5

7. Dawood MA, Abo-Al-Ela HG, Hasan MT. Modulation of transcriptomic
profile in aquatic animals: probiotics, prebiotics and synbiotics scenarios. Fish
Shellfish Immunol. (2020) 97:268–82. doi: 10.1016/j.fsi.2019.12.054

8. Nayak SK. Probiotics and immunity: a fish perspective. Fish Shellfish Immunol.
(2010) 29:2–14. doi: 10.1016/j.fsi.2010.02.017

9. Nayak SK. Multifaceted applications of probiotic Bacillus species in
aquaculture with special reference to Bacillus subtilis. Rev Aquacult. (2021) 13:862–
906. doi: 10.1111/raq.12503

10. Nousiainen J. Lactic Acid Bacteria as Animal Probiotics. Lactic Acid Bacteria.
CABI (CAB Direct) (1993).

11. Gatesoupe F-J. Updating the importance of lactic acid bacteria in fish
farming: natural occurrence and probiotic treatments. Microbial Physiol. (2008)
14:107–14. doi: 10.1159/000106089

12. Zaineldin AI, Hegazi S, Koshio S, Ishikawa M, Bakr A, El-Keredy AM, et al.
Bacillus subtilis as probiotic candidate for red sea bream: growth performance,
oxidative status, and immune response traits. Fish Shellfish Immunol. (2018)
79:303–12. doi: 10.1016/j.fsi.2018.05.035

13. Kong Y, Gao C, Du X, Zhao J, Li M, Shan X, et al. Effects of single or conjoint
administration of lactic acid bacteria as potential probiotics on growth, immune
response and disease resistance of snakehead fish (Channa argus). Fish Shellfish
Immunol. (2020) 102:412–21. doi: 10.1016/j.fsi.2020.05.003

14. Paixão PEG, do Couto MVS, da Costa Sousa N, Abe HA, Reis
RGA, Dias JAR, et al. Autochthonous bacterium Lactobacillus plantarum
as probiotic supplementation for productive performance and sanitary
improvements on clownfish Amphiprion ocellaris. Aquaculture. (2020)
526:735395. doi: 10.1016/j.aquaculture.2020.735395

15. Yeganeh S, Adel M, Nosratimovafagh A, Dawood MA. The effect of
Lactococcus lactis subsp. Lactis ptcc 1403 on the growth performance. Digestive
enzymes activity, antioxidative status, immune response, and disease resistance
of rainbow trout (Oncorhynchus mykiss). Probiot Antimicrobial Proteins. (2021)
13:1723–33. doi: 10.1007/s12602-021-09787-3

16. Wang X, Sun H, Zhang A, Sun W, Wang P, Wang Z. Potential role of
metabolomics apporoaches in the area of traditional Chinese medicine: as pillars of
the bridge between Chinese and Western medicine. J Pharm Biomed Anal. (2011)
55:859–68. doi: 10.1016/j.jpba.2011.01.042

17. Meng F, Yang S, Wang X, Chen T, Wang X, Tang X, et al.
Reclamation of Chinese herb residues using probiotics and evaluation of their
beneficial effect on pathogen infection. J Infect Public Health. (2017) 10:749–
54. doi: 10.1016/j.jiph.2016.11.013

18. Kim J, Lee KW, Jeong HS, Ansary MWR, Kim HS, Kim T, et al. Oral
administration effect of yacon, ginger and blueberry on the growth, body
composition and plasma chemistry of juvenile olive flounder (Paralichthys
olivaceus) and immunity test against Streptococcus iniae compared to
a commercial probiotic, Lactobacillus fermentum. Aquacult Rep. (2019)
15:100212. doi: 10.1016/j.aqrep.2019.100212

19. Van Doan H, Hoseinifar SH, Sringarm K, Jaturasitha S, Khamlor T,
Dawood MA, et al. Effects of elephant’s foot (Elephantopus scaber) extract
on growth performance, immune response, and disease resistance of nile
tilapia (Oreochromis niloticus) fingerlings. Fish Shellfish Immunol. (2019) 93:328–
35. doi: 10.1016/j.fsi.2019.07.077

20. Hamid NKA, Somdare PO, Md Harashid KA, Othman NA, Kari ZA, Wei
LS, et al. Effect of papaya (Carica papaya) leaf extract as dietary growth promoter
supplement in red hybrid tilapia (Oreochromis mossambicus × Oreochromis
niloticus) diet. Saudi J Biol Sci. (2022) 29:3911–7. doi: 10.1016/j.sjbs.2022.03.004

21. Yu M-C, Li Z-J, Lin H-Z, Wen G-L, Ma S. Effects of dietary medicinal
herbs and Bacillus on survival, growth, body composition, and digestive enzyme
activity of the white shrimp Litopenaeus vannamei. Aquacult Int. (2009) 17:377–
84. doi: 10.1007/s10499-008-9209-3

22. Angela C, Wang W, Lyu H, Zhou Y, Huang X. The effect of dietary
supplementation of Astragalus membranaceus and Bupleurum chinense on the
growth performance, immune-related enzyme activities and genes expression in
white shrimp, Litopenaeus vannamei. Fish Shellfish Immunol. (2020) 107:379–
84. doi: 10.1016/j.fsi.2020.10.014

23. Uma A, Philominal P, Prabu E, Musthafa MS. Dietary Bougainvillea glabra
leaf meal on growth, haemato-biochemical responses and disease resistance in Nile
tilapia, Oreochromis niloticus against Enterococcus faecalis. Aquaculture. (2022)
549:737806. doi: 10.1016/j.aquaculture.2021.737806

24. Kumar J, Priyadharshini M, Madhavi M, Begum SS, Ali AJ, Musthafa
MS, et al. Impact of Hygrophila auriculata. supplementary diets on the growth,
survival, biochemical and haematological parameters in fingerlings of freshwater
fish Cirrhinus mrigala (Hamilton, 1822). Comparat Biochem Physiol A. (2022)
263:111097. doi: 10.1016/j.cbpa.2021.111097

25. Ahmadifar E, Yousefi M, Karimi M, Fadaei Raieni R, Dadar M, Yilmaz
S, et al. Benefits of dietary polyphenols and polyphenol-rich additives to
aquatic animal health: an overview. Rev Fisheries Sci Aquacult. (2021) 29:478–
511. doi: 10.1080/23308249.2020.1818689

26. Guo F, Dong Y, Dong L, Jing Y. An innovative example of herb residues
recycling by gasification in a fluidized bed. Waste Manag. (2013) 33:825–
32. doi: 10.1016/j.wasman.2012.12.009

27. Abarike ED, Jian J, Tang J, Cai J, Sakyi EM, Kuebutornye FK, et al. Mixture
of Chinese herbs and a commercial probiotic Bacillus species improves hemato-
immunological, stress, and antioxidant parameters, and expression of HSP70 and
HIF-1α mRNA to hypoxia, cold, and heat stress in Nile tilapia, Oreochromis
niloticus. Aquacult Rep. (2020) 18:100438. doi: 10.1016/j.aqrep.2020.100438

Frontiers in Veterinary Science 08 frontiersin.org

274

https://doi.org/10.3389/fvets.2022.869564
https://doi.org/10.1016/j.aqrep.2021.100784
https://doi.org/10.1016/j.aquaculture.2013.07.028
https://doi.org/10.1038/nrgastro.2014.66
https://doi.org/10.1016/S0924-8579(03)00153-5
https://doi.org/10.1016/j.fsi.2019.12.054
https://doi.org/10.1016/j.fsi.2010.02.017
https://doi.org/10.1111/raq.12503
https://doi.org/10.1159/000106089
https://doi.org/10.1016/j.fsi.2018.05.035
https://doi.org/10.1016/j.fsi.2020.05.003
https://doi.org/10.1016/j.aquaculture.2020.735395
https://doi.org/10.1007/s12602-021-09787-3
https://doi.org/10.1016/j.jpba.2011.01.042
https://doi.org/10.1016/j.jiph.2016.11.013
https://doi.org/10.1016/j.aqrep.2019.100212
https://doi.org/10.1016/j.fsi.2019.07.077
https://doi.org/10.1016/j.sjbs.2022.03.004
https://doi.org/10.1007/s10499-008-9209-3
https://doi.org/10.1016/j.fsi.2020.10.014
https://doi.org/10.1016/j.aquaculture.2021.737806
https://doi.org/10.1016/j.cbpa.2021.111097
https://doi.org/10.1080/23308249.2020.1818689
https://doi.org/10.1016/j.wasman.2012.12.009
https://doi.org/10.1016/j.aqrep.2020.100438
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org


Wei et al. 10.3389/fvets.2022.869564

28. GoG-M, Oh S-L, Satoh S. Effects of the dietary supplementation of fermented
cactus fruit (Opuntia ficus-indica) fluid on the growth of red sea bream, Pagrus
major. J Aquacult. (2007) 20:1–6.

29. Hwang Y-S, Bang SJ, Kang TY, Choi JH, Jung SM, Kang IS, et al. The dietary
effect of medicinal herbs extract and multiple probiotics mixture on the growth
performance, innate immune response and antibacterial activity of nile tilapia
Oreochromis niloticus. J Fish Pathol. (2019) 32:9–20.

30. Ghafarifarsani H, Hoseinifar SH, Talebi M, YousefiM, Van Doan H, Rufchaei
R, et al. Combined and singular effects of ethanolic extract of persian shallot

(Allium hirtifolium Boiss) and synbiotic Biomin
R©
IMBO on growth performance,

serum-and mucus-immune parameters and antioxidant defense in Zebrafish
(Danio rerio). Animals. (2021) 11:2995. doi: 10.3390/ani11102995

31. Harikrishnan R, Kim M-C, Kim J-S, Balasundaram C, Heo M-S. Protective
effect of herbal and probiotics enriched diet on haematological and immunity
status of Oplegnathus fasciatus (Temminck and Schlegel) against Edwardsiella
tarda. Fish Shellfish Immunol. (2011) 30:886–93. doi: 10.1016/j.fsi.2011.01.013

32. Zhang Y, Ji T, Jiang Y, Zheng C, Yang H, Liu Q. Long-term effects of
three compound probiotics on water quality, growth performances, microbiota
distributions and resistance to Aeromonas veronii in crucian carp Carassius
auratus gibelio. Fish Shellfish Immunol. (2022) 120:233–41. doi: 10.1016/j.fsi.2021.
11.036

33. Fuller R. History and Development of Probiotics. Berlin: Springer (1992). p.
1–8. doi: 10.1007/978-94-011-2364-8_1

34. Sornplang P, Piyadeatsoontorn S. Probiotic isolates from
unconventional sources: a review. J Anim Sci Technol. (2016)
58:1–11. doi: 10.1186/s40781-016-0108-2

35. Plaza-Diaz J, Ruiz-Ojeda FJ, Gil-Campos M, Gil A. Mechanisms of action of
probiotics. Adv Nutr. (2019) 10(Suppl.1):S49–66. doi: 10.1093/advances/nmy063

36. Nimalan N, Sørensen SL, Fečkaninová A, Koščová J, Mudronová
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