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Editorial on the Research Topic
Treatment of animal diseases with veterinary phytotherapy

The authors have been invited to serve as Guest Editors for this Research Topic. As
a Guest Editors we are responsible for identifying the emerging trends, highlights the
important topics, or presenting a particular perspective on a subject. Additionally, we
ensured the quality and relevance of the publication, as well as bringing fresh ideas and
diverse viewpoints to the readers. Phytotherapy, also known as herbal medicine or botanical
medicine, is a type of complementary and alternative medicine that uses plant extracts and
other natural substances to treat various health conditions (1). These herbs are believed to
have various medicinal properties that can help to alleviate symptoms of different health
conditions, such as anxiety, depression, insomnia, pain, and inflammation (2, 3). With
the advent of antibiotic resistance phytobiotic gain much attention among researchers as
an alternative treatment option for livestock, poultry, and aquaculture. Some commonly
used herbs in phytotherapy include herbs and their derivatives, plant derived bioactive
compounds including lycopene, carotenoids, L-theanine, fucoidan, and humic acid (4, 5).
Herbal medicine used in veterinary practice has been gaining popularity as an alternative or
complementary treatment option for a wide range of conditions in animals, and it’s great to
see that there is ongoing research in this field (6, 7).

Numerous natural phytochemical compounds found in plants have medicinal properties
that have been used for centuries to promote healing and prevent disease. In veterinary
and medical clinical practice, herbal medicine is used in a variety of ways. For example,
some veterinarians may use herbal remedies to treat animals with conditions such as
bacterial infection, oxidative stress and digestive problems. Similarly, some veterinarian
recommended in-feed herbal supplements as an alternative source of antibiotic growth
promoter to promote or maintain the productivity of domestic animals. The herbal medicine
used for therapeutic tool should be more natural and less harmful than conventional
pharmaceutical drugs, it is important to note that not all herbal remedies are safe or effective
(8-10). Therefore, the main objective of this Research Topic is to provide the new insight
regarding the beneficial application of medicinal plant as source of phytobiotic for the
treatment of pathophysiological disorder in veterinary practices. Studies considered for
publication in this topic have been classified into following sections.
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Anti-inflammatory potential of
phytobiotics

Inflammation is a natural response of the body to injury or
infection. However, chronic inflammation can lead to various
diseases such as arthritis, diabetes, and cardiovascular disease.
Phytobiotics are the natural compounds derived from plants
that are known to have various beneficial effects on human
and animal health. One of the benefits of phytobiotics is their
anti-inflammatory properties. Phytobiotics can help to reduce
inflammation by inhibiting the production of inflammatory
cytokines and enzymes and by scavenging free radicals that
contribute to oxidative stress (11). Examples of phytotherapeutic
compounds with anti-inflammatory properties include curcumin,
found in turmeric; resveratrol, found in grapes and red wine;
quercetin, found in fruits and vegetables; and omega-3 fatty acids,
found in fish and some plants.

Several studies have been reported that phytotherapeutic
compounds, which are derived from plants, have been found
to have anti-inflammatory properties that can help to regulate
the body’s proinflammatory mediators. These compounds can
act on various pathways involved in inflammation, including
the inhibition of proinflammatory cytokines, such as tumor
necrosis factor-alpha (TNF-alpha), interleukin-1 beta (IL-1beta),
and interleukin-6 (IL-6) (12). It has been reported that chronic
inflammation has been linked to an increased the risk of
cancer development and progression. Inflammation is a complex
biological process that involves the activation of immune cells,
the release of inflammatory mediators, such as cytokines and
chemokines, and the production of reactive oxygen and nitrogen
species (ROS/RNS) by immune and non-immune cells, they play
a role in the transformation of normal cells to the development
of cancer cells. Natural compounds such as resveratrol, curcumin,
quercetin, and gingerol have been found to have antioxidant
properties, which can help to reduce oxidative stress, prevent
inflammation, and modulate these signaling pathways, thereby
reducing inflammation (13, 14). In recent study it has been
reported that the dietary supplementation of traditional Chinese
medicine (TCM) formula significantly increased the levels of
antioxidant enzymes, such as superoxide dismutase and glutathione
peroxidase, and reduced the levels of reactive oxygen species in
the liver of piglets compared to the control group. The TCM
formula also decreased the expression of inflammatory cytokines,
such as interleukin-1f and tumor necrosis factor-a, in the liver
(15). Similarly, another study found that treatment with Jasonia
glutinosa extract resulted in significant reduction in inflammation
and oxidative stress markers in the colon tissue of mice with
induced colitis. Additionally, J. glutinosa extract improved the
integrity of the intestinal barrier by reducing the leakage of gut
bacteria and endotoxins into the bloodstream (16).

Antibacterial potential of
phytotherapeutic compounds

The beneficial application of herbal medicine has increased
over the past decade, and there has been a growing emphasis
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on natural plant-based therapeutic agents for the treatment and
control of microbial infections. Many plants contain bioactive
compounds with antimicrobial properties that can help to inhibit
the growth and spread of microorganisms. These compounds
include alkaloids, flavonoids, terpenoids, and phenolic acids,
among others. Research has shown that many herbal medicines
have potent antimicrobial properties and can be used as an
alternative or complementary therapy to conventional antibiotics.
However, it is important to note that the efficacy and safety of herbal
medicines may vary depending on factors such as the plant species,
plant part used, method of preparation, and dosage.

Several studies have shown that phytobiotics can inhibit the
growth of various bacterial species, including those that are
pathogenic to humans and animals. For example, the essential oil
of oregano has been shown to be effective against several types
of bacteria, including Escherichia coli, Salmonella enterica, and
Staphylococcus aureus. Other commonly studied phytobiotics with
antibacterial properties include garlic, cinnamon, thyme, and tea
tree oil. These substances have been shown to be effective against a
range of bacteria, including those that are antibiotic-resistant.

The antibacterial effects of phytobiotics are believed to
be due to their ability to disrupt bacterial cell membranes,
interfere with bacterial metabolic processes, and/or inhibit bacterial
enzyme activity. Additionally, some phytobiotics may stimulate the
immune system to help fight bacterial infections. However, more
research is needed to fully understand their mechanisms of action
and potential side effects.

Antiviral potential of phytotherapeutic
compounds

Mutations in viruses are a natural occurrence and can lead to
the emergence of new strains that may have different characteristics
than the original virus. In some cases, mutations can lead to
the development of resistance to against antiviral agents (17).
The development of resistance to antiviral agents is a concern in
the field of virology, as it can make it more difficult to control
viral infections. To address this, researchers are continuously
working to develop new antiviral agents that are effective against
a wide range of viral strains, including those that have developed
resistance to existing treatments. There has been growing interest
among researchers in exploring the potential of phytotherapeutic
compounds as effective treatments for viral infections due to their
antiviral properties.

Several studies have suggested that certain phytotherapeutic
compounds may have antiviral effects, and could potentially be
used as alternative or complementary treatments for viral infections
in animals. For example, compounds such as flavonoids, terpenes,
and alkaloids found in various plants have been shown to possess
antiviral activity against number of viruses including influenza,
herpes simplex virus, HIV, and coronavirus (18). On the other
hand, some studies have shown that compounds found in plants
such as echinacea, elderberry, and garlic have antiviral effects
and can help to boost the immunological response. However,
its important to note that the efficacy and safety of these
phytotherapeutic compounds in treating viral infections in animals
still needs to be thoroughly evaluated through clinical trials and
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further research. Additionally, its essential to ensure that the
use of such treatments is in compliance with applicable laws
and regulations.

Phytobiotics modulate gut microbiota
in animals

These microbiotas, also known as gut microbiota or gut flora,
is a complex and diversified collection of microorganisms that
reside in the gastrointestinal tract of animals, and poultry birds.
The microbiota consists of thousands of different microbial species,
including bacteria, archaea, viruses, and fungi, which together form
a complex ecological system that plays a crucial role in maintaining
the health and wellbeing of the host organism. The study of the
gut microbiota is a rapidly growing field of research, as scientists
continue to uncover the many ways in which these microorganisms
interact with the host and influence various aspects of health
and disease.

Phytobiotics, have been shown to have a significant impact
on the composition and function of the gut microbiota. These
compounds can act as prebiotics, which are substances that
promote the growth of beneficial bacteria in the gut, or as
antimicrobials, which can help to control the growth of harmful
bacteria (19). Some examples of phytobiotics include polyphenols,
flavonoids, and terpenes, which are found in a wide range of plant-
based foods such as fruits, vegetables, herbs, and spices. These
compounds can help to maintain a healthy balance of bacteria in
the gut, which is important for overall health and wellbeing of host.

There are numerous bacterial species in the intestine that
contribute to the maintenance of the body’s homeostatic balance.
Some of the most well-known bacterial species that play a crucial
role in gut health include Bifidobacterium, Lactobacillus, and
Akkermansia muciniphila. These bacterial species have been found
to interact with plant medicines or herbs to improve the health of
the bowel and balance of the animal’s body. In addition, some herbs
such as ginger, peppermint, and fennel have been traditionally used
to treat digestive issues and have been found to have antimicrobial
properties against harmful bacteria in the gut. These herbs may
also help to promote the growth of beneficial bacteria, such as
Bifidobacterium and Lactobacillus, and improve gut health.

Immunomodulatory role of
phytobiotics

The immune system is responsible for protecting the body
against infections and diseases. Immunosuppressive diseases are a
significant concern in livestock and poultry species because they
can negatively impact animal health and productivity, leading
to economic losses for producers. Immunosuppressive diseases
initiated through several factors, including viral, bacterial, and
parasitic infections, as well as environmental and managemental
stressors such as poor nutrition or overcrowding. These diseases
can weaken the animal’s immune system, making it more
vulnerable to secondary infections and reducing its ability to fight
off pathogens (20).
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Previous studies have been suggested that phytobiotics
significantly regulated the immune system by activating or
suppressing certain immune responses. For example, some
phytobiotics can stimulate the production of cytokines, which are
signaling molecules that helps to boost immune response (21,
22). Other phytobiotics can inhibit the activity of inflammatory
cells, such as macrophages and neutrophils, which can reduce
inflammation and tissue damage. Phytobiotics can also have
antioxidant properties, which can help to protect the immune
system from damages caused by free radicals of reactive oxygen
species. Additionally, some phytobiotics can stimulate the growth
of beneficial gut bacteria, leading to enhance immunological
response. Overall, the immunomodulatory role of phytobiotics is
an area of active research, and many plant-derived compounds are
being studied for their potential therapeutic effects on immune-
related disorders.

Conclusion

In recent years, there has been an increasing interest in the
application of TCM in animal husbandry, particularly as a feed
additive for poultry and livestock species. It’s great to observed
that research reports on the application of TCM as a feed additive
have contributed to the improvement of the health and economy
of poultry and livestock species. The use of phytotherapeutic
compounds or extracts from TCM can indeed have positive
effects on the health and performance of animals. It's important
to continue research and develop new ways to improve animal
health and productivity in a sustainable and ethical manner. The
contributions of all the participants involved in this Research Topic
are greatly appreciated, as their work will help to advance the field
and benefit the industry as a whole.
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Gut microbiota plays an important role in health and disease. To determine whether the
traditional Chinese formula Zi Huang Huo Xiang San (ZHHXS) modulates gut microbiota
under heat stress, a heat stress model was prepared in Roman layer hens by housing
them at temperatures of 32-36°C and administering ZHHXS for 4 weeks. The Roman
egg layers were randomly divided into three groups with 10 hens in each: a ZHHXS
treatment group (ZHHXS-HS), a heat-stressed group (HS), and a blank control group
(BC). The ZHHXS-HS and HS groups were housed in a 34 + 2°C environment, while the
BC group was housed at 25 + 1°C. The ZHHXS-HS hens were fed a diet supplemented
with 1% ZHHXS from 1 to 28 days, while the other groups were not. Gut microbiota
in the hens’ feces was assessed through 16S rRNA high-throughput sequencing on
days 1, 3, 7, 14, and 28. A plot of the PCA scores showed that the gut microbiota
composition in the BC group was a similar trend in the ZHHXS-HS group on days 1 and
3. The principal coordinate analysis (PCoA) unweighted distribution showed that the gut
microbiota composition had no significant differences between the BC and ZHHXS-HS
groups on days 1 and 7. The PCoA weighted distribution showed that the gut microbiota
composition had no significant differences between the BC and ZHHXS-HS groups
on days 1 and 3. This study showed that the composition of gut microbiota in layer
hens with heat stress was modulated by ZHHXS treatment. ZHHXS treatment caused
key phylotypes of gut microbiota to match the BC group, particularly Actinobacteria,
Bacteroidetes, Bacteroides, and Enterococcus. The effect of ZHHXS in alleviating heat
stress could be achieved by altering the composition of gut microbiota and regulating
some key phylotypes.

Keywords: traditional Chinese medicine, gut microbiota, heat stress, laying hen, 16S rRNA

INTRODUCTION

Stress is a disorder associated with environmental factors, including temperature, diet, radiation,
and so on. Heat stress is the most serious stress that causes adverse effects on growth performance,
immunity, mortality, and breast meat quality (1-4). Emerging evidence demonstrates that heat
stress can aggravate metabolic disorders and intestinal diseases (5-10). Based on our previous

Frontiers in Veterinary Science | www.frontiersin.org 9

June 2022 | Volume 9 | Article 905382


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.2022.905382
http://crossmark.crossref.org/dialog/?doi=10.3389/fvets.2022.905382&domain=pdf&date_stamp=2022-06-21
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:shidayou@scau.edu.cn
mailto:liuc@scau.edu.cn
https://doi.org/10.3389/fvets.2022.905382
https://www.frontiersin.org/articles/10.3389/fvets.2022.905382/full

Ye et al.

TCM Regulates Gut Microbiota

TABLE 1 | The composition of the Zi Huang Huo Xiang San.

Chinese Actions
names

Zi Zhui Ju Gen  Strengthens immune system

Items

Echinacea root

Scutellaria Huang Qin Clearing heat, drying dampness, purging fire,
and detoxification

Patchouli Guang Huo eliminating dampness with aromatics, stopping

Xiang vomiting and relieving summer-heat

Elsholtzia Xiang Ru Diaphoresis, detumescence and removing
dampness for regulating stomach

Gypsum Shi Gao clearing away heat and purging fire, except
vexed, slake the thirst

Dried tangerine peel ~ Chen Pi Regulating Qi and strengthening the spleen,
drying dampness, and eliminating phlegm

White atractylodes Bai Zhu Strengthen the Spleen, dry up Dampness, tonify

rhizome Qi, and prom

Licorice Gan Cao Strengthen the Spleen and tonify Qi, Harmonize

the effects of other herbs

TABLE 2 | Composition and nutrient levels of the basal diet.

study, we found that heat stress has a critical impact on the
composition of gut microbiota, growth performance, circulating
levels of HSP70, and cortisol (11). Therefore, the gut microbiota
may be the key factor in the treatment of heat stress.

The research has demonstrated that gut microbiota has
responded and reacted to the treatment mechanisms of
Traditional Chinese Medicine (TCM) (12-15). Gut microbiota is
an important, complex, and substantial bacterial microecological
system. Microorganisms in the intestine form a mutually
compatible and beneficial harmonious relationship under long-
term interactions with the organism. Under the mutual effect
of the external environment, the hosts health, and the bacterial
microecological system, the balance with gut microbiota and the
promotion of an organism’s healthy development (16-18) can be
maintained well. Gut microbiota, an ecological environment with
a dynamic balance of organism and TCM, can regulate the overall
balance of the body. Therefore, the regulation of TCM on the
health of gut microbiota may be beneficial to balancing the body

ltems Content (%)  Nutritional level Content (%) (19, 20). After Jia Wei Er Shu San was administered to weanling
Comn 59.50 Crude protein 17.19 piglets, the diversity and structure of their gut microbiota
Wheat bran 4.00 Calcium 35 significantly increased. The gut damage in a rat model with spleen
Soybean meal 14.60 Phosphorus 042 deficiency was relieved through the regulation of gut microbiota
Cottonseed meal 6.00 Lysine 0.71 ia the d t ff 1d d Gut mi biota i tient
Rapeseed meal 4.00 Methionine 0.36 via the decoction of four mild drugs. Gut microbiota in patients
Dried meat floss 205 Cystine 0.19 with type II diabetes can be regulated using a decoction of
Stone powder 8.4 Metabolizable energy (MJ/Kg) 12.82 Ge Gen Huang Lian to treat diabetes (21). The turbulence of
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gut microbiota metabolites, such as short-chain fatty acids and
hosts, was extensively modulated by Atractylodes macrocephala
to achieve the therapeutic effects (22-24). Scutellaria baicalensis
Georgi polysaccharide can improve intestinal barrier function
and modulate gut microbiota on dextran sulfate sodium-induced
ulcerative colitis (25). However, the study is required to further
investigate the complexity of the interactions among TCM, heat
stress, and gut microbiota.

In this study, the traditional Chinese formula of ZHHXS
changed the diversity and structure of gut microbiota in layer
hens under heat stress, and the change of some key phylotypes in
gut microbiota may be responsible for the anti-heat stress effects
of TCM.

MATERIALS AND METHODS

Animals

Thirty 35-week-old Roman egg-laying hens were purchased from
Yuan Shi Laying Hens Breeding Co., Ltd. (Guangzhou, China)
and housed in standard environmental conditions. The ethical

approval of the Animal Experiment Administration Committee
of South China Agricultural University was obtained before
the experiments began and all efforts were made to minimize
the hens’ suffering during the experiments. All the procedures
involving the hens including their selection, management, and
preparation throughout the experiments were conducted in strict
accordance with Chinese legislation on the use and care of
laboratory animals. The animals’ housing, care, and handling
were conducted at the Laboratory Animal Center of South China
Agricultural University, Guangzhou, China.

Preparation of Zi Huang Huo Xiang San

The traditional Chinese medicine formula used in this study
was Zi Huang Huo Xiang San (ZHHXS) (Table1). It was
composed of eight dried Chinese herbs, namely Echinacea root,
Scutellaria, patchouli, Elsholtzia, Gypsum, dried tangerine peel,
white atractylodes rhizome, and licorice, which were mixed in the
dry weight ratio of 4:4:3:3:2:2:1:1. The herbs were purchased from
qualified suppliers based on standards specified in the Chinese
Pharmacopoeia (Guangzhou, China). The herbs were crushed
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with a pulverizer and sifted using 80 mesh sieves. The materials
were mixed to feed the hens for a basal diet supplemented with
1% of the mixture.

Reagents

A TIANamp Stool DNA Kit (DP328) manufactured by Tiangen
Biotech Co., Ltd. (Beijing, China) was used in this study.
DIK ScreenTape and D1K Reagent manufactured by Agilent
Technologies were also utilized. A Qubit dsDNA HS Assay
Kit was purchased from Life Technologies. A TruSeq Custom
Amplicon Sample Prep Kit and a MiSeq Reagent Kit v3 (600
Cycles PE) were purchased from Illumina.

Experimental Design

Thirty Roman egg layers were randomly divided into 3 groups
with 10 hens in each group: a heat-stressed group (HS), for
which the heater temperature is maintained at 34 & 2°C for 28
days, a ZHHXS treatment group (ZHHXS-HS), maintained at
a temperature 34 + 2°C with a basal diet supplemented with
1% ZHHXS from 1 to 28 days, and a blank control group (BC)
maintained at a temperature 25 & 1°C for 28 days. Hens in the
HS and BC groups were provided a basal diet and free access to

drinking water. The basal diet was shown in Table 2. The 200-mg
feces were collected on days 1, 3, 7, 14, and 28. All feces samples
were stored in a —80°C freezer until analysis.

Bioinformatics Statistical Analysis

The sequence length, OTU (Operational Taxonomic Unit)
numbers, and rarefaction curve (Chaol, Shannon, Good’s
coverage, and rank abundance) were performed using mothur
on a single-summary command. Beta diversity analysis consisted
of principal component analysis (PCA) and PCoA based on the
Unifrac distance metric. The statistical analyses of the relative
abundance of the phylum and genus levels, a taxonomy-based
analysis, were carried out by analysis of variance (ANOVA)
with SPSS 19.0. Values of P < 0.05 were considered statistically
significant. The bar graph of the phylum and genus was produced
with GraphPad Prism 5 software.

RESULTS

The Sequence of Gut Microbiota
After polymerase chain reaction (PCR), all of the feces samples
were sequenced by an Illumina MiSeq sequencer, which was
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used to monitor the structural changes in the three groups
gut microbiota. Sequence lengths of <200 bp were removed,
12,853,330 sequences were gained, and the average length was
480 bp (Figurel). A total of 737,136 OTUs were generated
through clustering analysis for high-quality sequences at a
97% similarity cut-off. The Chaol, Shannon, Good’s coverage,
and rank abundance curves that were generated from the
OTUs suggested that high-sample coverage was captured with
the sequencing depth (Figure2), and further increases in
the sequencing depth were unlikely to achieve greater gut
microbiota diversity.

The Gut Microbiota Composition Overtime
After ZHHXS

Principal component analysis, an unsupervised multivariate
statistical method, was used to analyze the composition changes
in the hens’ gut microbiota (Figure 3). A plot of the PCA scores
showed that the gut microbiota composition in the BC group
was significantly different from the HS group along PC2 on day
1 and PC1 on days 3 and 14, and there was a similar trend in
the ZHHXS-HS group on days 1 and 3. However, there were
no significant differences among the BC, HS, and ZHHXS-HS
groups on days 7 and 28.

UniFrac distance-based PCoA, an unsupervised multivariate
statistical method that includes weighted and unweighted
distributions, was also used to analyze the gut microbiota
composition (Figures 4, 5). The PCoA unweighted distribution
showed that the gut microbiota composition in the BC group
differed from the HS group along PC2 on days 1 and 7, and along
PC1 and PC2 on days 14. However, there were no significant
differences between the BC and ZHHXS-HS groups on days 1
and 7 and among the BC, HS, and ZHHXS-HS groups on days
3 and 28. The plot of the weighted PCoA showed comparable
changes in the composition of gut microbiota between the BC
and HS groups along PC2 on days 1 and 14, PC1 and PC2 on
day 3, and no significant difference between the BC and ZHHXS-
HS groups on days 1 and 3. There were no differences among the
three groups on days 7 and 28.

Key Phylotypes of Hens’ Gut Microbiota

Changed Due to ZHHXS

Obvious changes in the key phylotypes of gut microbiota at
both the phylum and genus levels were found through a taxon-
based analysis among the three groups. At the phylum level,
Firmicutes, Proteobacteria, and Bacteroidetes were the main
groups (Figure 6). The relative abundance of Actinobacteria in
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the ZHHXS-HS group was markedly increased compared to the
BC group on days 3, 7, and 14 and Bacteroidetes on days 14.
There was no distinct difference between the HS and BC groups.
The relative abundance of Firmicutes in the HS group differed
significantly from the BC group on day 14 and Proteobacteria on
day 1. The relative abundance of Firmicutes in the ZHHXS-HS
group differed significantly from the BC group.

A taxon-based analysis at the genus level revealed that
Lactobacillus, Veillonella, Enterococcus, and Bacteroides were
the dominant genus (Figure7). The relative abundance of
Bacteroides and Enterococcus changed between the HS and
BC groups, and the ZHHXS-HS group had no significant
change compared to the HS and BC groups on day 14.
The relative abundance of Lactobacillus in the BC group
significantly increased and Oscillospira and Ruminococcus
decreased compared to the HS and ZHHXS-HS groups at day
14. There were no obvious changes between the HS and ZHHXS-
HS groups. There were no marked differences among the three
groups on days 1, 3, 7, and 28 in the six genera.

DISCUSSION

This study showed that gut microbiota differed among the
ZHHXS-HS, HS, and BC groups. The results indicated that a

traditional Chinese herbal formula is credible for heat stress.
In agreement with this paper, other studies have reported that
traditional Chinese medicine could treat heat stress (26-28).
Scutellaria baicalensis, with the functions of clearing away heat
and dampness, purging fire, and detoxification, has shown
significant effects on the treatment of various diseases, especially
hepatitis, diarrhea, vomiting, and high blood pressure (29).

The results of the study of the rarefaction curve showed that
the sequencing depth was sufficient to cover the gut microbiota.
The results also indicated that the composition of gut microbiota
in the feces was markedly different among the ZHHXS-HS, HS,
and BC groups. The PCA showed that the composition of gut
microbiota in the BC group differed from the HS group and had
a similar trend to the ZHHXS-HS group. The PCoA indicated
that BC differed from the HS group, but there was no difference
from the ZHHXS-HS group in the gut microbiota composition.
However, the results of the PCA and PCoA differed at varying
times. Other research has indicated that Chinese medicine
compounds can change the composition of gut microbiota,
although there is little similar research into heat stress (21, 30, 31).

Significant differences were observed at key phylum and
genus levels. The relative abundance of Actinobacteria and
Bacteroidetes was significantly increased in the ZHHXS group
in this study. The results showed that the increased relative
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abundance of Proteobacteria caused by heat stress was reduced  treatment of vomiting, abdominal pain, and diarrhea with the
by ZHHXS. Firmicutes did not change with ZHHXS. This  function of aromatic damp-resolving (39).

result is consistent with a report by Ying Chen that TCM can In the current study, the relative abundance of Lactobacillus,
change the abundance of phylum (31). The relative abundance of ~ Oscillospira, and Ruminococcus was not correlated with ZHHXS
Bacteroides, a short-chain fatty acid producer that is vital to the = and was positively correlated with a lack of treatment, suggesting
growth of gut microbiota (32, 33), increased due to heat stress  that Lactobacillus, Oscillospira, and Ruminococcus might be
compared to the BC group, and then decreased by ZHHXS. The  phylotypes associated with the occurrence of heat stress. Heat
changing abundance of Enterococcus was stabilized with ZHHXS.  stress with ZHHXS may be regulated by changing the relative
The growth promotion in fish and the multiple drug resistance = abundance of Veillonella, although there was no significant
of Enterococcus has been documented (34-36). These results  variation among the three groups.

further suggest that heat stress using ZHHXS may be mediated

by changing the relative abundance of gut microbiota. However,

there is no time-dependent change in gut microbiota by ZHHXS, CONCLUSION

which may be because gut microbiota is susceptible to another

factor. Many other studies have shown that TCM can alter the  This study suggested that the ZHHXS, a Chinese herbal formula,
abundance of the different genus to alleviate the severity of the  played a vital role in modulating gut microbiota during the
disease (30, 31, 37). Atractylodes macrocephala Koidz. (called  treatment of layer hens with heat stress. By comparing the BC
Baizhu in China) has long been used to treat gastrointestinal  group, the ZHHXS-HS group showed that the relative abundance
dysfunction. Crude extracts and pure compounds of Atractylodes  of Bacteroides and Enterococcus shifted to the same tendency.
macrocephala are used to treat gastrointestinal hypofunctionand  The relative abundance of Actinobacteria and Bacteroidetes
splenic asthenia (38). Pogostemonis Herba is usually used for the =~ became enriching through the ZHHXS on heat stress. So, the
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ZHHXS with the functions of clearing away heat and dampness,
purging fire, and detoxification can modulate gut microbiota in
heat stress. However, the causal relationship between Chinese
herbal formula and gut microbiota remains unclear. This study
provides evidence that the therapeutic effect of the Chinese herbal
formula may function via the mediation of gut microbiota.
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The immunogenicity of
plant-based COE-GCNA4pll
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virulent porcine epidemic
diarrhea virus strain from
genotype 2
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Genetics, Leibniz Institute of Plant Genetics and Crop Plant Research (IPK), Gatersleben, Germany

Porcine epidemic diarrhea virus (PEDV) is a serious infectious causative agent in
swine, especially in neonatal piglets. PEDV genotype 2 (G2) strains, particularly
G2a, were the primary causes of porcine epidemic diarrhea (PED) outbreaks in
Vietnam. Here, we produced a plant-based CO-26K-equivalent epitope (COE)
variant from a Vietnamese highly virulent PEDV strain belonging to genotype 2a
(COE/G2a) and evaluated the protective efficacy of COE/G2a-GCN4pll protein
(COE/G2a-pll) in piglets against the highly virulent PEDV G2a strain following
passive immunity. The 5-day-old piglets had high levels of PEDV-specific IgG
antibodies, COE-IgA specific antibodies, neutralizing antibodies, and IFN-y
responses. After virulent challenge experiments, all of these piglets survived
and had normal clinical symptoms, no watery diarrhea in feces, and an increase
in their body weight, while all of the negative control piglets died. These results
suggest that the COE/G2a-pll protein produced in plants can be developed as
a promising vaccine candidate to protect piglets against PEDV G2a infection
in Vietnam.

KEYWORDS

COE, GCN4-pll motif, PEDV genotype 2, plant-based vaccine, piglet protection,
passive immunity

Introduction

Porcine epidemic diarrhea (PED) is an acute and highly contagious enteric disease in
swine, caused by the porcine epidemic diarrhea virus (PEDV) (1). Pigs of all ages can be
infected by PEDV, resulting in the rapid spread of acute and severe diarrhea, dehydration,
and vomiting. Suckling piglets, especially at the age of under 7 days, are the most severely

frontiersin.org
19


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.2022.940395
http://crossmark.crossref.org/dialog/?doi=10.3389/fvets.2022.940395&domain=pdf&date_stamp=2022-07-28
mailto:chuhoangha@ibt.ac.vn
mailto:pbngoc@ibt.ac.vn
https://doi.org/10.3389/fvets.2022.940395
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fvets.2022.940395/full
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org

Ho et al.

affected with mortality reaching nearly 100% (2). Since the first
outbreaks in Europe, PEDV has caused severe economic loss
to the pig industry worldwide, particularly in Asian countries
and the United States (1, 3, 4). In Vietnam, PED was first
reported in 2009 and then continuously spread in several pig
farms throughout the country, causing remarkable economic
damage (5).

Porcine epidemic diarrhea virus is a single-stranded RNA
virus and a member of the genus Alphacoronavirus, in the family
Coronaviridae (6). PEDV can be clustered into two genogroups
(G1 and G2) based on the nucleotide and amino acid sequence
of Spike (S), especially the changes in amino acid sequence
at the N-terminal of the S1 domain (7, 8). Each genogroup
contains subgroups a and b. PEDV strains circulating in the
north, central, and southern regions of Vietnam from 2015 to
2016 belonged to G1b, G2a, and G2b (4, 9). The differentiation
in genetic information between the emerging PEDV strains and
PEDV vaccine strains, especially at the neutralizing epitopes,
results in the low effectiveness of the current vaccine in
the protection of pigs against PEDV strains in the field (9-
11). In Vietnam, PEDV G2 strains were found as the major
disease causative agents in PED outbreaks (4). To date, subunit
vaccines against Vietnamese PEDV G2 strains are not available.
Therefore, the development of a novel vaccine against emerging
PEDV strains, especially G2 strains, is urgent to control PED
outbreaks in Vietnam (4, 9).

The CO-26K-equivalent epitope (COE) is located in amino
acids 499-638 within the Spike (S) protein (12). It is a
neutralizing epitope recognized by the monoclonal antibody (6).
COE protein is considered an important target for developing
subunit vaccines against PEDV (12, 13). The plant-based
production systems, especially agroinfiltration, have been widely
considered a rapid, convenient, and low-cost method to produce
a large number of recombinant proteins within a few days
in several plants (14, 15). There have been efforts to produce
S1 or COE protein as fusion forms against PEDV in various
plants such as lettuce, rice, Nicotiana benthamiana, Nicotiana
tabacum, and maize using stable transformation or transient
expression (13, 16-21). In a previous study, we demonstrated
that plant-based COE/Gla-plI induced neutralizing antibodies
in mice (22). However, the immunogenicity and protectivity of
plant-based COE/Gla-plI in piglets against PEDV via challenge
experiments have still not been evaluated.

This study aims to evaluate whether our previous concept
could also be worked on another COE variant from a highly
virulent PEDV strain belonging to G2 (COE/G2a-plI), which
is the currently circulating strain in Vietnam. Moreover, we
analyzed if a two-dose vaccination scheme with COE/G2a-
pII could induce protective immune responses in piglets from
virulent PEDV strains via challenge experiments. As expected,
all piglets from sows vaccinated with purified COE/G2a-pll
protein survived, while all negative control piglets died after the
challenge with the highly virulent PEDV G2a strain. In addition,
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COE/G2a-plII elicited high levels of neutralizing antibodies,
PEDV-specific IgG antibodies, COE-specific IgA antibodies, and
IFN-vy in sows and piglets.

Materials and methods

Production and characterization of
COE/G2a-PlIl protein from plants

A DNA sequence encoding for the COE/G2a region from
the highly virulent NAVET/PEDV/PS6/2010 strain (NAVETCO,
Vietnam) belonging to G2a was codon-optimized for expression
in N. benthamiana, synthesized, and inserted into a cloning
vector pUC57-COE (Genewiz, United States). COE/G2a was
amplified and inserted in pRTRA-COE/Gla-GCN4plI-cmyc-
his-KDEL (22) at sites BamHI and pspOMI. A plant expression
vector containing COE/G2a-plI was then constructed according
to the previous study (22). In this study, COE/G2a-plI protein
was expressed in N. benthamiana via the agroinfiltration
protocol that was mentioned in the previous study (22) with a
modification in the ODgpg agrobacterium suspension mixture of
0.1. After 3 days of infiltration, leaves were collected and stored
at —80 C. The expression of COE/G2a-pll protein in plants
was detected by SDS-PAGE and Western blot assay using anti-
cmyc-antibody as the primary antibody and goat anti-mouse
IgG-HRP (Invitrogen) as the secondary antibody. A signal was
detected using the Amersham ECL Prime Western blotting
detection reagent. The expression level of COE/G2a-plII protein
was measured based on the H5N1-specific ScFv protein amount
in a standard curve (23) that was conducted and analyzed using
the ImageQuant TL 8.0 software (Cytiva) after the signal was
detected using the Amersham™ Imager 680 machine. Leaves
were subjected to COE/G2a-plI protein purification using the
immobilized metal affinity chromatography (IMAC) protocol
that was reported in the previous study with a modification in
washing buffer containing 10 mM of imidazole (22).

The molecular weight of COE/G2a-pIl protein was
characterized by size exclusion chromatography (SEC)
following the protocol as described earlier (24). An amount of
500 pg IMAC-purified COE/G2a-pll protein was applied onto
a Superose™ 6 increase 10/300GL column (GE Healthcare). A
high molecular weight kit (GE Healthcare) containing standard
proteins with molecular weights ranging from 75 to 2,000 kDa
was used to estimate the molecular weight of COE/G2a-plI
protein. The presence of COE/G2a-plI protein in SEC fractions
was confirmed by SDS-PAGE and Western blotting assay.

Cells and viruses

Vero cells (ATCC CCL-81) were cultured in Eagles
Minimum Essential Medium (EMEM, Gibco) supplemented
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with 10% fetal bovine serum (FBS, Gibco), 50 jLg/ml gentamycin
at 37 C, and 5% CO,. The NAVET/PEDV/PS6/2010 strain was
isolated from piglet samples infected with PEDV and propagated
on Vero cells using the protocol previously described (25). The
virus in passage 5 was used for challenge experiments in piglets.
There was no change in the nucleotide sequence of the S gene of
the NAVET/PEDV/PS6/2010 strain in passage 5 when compared
to that of the isolated PEDV strain.

Pig immunization and viral challenge
experiments

The pig study was reviewed and approved by the
ethical committees of the Institute of Biotechnology (IBT);
Vietnam Academic of Science and Technology (VAST),
Hanoi, Vietnam; and NAVETCO, Ho Chi Minh City,
under decision number 07/2015/HD-NDT. The
animal protocols were performed based on the “3Rs”
and the European Communities Council Directives of
24 November 1986 (86/609/EEC) guidelines for the care
and use of animals. Pigs were raised by NAVETCO,
Vietnam, and monitored to minimize the stress, suffering,

Vietnam,

unnecessary pain, or lasting harm in the experiments
by veterinarians.

Before 2 weeks of vaccination, blood samples of pregnant
sows were collected for serum neutralizing antibody assays
performed at NAVETCO’s laboratory. Two pregnant sows
with negative results of neutralizing antibodies against PEDV
were selected for the vaccination experiments. Either purified
COE/G2a-plI protein or PBS was formulated extensively with
in-house water in oil adjuvant (NAVETCO, Vietnam) at a
ratio of 3:7. The primiparous sow (~80 days of gestation,
n = 1) was intramuscularly immunized on the neck with
either adjuvanted COE/G2a-pIl protein (100 pg per dose)
or PBS on days 0 and 14 post-immunization (pi). After 21
days of the second immunization, farrowing was induced.
Sow blood samples were collected on days 0, 35, and 50 pi.
Eight piglets born to one COE/G2a-plI-vaccinated sow and two
piglets born to one PBS-vaccinated sow were suckled and kept
together with their sows. Each 5-day-old piglet was challenged
orally with 1 ml of the highly virulent NAVET/PEDV/PS6/2010
strain (10° TCID50). Piglets were monitored daily for clinical
signs, diarrhea, weight, and death from days 0 to 14 post-
challenge (pc). Clinical scores were modified from a scoring
method previously described (26). Clinical scores were defined
as follows: healthy = 0; anorectic, depression, vomiting, and
emaciated = 1; dead = 2. The body weight of piglets was
recorded on days 0 and 10pc. Fecal scores were evaluated
as follows based on a scoring method previously described
(27): normal = 0, pasty = 1, semi-solid = 2, watery diarrhea
= 3. Blood samples of all the piglets were collected via the
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marginal ear veins in serum separator tubes on days 0 and
10 pc for analysis. All blood samples were centrifuged at 3,000
x g for 10min at 4°C, and the sera were stored at —20°C
until analysis.

ELISA

PEDV-specific IgG antibodies in the sera of sows and
piglets were assessed using a commercial ELISA kit (INgezim
PEDV 11.PED.K.1/5, Eurofins INGENASA) according to the
manufacturer’s recommendation. The S/P values were calculated
using the formula: [(test sample value-negative control value) /
(positive control value-negative control values)]. Samples were
defined as positive for PEDV-specific IgG if the S/P value is >
0.35. COE-specific IgA antibodies in sow and piglet sera were
analyzed using an indirect ELISA using SEC-purified COE/G2a-
pII protein (1jg/ml) as antigen according to the protocol
described previously (22).

Virus neutralizing antibody test

The presence of neutralizing antibodies in porcine sera
was evaluated using a virus-neutralizing assay according
to the protocol previously described (28). PEDV strain
NAVET/PEDV/PS6/2010 (200 TCID50/0.1 ml) was performed
for the assay. The virus neutralization titer (VN titer) was
determined as the highest serum dilution that inhibited the
cytopathic effect.

Cytokine assay

The level of interferon-gamma (IFN-y) in the sera of sows
and piglets was detected using a commercial ELISA kit (Porcine
TFN-y ELISA Basis kit, Matech) according to the manufacturer’s
recommendation. Porcine sera with a dilution of 1:20 were used
for the cytokine assay. The concentration of IFN-y in diluted
sera (IFN-y DL) was calculated based on the standard curve
of recombinant porcine IFN- y standard with the range of 16-
1,600 pg/ml. The final concentration of IFN-y in pig sera was
calculated using the formula: IFN-y DL x 20.

Statistical analysis

All statistical analyses were performed in the Sigma
Plot software. The differences between the two groups were
compared and shown as mean =+ standard deviation (SD)
using a Mann-Whitney U test. The significant difference was
determined if the p-value was <0.05.
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FIGURE 1

Production and characterization of COE/G2a-pll protein from plants. (A) Plant expression cassette containing a DNA sequence encoding the
highly virulent NAVET/PEDV/PS6/2010 strain (NAVETCO, Vietnam) fused pll motif. CaMV35S-P, cauliflower mosaic virus (CaMV) 35S promoter;
pll, GCN4pll motif; KDEL, endoplasmic reticulum retention; CaMV35S-T, CaMV 35S terminator. (B) Detection of COE/G2a protein expressed in
N. benthamiana leaves by Western blotting assay. Anti-c-myc monoclonal antibody and HRP conjugated goat anti-mouse IgG were used as
primary antibodies and secondary antibodies, respectively. Various amounts of H5SN1-specific ScFv antibodies (23) were used to build the
standard curve to calculate the accumulation of COE/G2a-pll protein in leaves by ImageQuant TL (Cytiva) after capturing by Amersham™
Imager 680 (Cytiva). (C) Detection of SEC-fractions containing COE/G2a-pll protein by Western blotting assay. (D) Analysis of IMAC-purified
COE/G2a-pll protein by Coomassie Blue staining of SDS-PAGE. (E) Characterization of COE/G2a-pll protein by SEC. A standard kit including

high molecular weight protein (75-2,000 kDa, GE) was used to estimate the molecular weight of COE/G2a-pll protein.

Results

Production and characterization of
COE/G2a-PII

To construct the expression cassette harboring COE/G2a-
pIl, we replaced the DNA sequence encoding COE from the
PEDV DR13 strain (Gla) with that encoding COE/G2a from
the highly virulent NAVET/PEDV/PS6/2010 strain (Figure 1A).
The expression of COE/G2a-pll protein in N. benthamiana
leaves was successfully detected by a Western blotting test using
anti-cmyc-antibody as the primary antibody (Figure 1B). The
accumulation of COE/G2a-plI protein in leaves was calculated
based on the standard curve of the H5N1-specific ScFv protein
(23). COE/G2a-pll protein accumulated in plant leaves at

Frontiersin Veterinary Science

22

approximately 118 mg/kg fresh leaves, which accounted for
2.01% of total soluble protein (TSP). COE/G2a-plI protein was
purified by IMAC, and then the resulting product was further
purified and characterized by SEC (Figures 1C,D). The predicted
molecular weight of COE/G2a-pIl monomer is approximately
26 kDa; however, N-glycosylation sites in COE protein may
influence the PAGE separation resulting in the increase in band
size of COE/G2a-plI protein in SDS-PAGE and Western blot
of approximately 35 kDa (Figure 1D). The molecular weight of
COE/G2a-plI was calculated and characterized by SEC based
on the standard kit containing high molecular weight proteins
(75 to >2,000 kDa). COE/G2a-plI protein was presented in
SEC fractions 10-32 corresponding to the molecular weight
of 75 to >2,000 kDa (Figure 1E). COE/G2a-pIl protein was
mostly detected in SEC fractions 22-26 corresponding to
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the molecular weight of approximately 440 kDa. Therefore,
COE/G2a-pll is a mixture of multimer forms with a wide range
in molecular weight.

Humoral immune responses and
cytokine responses in sows

The immunogenicity of IMAC-purified COE/G2a-pll
protein was evaluated in pregnant sows. The immunization
scheme in pregnant sows is presented in Figure 2A. PEDV-
specific IgG responses were detected in the serum of the
sow vaccinated with COE/G2a-plI protein with an S/P value
of 2.49 on day 35 pi (Figure 2B). There was no increase in
PEDV-specific IgG responses in this inoculated sow on day 50
pi compared to that on day 35 pi. In contrast, no PEDV-specific
IgG antibody was found in the sow immunized with PBS. The
pregnant sow vaccinated with COE/G2a-plI protein developed
COE-specific IgA antibodies in serum on day 35 pi with an
OD450 mean value of 3.8. Similar to the PEDV-specific 1gG
responses, the COE-specific IgA antibodies did not increase
in the serum of this vaccinated sow on day 50 pi. In contrast,
COE-specific IgA antibodies were not detected in the serum
of the sow immunized with PBS (Figure 2C). The presence of
neutralizing antibodies against PEDV in sow sera was assessed
by virus-neutralizing antibody assay. On day 35 pi, the VN titer
of 32 was observed in the sow vaccinated with COE/G2a-plI
protein. However, the neutralizing antibody response of the
COE/G2a-plI-immunized sow was decreased on day 50 pi
(Figure 2D). The IFN-y were found at a high concentration
of 932.3 4 145.2 pg/ml in serum of the sow injected with
COE/G2a-plI protein on day 35 pi. Notably, there was a 2-fold
increase in IFN-y level (1796.1 = 8.6 pg/ml) in this sow on
day 50 pi (Figure 2E). IFN-y was not found in the negative
control sow vaccinated with PBS. These data indicate that
the COE/G2a-pIl protein induces strong humoral immune
responses and cytokine responses in the pregnant sow.

Humoral immune responses and
cytokine responses in piglets

Since colostrum/milk antibodies from vaccinated mother
sows are regularly transferred to piglets via suckling, passive
immunity to the piglets was assessed by ELISA, virus-
neutralizing antibody assay, and cytokine assay. On day 0 pc,
PEDV-specific IgG antibodies were detected in the 5-day-old
piglets born to sows vaccinated with COE/G2a-plI. The increase
in PEDV-specific IgG antibody level was found in piglet sera on
day 10 pc (Figure 3A). In addition, the sera of these piglets had
high COE-specific IgA antibody responses on day 0 pc. However,
there was a slight decrease in COE-specific IgA antibody levels
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in these piglets on day 10 pc (Figure 3B). Neutralizing antibodies
against the highly virulent NAVET/PEDV/PS6/2010 strain were
detected in piglets born to sows immunized with COE/G2a-plI
protein on day 0 pc. Notably, VN titers found in these piglets
on day 10 pc were more than 2-fold higher than those in piglets
on day Opc (Figure 3C). High levels of IFN-y were detected
in sera of these piglets on day 0pc with a concentration of
824.5 4 157.68 pg/ml. Notably, there was a strong increase in
IEN-v levels in piglets born to sows inoculated with COE/G2a-
pII protein on day 10pc (Figure 3D). In contrast, no PEDV-
specific IgG, COE-specific IgA, virus-neutralizing antibodies,
and cytokine responses were observed in piglets born to sows
vaccinated with PBS. These results demonstrate that there was a
passive immunity transfer of PEDV-specific IgG, COE-specific-
IgA, virus-neutralizing antibodies, and IFN-y responses from
immunized pregnant sows to its piglets via sow colostrum/milk.

COE/G2a-Pll protein protects piglets
against the highly virulent pedv G2a strain

After 1 day of the challenge, all piglets born to sows
vaccinated with COE/G2a-plI protein had pasty and semisolid
feces (fecal scores of 1-2). However, some piglets in this group
had normal feces with scores of 0 starting on day 4pc. All
piglets in this group returned to fecal scores of 0 on day 6 pc. In
contrast, piglets delivered from sows immunized with PBS had
semisolid feces with scores of 2 on day 1 pc. The feces of these
piglets were watery, with scores of 3 beginning at day 2 pc to the
later (Figure 4A). Before the challenge, there was no significant
difference in the body weight of the two piglet groups. After 10
days of the challenge, there was a 2-fold increase in the body
weight of piglets delivered from sow inoculated COE/G2a-plIL
In contrast, two piglets delivered from negative sow control had
a strong decrease in body weight after the challenge compared
to that before the challenge (Figure 4B). All piglets born to
sows vaccinated with COE/G2a-plI protein had daily normal
clinical scores of around 0 and survived after the challenge
(Figures 4C,D). In contrast, the clinical signs of piglets delivered
from sows immunized with PBS were around 1 (anorectic,
depression, vomiting, and emaciated) beginning at day 2 pc, and
the clinical scores of this group increased to 1.5 on day 4 pc
(Figure 4C). On day 4 pc, one piglet born to the sow vaccinated
with PBS died. Another piglet in this group died on day 14 pc
(Figure 4D). Therefore, all piglets in the negative control group
died after the viral challenge. The cause of the piglet deaths in the
negative group was PEDV infections, verified via gross lesions in
the small intestine of deceased piglets (data not shown). Taken
together, these data indicate that passive immunity provided
by a pregnant sow vaccinated with COE/G2a-plI protein could
induce protective immune responses in its piglets against a
highly virulent PEDV G2a strain.

frontiersin.org


https://doi.org/10.3389/fvets.2022.940395
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org

10.3389/fvets.2022.940395

Ho et al.
A Farrow
I*t immunization 2" immunization
Bleed Bleed
0 14 35 40 50
| ] |
I | | | )
Sow 10° TCIDS0, Days
NAVET/PEDV/PS6/2010
Virus challenge
Bleed l, Blccdl
| |
[ |
0 5 15 Days
Piglet age
B C
PEDV-specific IgG Sow serum COE-specific IgA Sow serum
d COE/G
- - .~ E/G2a-pIl
1 | Em COE/G2a-pll =D
[ =]
- = PBS £ RS
= =
g z
& 2
=)
35 50
Days post-immunization Days post-immunization
D .. . . E
Neutralizing antibodies Sow serum IFN-y level Sow serum
6 " - 2000+ —
— COE/G2a-pII ~ e COE/G2a-plI
S PBS E 1500+ = pBS
o0 )
=) = *
= =  —
= & 1000
£ &
A —
Z 500+
>
" T 0- T T
35 50 35 50
Days post-immunization Days post-immunization
FIGURE 2
Humoral immune responses and cytokine responses in pregnant sows. Data are presented as mean =+ standard deviation (SD). * indicates a
statistically significant difference (p < 0.05). (A) Immunization and challenge experiment scheme in pregnant sows (~80 days of gestation, n =1
per group) and piglets (n = 8 for COE/G2a-pll group and n = 2 for PBS group). The green arrow and red arrow indicate immunization and
bleeding time, respectively. (B) PEDV-specific IgG antibodies in sow sera vaccinated with COE/G2a-pll or PBS were measured by a commercial
ELISA kit. An S/P ratio > 0.35 was defined as positive with PEDV-specific IgG antibody. (C) COE-specific IgA antibodies in sow sera were
evaluated by an ELISA using SEC-purified COE/G2a-pll as antigen. (D) Neutralizing antibodies in sow sera were analyzed by the
virus-neutralizing assay. The highly virulent NAVET/PEDV/PS6/2010 strain (200 TCID50/0.1 ml) was used for the assay. A VN titer > 8 was defined
as positive with neutralizing antibody against PEDV. (E) IFN-y levels in sow sera were measured based on the standard curve of recombinant
porcine IFN- y standard in a commercial ELISA kit.

Discussion

To the best of our knowledge, this is the first study to
evaluate the protective efficacy of a plant COE-plI-based subunit
vaccine candidate against a highly virulent PEDV G2a in piglets
following the passive immunity. Previous studies indicate that
the current commercial PEDV vaccine, which contains Gla
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PEDV strains, may induce low protective immune responses
against PEDV strains in the field (9-11). When collecting all
DNA sequences encoding the full S protein of Vietnamese PEDV
strains published on NCBI, we obtained 63 nucleotide sequences
of full S genes. After building the phylogenetic tree based on
full S gene sequences of PEDV PS6, 63 Vietnamese strains, and
62 PEDV strains in the world, then comparing the genotype
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FIGURE 3
Passive transfer of antibodies and cytokine from sows to piglets at the days 0 and 10 pc. Data are presented as mean =+ standard deviation (SD). *
indicates a statistically significant difference (p < 0.05). (A) PEDV-specific IgG antibodies in piglet sera from sows (n = 1 per group) vaccinated
with COE/G2a-pll, or PBS were measured by a commercial ELISA kit. An S/P ratio > 0.35 was defined as positive with a PEDV-specific IgG
antibody. (B) COE-specific IgA antibodies in piglet sera (n = 8 for COE/G2a-pll group and n = 2 for PBS group) were evaluated by an ELISA using
SEC-purified COE/G2a-pll as antigen. (C) Neutralizing antibodies in piglet sera were analyzed by the virus-neutralizing assay. The highly virulent
NAVET/PEDV/PS6/2010 strain (200 TCID50/0.1 ml) was used for the assay. A VN titer > 8 was defined as positive with neutralizing antibody
against PEDV. (D) IFN-y levels in piglet sera were measured based on the standard curve of recombinant porcine IFN-y standard in a commercial
ELISA kit.

cluster of PEDV strains to previous publications, the Vietnamese
PEDV G2a, G2b, and Glb strains were clustered into 35/64
sequences (54.68%), 23/64 sequences (35.93%), 8/64 sequences
(12.5%), respectively (data not shown). This finding is also in
agreement with the results of previous studies that PEDV strains
belonging to the G2 group were detected in most of the PED
outbreaks in Vietnam (4). In addition, we also found that PEDV
G2a strains were the dominant agents in PED outbreaks in
Vietnam. Therefore, the goal of this study was to assess whether
immunization with plant-based COE/G2a-plI protein would
elicit protective responses in piglets born to immunized sows
against highly virulent PEDV G2a strains isolated in Vietnam.
COE/G2a-plI protein was successfully expressed at a high
level in plants via agroinfiltration. When compared to previous
studies, the expression level of COE/G2a-pll protein in N.
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benthamiana is higher than that of COE proteins in previous
publications (13, 17, 21, 29). However, the expression level of
COE/G2a-plI protein is lower than that of COE/Gla-plI protein
in our previous study (234 mg/kg fresh leaves, 4% TSP). This
might be explained by the difference in nucleotide sequence and
amino acid sequence of the two COE variants. When compared
to the native sequence of COE/Gla-pll, the identity in the
native nucleotide sequence and amino acid of COE/G2a-pll
was 95.7 and 96.4%, respectively (Supplementary Tables 1, 2).
After a commercial codon optimization for expression in N.
benthamiana, the similarity in the nucleotide sequence of two
optimized COE variants was 75.5% (Supplementary Table 3).
COE/G2a-pll protein is a mixture of multimer forms with
a molecular weight of approximately 440 kDa. The size of
COE/G2a-plI protein is quite different when compared to our
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previous publication that used native PAGE to estimate the size
of COE/Gla-plI protein (22). This can be explained by the
difference in the capacity of each method used to calculate the
size of the protein. When compared to SEC, native PAGE has
limitations in the separation of high molecular weight protein.
Since high mortality caused by PEDV infection occurs mostly in
neonatal piglets at the age of under 1 week, an ideal commercial
vaccine against PEDV infection should immunize sows to
facilitate lactogenic immunity to be transferred to neonatal
piglets following suckling. Results presented here indicate that
100% of 5-days-old-piglets born to COE/G2a-plI-vaccinated
sows survived after the challenge with a highly virulent PEDV
strain belonging to the G2a group. All piglets born to a PBS-
vaccinated sow died. The survival rate obtained in piglets of
the PBS group agreed with previous studies in which very high
mortality (up to 80%—100%) in suckling piglets infected with
PEDV at the age of under 7 days (3, 30). The zero mortality
rate in piglets born to COE/G2a-pll-vaccinated sow after the
challenge can be partly explained by the strong PEDV-specific
IgG, COE-specific IgA, neutralizing antibodies, and IFN-y
responses in sow and transferred passively to piglets. The level
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of neutralizing antibody responses induced in the COE/G2a-
pll-vaccinated sow and its piglets was quite similar to those
elicited in sows vaccinated with the inactivated PEDV and their
offsprings (31). The decrease in the level of humoral immune
responses in the serum of sows vaccinated with COE/G2a-PII
protein on day 50 pi might be explained by the transportation
of antibodies from the blood to the milk of the sow. The IgA,
IgG, and neutralizing antibody response in the serum of piglets
on day 10 pc was quite similar to those in the serum of sow
on day 50 pi. These findings agreed with those in a previous
study in which the level of IgG and IgA in piglets mimicked
those in sow sera and colostrums (32). In addition, the humoral
immune responses induced in sows and piglets could change
at the different time points of sampling. Further study should
evaluate humoral immune response in sow and piglet sera at
several time points.

Cytokines delivered from maternal responses may play
important roles in generating the newborn immune response.
IFN-vy is a crucial cytokine that is involved in both innate and
adaptive immune responses. It has a critical role in the activation
of macrophages and the induction of T helper lymphocyte
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differentiation regarding the Thl, consequent aiding cellular
responses and enhancing the protective immune response
against pathogen infections (33). Therefore, the evaluation of
IFN-y amount is favored to partially characterize the immune
response (34). Notably, the level of IFN-y in sow (day 35 pi) and
its offspring (day 0 pc) were detected at a very high concentration
0f 932.3 £ 145.2 pg/ml and 824.5 £ 157.68 pg/ml, respectively.
When compared to the previous studies, the concentration of
IFN-y in sows vaccinated with COE/G2a-plI at farrowing was
over 5-fold higher than that in sows vaccinated with killed-
PEDV vaccine plus flagellin protein (Vac201-FliC) (31) and over
10-fold higher than that in sows vaccinated with inactivated
PEDV harboring IgG-Fc (35). The level of IFN-y in sow (day
50 pi) and its offspring (day 10 pc) were 2-fold increased in
comparison with those before the challenge.

In this study, the amount of COE/G2a-pII protein used
to vaccinate sow was 100 pg per dose, which was 4-fold
lower than that used in a previous study (36). The pregnant
sow in the previous study was vaccinated three times with
polyphosphazene in a triple adjuvant combination (TriAdj) with
adjuvanted S1 protein (400 jLg) (36). After the viral challenge,
the survival rate of piglets delivered from the S1-vaccinated sow
in the previous study (36) was 87.5%, which was also lower
than the survival rate of our piglets born to COE/G2a-pII sow
(100%). The lower required dose of plant-based COE/G2a-pII
protein for vaccination resulting in the higher protective efficacy
against the highly virulent PEDV G2a can be explained by the
formation of multimer forms with high molecular weight in
the COE/G2a-plI protein. These results indicate that COE/G2a-
pIl protein produced in plants could be a potential vaccine
candidate to prevent PEDV infection. However, our study still
has limitations. The number of sows and piglets used in this
study was not large as African swine fever outbreaks in Vietnam
seriously affected the pig industry when the animal experiment
was performed. The results we achieved prompted us to plan
further studies involving many more sows and piglets to validate
these data. Moreover, the amount of COE/G2a-pII protein per
dose and the effect of different adjuvants that improve immune
responses will be addressed in further experiments. In addition,
the presence or absence of the PEDV in pig feces after the
challenge should also be analyzed.

Conclusion

The COE/G2a-pll protein produced in plants induced
strong humoral immune responses and IFN-y responses in
the pregnant sow. The sow’s immune responses were passively
transferred to their piglets following suckling. All piglets born to
COE/G2a-pllI-vaccinated sows survived and had normal clinical
signs after the challenge with the highly virulent PEDV G2a
strain. These results suggest that the COE/G2a-plII protein is a
potential vaccine candidate to prevent PEDV G2a infection of
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swine in Vietnam, and these preliminary but important data are
the basis for performing more extended studies to develop a
plant-based COE/G2a-plI vaccine.
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Toxoplasma gondii is an obligate intracellular protozoan that infects the
nucleated cells of warm-blooded animals and causes life-threatening disease
in immunocompromised patients. Due to the limited effectiveness and
prominent side effects of existing drugs, there is an urgent need to develop new
therapeutic options against T. gondii. Piceatannol is a natural plant compound
with multiple functions such as antibacterial, antileukemic and antiparasitic
activities. In the present study, the anti-T. gondii activity of piceatannol was
evaluated. Piceatannol potently inhibited Toxoplasma with a half-maximal
effective concentration (ECgq) of 28.10 wM. Piceatannol showed a significant
inhibitory effect on intracellular proliferation, inhibiting intracellular parasites
at a rate of 98.9% when treatment with 100 wM piceatannol. However,
the invasion ability of tachyzoites was not affected by piceatannol. By
immunofluorescence assay, we noted that the parasite showed abnormalities
in cell division after exposure to piceatannol. To determine the in vivo effect
of piceatannol on acute infection, a model was established by infecting
BALB/c mice with the virulent RH strain of T. gondii. Mice infected with 500
tachyzoites showed a significant therapeutic effect when treated with 15
mg/kg of piceatannol. These results suggest that piceatannol is a promising
drug for the treatment of T. gondii.

Toxoplasma gondii, natural extraction products, piceatannol, antiparasitic, drug
discovery

Introduction

Toxoplasma gondii is a zoonotic parasite that infects almost all warm-
blooded animals and humans worldwide. The infection is usually asymptomatic
in immunocompetent individuals. However, serious consequences may occur in
immunocompromised individuals (1). In patients with HIV or receiving chemotherapy
for cancer or organ transplants, active T. gondii infections mainly lead to encephalitis,
pneumonia or chorioretinitis, and tissue destruction in other organs (2, 3). Women
with major infections during pregnancy may result in fetal death, malformation or
miscarriage. The main route of infection in humans is through the ingestion of meat
containing cysts or food contaminated with oocysts. In addition, people may become
infected through blood transfusions, organ transplants and transplacental transmission
(4). T. gondii infections have caused serious public health problems. One-third of the
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world’s population is estimated to be infected, and severe

outbreaks of toxoplasmosis have occurred in several
countries (5, 6).

Currently, clinical treatment of toxoplasmosis relies
on chemical drugs. A combination of sulfadiazine and
has the standard
(7). this combination still has

a high failure rate and is ineffective against chronic

pyrimethamine become

therapy for
toxoplasmosis However,
infections. Moreover, different severe complications such as
teratogenic potential, reversible myelosuppression, neutropenia,
thrombocytopenia, hypersensitivity reactions and hepatic
necrosis have been reported (8-11). Furthermore, other drugs
such as azithromycin, clarithromycin, spiramycin, atovaquone
and cotrimoxazole (trimethoprim-sulfamethoxazole) are also
commonly used in clinical toxoplasmosis. However, these
drugs are less effective than conventional treatment and are
often accompanied by severe side effects and incomplete
treatment (12-14). For example, spiramycin treatment alone
could significant reduction in mother-to-child transmission
(MTCT) rates of diagnosed maternal T. gondii infection, but
if fetal infection is suspected or confirmed pyrimethamine-
sulfonamide—folinic acid should be used (15). Thus, the
limitations of available treatment options underscore the
urgent need for better treatment options for acute and
latent toxoplasmosis.

Recently, natural products have been considered
as good alternatives for the development of T. gondii
drugs (16). Various studies have shown that natural

extracts/components of plants have inhibitory effects on
T. gondii. Compounds from antimalarial plants, such as
Artemisia annua, Cinnamomum comphora, Lippia multiflora
and Vernonia colorata, were found to be effective against
T. gondii (17). Some other plant extracts such as essential
oils from Lavandula angustifolia and Pelargonium X,
Vernodalin from V. colorata, TAF355 and TAF401 from
Eurycoma longifolia, and Ginkgolic acids from Ginkgo
biloba also have a good inhibitory effect on T. gondii (18-
21). Resveratrol, a polyphenol family of stilbene molecules
from plants, has potent inhibitory activity against several
important protozoa, including Toxoplasma, Leishmania,
and Amoeba (22, 23). Piceatannol is a natural analog of
resveratrol and is mainly found in passion fruit (Passiflora
edulis Sims), blueberries, grapes, sugarcane, white tea, and
rhubarb (24-26). Piceatannol has been reported to possess
immune  enhancement,

antioxidant,  anti-proliferative,

anti-inflammatory,  anti-thrombotic,  anti-cancer,  anti-
hyperlipidemic and antibacterial activities and is widely used
for the prevention/treatment of heart disease, leukemia, cancer,
etc. (27). However, it remains unclear whether piceatannol has
anti-T. gondii effects and the mechanism behind the clearance
of intracellular parasites.

In this study, we evaluated the inhibitory effect of

piceatannol against T. gondii. Our results indicate that
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piceatannol can potently inhibit T. gondii with a high in
vitro safety index. These results suggest that piceatannol is a
promising drug candidate for the treatment of toxoplasmosis.

Results

Piceatannol has a potent
anti-Toxoplasma activity

The plaque assay was used to comprehensively evaluate
the proliferation of RH T. gondii tachyzoites treated with
piceatannol and DMSO during the entire lytic cycle. The
results showed no plaque formation after piceatannol
treatment, which differed significantly from the DMSO
control group (Figures 1A,B). To determine the effect of
different concentrations of piceatannol on tachyzoites, the RH
strain of T. gondii expressing luciferase (TgRH-Luc) was used,
as indicated by the reduced luciferase activity. The parasites
in African green monkey kidney (Vero) cells were determined
at different piceatannol concentrations using an in vitro drug
inhibition assay. The results showed a good inhibitory effect
of piceatannol on TgRH-Luc in a dose-dependent manner
(Figure 1C). The half-maximal effective concentration (ECs)
of piceatannol was recorded to be 28.10 uM (95% confidence
interval [CI], 25-30 wM). Since piceatannol has an inhibitory
effect on the development of T. gondii, it is necessary to
further investigate whether it acts on intracellular tachyzoites.
Intracellular parasites were treated with 100 WM piceatannol.
The inhibition rate was 98.9% for the intracellular parasites
(Figure 1D). The results indicate that piceatannol has good
inhibitory effect on intracellular T. gondii.

Inhibition of intracellular proliferation of
T. gondii by piceatannol

T. gondii tachyzoites in cells involves a complete set of
Iytic cycles, including invasion, intracellular replication and
egress (28). The reduction in plaque formation may be caused
by impairment of one or more steps of the lytic cycle. Thus,
we next sought to investigate which lytic cycle of T. gondii
affects piceatannol. We primarily assessed parasite invasion
processes, which showed no significant differences between
the piceatannol and DMSO treatment groups (Figure 2A).
Then, intracellular proliferation was assessed by observing the
number of tachyzoites in the vacuoles after piceatannol and
DMSO treatment. The results showed that piceatannol potently
inhibited the intracellular proliferation of T. gondii (p < 0.001)
(Figure 2B). These results suggest that the reduction in plaque
size induced by piceatannol treatment is specifically due to the
impairment of intracellular proliferation of the parasites.
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FIGURE 1

Piceatannol displaying a dose-dependent inhibitory effect against TgRH-Luc tachyzoites. (A) The Plaque assay for comparing the overall
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proliferation ability of the parasites after piceatannol and DMSO treatment. TgRH-Luc tachyzoites were added to HFF cells cultured in 12-well
plates, with 150 tachyzoites added to each well. Infected cells were treated with DMSO and 100 uM Piceatannol, respectively. Cells were
cultured for 7 days followed by fixation with PFA and staining with 0.2% crystal violet. (B) Measurement of plaque areas using the pixel point
using Pixel in the Photoshop C6S software (Adobe, USA). Data were obtained from three independent experiments. Statistical analysis of the
plague area was performed by Graph Pad Prism using Student's t test. Asterisks indicate p < 0.0001. (C) Inhibition curve of piceatannolon T.
gondii in vitro. TgRH-Luc was treated with different concentrations of piceatannol ranging from 0 to 150 uM, and relative RLU was detected after
24 h. Percentage proliferation inhibition was calculated as: inhibition rate = [(RLUpyso - RLU reatment)/RLUpmso] x 100. ECsy was calculated using
the log (inhibitor) vs. response-variable slope (four parameters) regression equation. The results are shown as the mean +SEM from three
independent experiments. (D) Piceatannol inhibition of intracellular T. gondii. Freshly released tachyzoites (1 x 10°) were allowed to invade the
host cells for 3h at 37° C and 5% CO,, and then DMEM medium containing piceatannol or DMSO was added after wash three times. The
infected cells were cultured for 24 h until fluorescence was detected. Data were obtained from three independent experiments. Statistical

analysis of the plaque area was performed by Graph Pad Prism using Student’s t test. Asterisks indicate p < 0.0001.

Treatment with piceatannol reduces
parasite virulence in mice

We further examined the effect of piceatannol on parasite
proliferation in vivo. Two delivery routes (intragastric
administration and intraperitoneal injection) were employed
independently. In the intragastric administration experiment,
40% of the mice in the DMSO group died on day 7 and
the remaining 60% died on day 8 and 9, whereas the
death of the mice in the piceatannol-treated group was
significantly delayed (p < 0.0001), with the last one dying
on 15 days post infection (Figure 3A). In the intraperitoneal
injection experiment, all mice in the DMSO group died
by day 8, whereas death was significantly delayed in
the piceatannol-treated group (the last mouse died 15
days after infection) (Figure3B). These results suggest

that piceatannol inhibits the proliferation of T. gondii in
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vitro; however, it does not completely kill the parasite in
the mice.

Piceatannol exposure causes abnormal
division

Considering the inhibitory effect of piceatannol on parasite
proliferation, we sought to determine whether treatment
with piceatannol would alter the division of tachyzoites.
Immunofluorescence assays were performed to observe the
morphology of the parasites after treatment. We noticed
that piceatannol treated tachyzoites in a single PV divided
asynchronously, and even three daughter cells were found in
a single tachyzoite. The number of tachyzoites in untreated T.
gondii vacuoles was 2, 4, 8, 16, etc. due to their binary fission
pattern. However, a large number of abnormal divisions were
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FIGURE 2

Effect of piceatannol on parasite invasion and proliferation. (A)
Graph of RH invasion suppression efficiency. RH infection was
cultured in Vero cells containing 100 .M piceatannol or DMEM
and IFA was performed to calculate the rate of RH invasion.
Statistical analysis of the plaque area was performed by Graph
Pad Prism using Student'’s t test. (B) Graph of RH proliferation
inhibition efficiency. After infecting Vero cells with RH for 3 h,
infected cells were treated with 100 wM piceatannol. The
proportion of vacuoles containing 2, 4, 8 and 16 tachyzoites of
the RH strain was calculated under fluorescence microscopy
and the average value was taken three times. Statistical analysis
of the plaque area was performed by GraphPad Prism using
two-way ANOVA. n.s, non-significant, ***, p < 0.001.

observed after piceatannol treatment (Figure 4A). We found an
odd number of parasites (e.g., 3 or 5 tachyzoites) predominantly
present in a single vacuole (Figure4A). We found ~60%
tachyzoites showed abnormal division after piceatannol
treatment, while only 5% were found in DMSO treated group
(Figure 4B). These results suggested that piceatannol inhibit
parasite proliferation by suppressing its cell division.

Piceatannol is not toxic to host cells at
antiparasitic concentrations

To assess the cytotoxic effect of piceatannol on host cells,
sequentially diluted piceatannol from 20 uM to 500 uM was
added to host cells and cell viability was determined using
CCK-8 reagent. The results showed that in the therapeutic
concentration range, piceatannol was not toxic to cells and that
high concentrations of piceatannol had a promotive effect on the
proliferation of Vero cells (Figure 5).

Discussion

Toxoplasmosis, as a zoonotic disease, has serious public
health implications worldwide and also poses serious hazards
to humans and domestic animals. Although most human
infections have no complications, they can still be fatal or
cause serious problems in fetuses and immunocompromised
patients (5). Currently, clinical treatment of toxoplasmosis still
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FIGURE 3
Therapeutic effect of piceatannol on T. gondii infection in mice.
BALB/c mice were infected with 500 tachyzoites by
intraperitoneal injection. Then, mice were treated with 15 mg/kg
piceatannol or DMSO by intragastric administration (A) or
intraperitoneal injection (B). The results show a therapeutic
effect of piceatannol on mice infected with parasites. Statistical
analysis was performed with survival curve of Graph Pad Prism
using Log-rank (Mantel-Cox) test (San Diego, CA).

relies on chemical drugs. However, this treatment is often
accompanied by severe side effects (8-11). Recently, a large
number of studies have focused on the use of natural plant
extracts for the treatment of toxoplasmosis, which offers the
possibility of developing anti-T. gondii drugs with high activity,
high efficiency, low toxicity, and low cost. Artemisinin and
its derivatives have long been discovered and characterized as
potent antimalarials, which have revolutionized the treatment
of malaria and are being actively studied in T. gondii (29, 30).
However, drug resistance has limited their widespread use (31—
33). Extracts from some antimalarial plants, such as Glycyrrhiza
glabra, have anti-proliferative effects against T. gondii by directly
inhibiting the parasite in the cells of infected hosts (34). In
addition, the essential oils extracted from Lavandula angustifolia
and Pelargonium X. asperum, the TAF355 and TAF401 from
Eurycoma longifolia also showed good inhibitory effect on
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FIGURE 4
Piceatannol exposure resulting in abnormal development of T. gondii. Indirect immunofluorescent assay was performed after 100 uM
piceatannol treatment to observe the dividing of the parasite. Organelles including IMC, apicoplast and nuclei were stained by using rabbit
anti-IMC1 antibody, mouse anti-ACP antibody and Hoechst dye, respectively. (A) Abnormal division of T. gondii after piceatannol or DMSO
treatment. (B) The proportion of abnormal divided parasites after piceatannol or DMSO treatment. The proportion of vacuoles containing
abnormally splitting tachyzoites was calculated under fluorescence microscopy and the average value was taken three times. Statistical analysis
of the plaque area was performed by Graph Pad Prism using Student's t test. ***, p < 0.001.

T. gondii . Therefore, the search for anti-T. gondii natural
products is very promising.

Resveratrol is a natural polyphenolic compound, which
can reduce the number of extracellularly grown tachyzoites,
probably by disrupting the redox homeostasis of the parasites.
Moreover, resveratrol is capable of releasing the burden of
cellular stress and promoting apoptosis in T. gondii
Piceatannol is a natural analog of resveratrol, which found
mainly in passion fruit, blueberry, grape, sugarcane, white
tea, rhubarb, etc. . It has various biological activities such

as antioxidant, anti-proliferative, immune enhancement,

anti-inflammatory,  anti-thrombotic,  anti-cancer,  anti-

hyperlipidemic, and antibacterial In this study, we
characterized the anti-T. gondii properties of piceatannol. Our
results suggest that piceatannol effectively inhibits T. gondii
intracellularly and extracellularly, with an ECsg of 28.10 wM on
RH tachyzoites.

In this study, we characterized the anti-T. gondii properties
of piceatannol. Our results suggest that piceatannol effectively
inhibits T. gondii intracellularly with an ECsg of 28.10 uM
on RH tachyzoites. The proliferation of T. gondii tachyzoites
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in cells involves a complete set of lytic cycles, including
invasion, intracellular replication and egress . To investigate
which lytic cycle is affected by piceatannol, we performed
invasion and proliferation experiments. The invasion rate
of tachyzoites did not change significantly after piceatannol
treatment, while proliferation was greatly affected. Thus,
it is hypothesized that piceatannol reduces the number of
plaques in the plaque assay by inhibiting the proliferation
of tachyzoites in the cells. Piceatannol has various biological
activities such as antioxidant, anti-proliferative, immune
enhancement, anti-inflammatory, anti-thrombotic, anti-cancer,
anti-hyperlipidemic, and antibacterial . It is a natural analog
of resveratrol, which found mainly in passion fruit, blueberry,
grape, sugarcane, white tea, rhubarb, etc. Previous
research showed that resveratrol can reduce the proliferation of
tachyzoites, probably by disrupting the redox homeostasis of
the parasites. Moreover, resveratrol is capable of releasing the
burden of cellular stress and promoting apoptosis in T. gondii

. Thus, we hypothesize that the mechanism of piceatannol
inhibits T. gondii development when before and during cell

infection might same as resveratrol.
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FIGURE 5
Cytotoxicity of piceatannol on Vero cells. Cytotoxicity assay
graph. Toxicity of 20—500 M piceatannol on Vero cells was
measured using CCK-8 reagent. DMSO was set as a control.
Inhibition rate = (OD pmso-OD pic)/OD pumso. Piceatannol was
not toxic to Vero cells. This experiment was performed in
triplicate.

Further studies showed that treatment with piceatannol
resulted in abnormal division of parasites. Since T. gondii, as a
single-celled eukaryote, undergoes binary division, tachyzoites
in parasitophorous vacuoles are usually divided synchronously,
the number of tachyzoites in a PV is multiples of 2 (36).
Unusually, the piceatannol-treated group showed a large
number of abnormal divisions, e. g., asynchronously division
and even three daughter cells emerged in a single tachyzoite
and 3 or 5 tachyzoites per vacuole were presented. These
results suggest that piceatannol may affect Toxoplasma division,
which may be one of the reasons why piceatannol affects the
proliferation of parasites.

Usually, such anti-Toxoplasma drugs are toxic to cells.
However, in the present study, we found that piceatannol had
no toxic effect on cells and it even promoted cell proliferation
at higher concentrations. Previous studies have shown that
piceatannol enhances the viability of HG-induced H9C2 cardiac
myoblasts (37). However, the mechanism of how piceatannol
improves cellular activity is unclear and needs to be determined
by further studies.

Potent in vitro parasite killing and non-toxicity make
piceatannol a good anti-Toxoplasma candidate. However,
piceatannol was not significantly effective in the treatment of
mice infected with T. gondii. Although it had some effect in
delaying the death of mice, it did not prevent the death of mice.
We speculate that this may be due to the rapid metabolism in
mice. A previous study showed that the blood concentration of
piceatannol peaked at 15min after intragastric administration
and decreased significantly after 2h. Piceatannol was totally
metabolized after 4h of treatment, and a large amount of
piceatannol metabolites were found in the urine of rats (38).
Therefore, the structure of piceatannol can be further optimized

Frontiersin Veterinary Science

35

10.3389/fvets.2022.972500

to delay its metabolism in vivo and thus improve its therapeutic
effect in T. gondii-infected mice.

Conclusion

In this study, we characterized the anti-T. gondii
properties of piceatannol. Piceatannol affected the division
and morphology of T. gondii and exhibited potent anti-
Toxoplasma effects in vitro without cell toxicity. Our study
suggests that piceatannol is a promising drug for the treatment
of T. gondii.

Materials and methods

Ethics statement

Animal experiments were conducted in strict accordance
with the recommendations of the Guide for the Care and
Use of Laboratory Animals of the Ministry of Science and
Technology of China. All experimental procedures were
approved by the Institutional Animal Care and Use Committee
of Guangxi University.

Parasites, drugs and cell culture

Human foreskin fibroblasts (HFFs) and green monkey
kidney (Vero) cells were purchased from the American Type
Culture Collection (Manassas, VA, United States) and cultured
in Dulbecco’s Modified Eagle Medium (DMEM) supplemented
with 10% fetal bovine serum (FBS). In this study, a type I
RH strain of T. gondii constitutively expressing firefly luciferase
(TgRH-Luc) at the UPRT site was used and transferred to Vero
cells. Parasites were cultured in DMEM supplemented with
2% fetal bovine serum. The drug monomer piceatannol was
purchased from Aladdin Chemical Reagent Company (Aladdin,
Shanghai, China).

In vitro inhibition assay

Vero cells were seeded onto 96-well cell plates and cultured
at 37°C with 5% CO;. Cells were then infected with 1 x
10° of TgRH-Luc per well. At 24h post infection (h.p.i.),
2-fold serial dilutions of piceatannol (final concentration
from 57 to 0.22 M) were added to each parasite-infected
well. Equal amounts of DMSO were used as controls.
(RLU)
24h of treatment by a fluorescence microplate reader
M200 PRO, Minnedorf,

using the Bright-Lumi™

Relative luminescence units were detected after

(Tecan, Infinite Switzerland)
IT Firefly Luciferase Assay Kit

(Beyotime Biotech, Shanghai, China). Percentage proliferation
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inhibition was calculated as: inhibition rate = [(RLUppmso
- RLUtreatment)/RLUppso] X 100%. Samples were run in
triplicate and three independent assays were performed. Data
are expressed as mean =+ standard deviation (SD). Half-
maximal effective concentration (ECsp) of compounds
and 95% (CI)

using the log (inhibitor) vs. response-variable slope (four

confidence interval were extrapolated
parameters) regression equation in GraphPad Prism 8

(GraphPad, La Jolla, CA).

Plaque assays

In order to make a preliminary identification of the anti-T.
gondii ability of piceatannol, plaque assays were performed as
described previously (39). Briefly, purified parasites were used to
infect HFF seeded on 12-well-plates (150 tachyzoites/well). HFF
cells were treated with 100 wM Piceatannol and DMSO-treated
cells were used as a control. After 7 days of undisturbed culture,
HFF were fixed with 4% PFA and stained with crystal violet.
Cells in the plaque area were counted in pixels using Photoshop
C6S software (Adobe, USA), and data from three independent
experiments were compiled.

Intracellular inhibition assays

Vero cells growing in 96-well-plates were infected with 1
x 10° TgRH-Luc parasites for 3h and then cultured with
piceatannol (100 wM) for 24h at 37°C with 5% CO,. Cells
and parasites were then lysed, and RLUs were measured as
described above.

Intracellular replication assay and
invasion assay

An intracellular replication assay was performed to assess
the number of parasites per vacuole 24 h after invasion, which is
consistent with a previous description (40). Briefly, HFF growing
in 12-well-plates seeded on coverslips were inoculated with 1
x 10° parasites and cultured continuously for 2h. They were
subsequently treated with 100 WM piceatannol for 24h, and
DMSO-treated cells were used as a control. Then, an indirect
immunofluorescent assay was performed using rabbit anti-
GAP45 antibodies and Hoechst dye to observe the intracellular
replication of tachyzoites. The tachyzoites of each strain in
the vacuoles were quantified by counting at least 100 vacuoles
using a fluorescence microscope (Zeiss, Germany). For the
invasion assay, the percentage of invasion was calculated based
on the number of vacuoles per host cell. Three independent

experiments were performed.

Frontiersin Veterinary Science

36

10.3389/fvets.2022.972500

Effect of piceatannol on T. gondii
infection in mice

infected with 500
tachyzoites by intraperitoneal injection. The parasite-infected

Six-week-old BALB/c mice were

mice were divided into four groups of five mice each. After 1 day
infection, the mice were treated with 15 mg/kg/d of piceatannol
by intragastric administration (group A) and intraperitoneal
injection (group B) for 15 days. DMSO was treated as a control
group accordingly. Survival was evaluated for up to 15 days.

T. gondii division and organelle
observation

1x10° tachyzoites were inoculated into HFFs and incubated
at 37°C with 5% CO;, for 3 h waiting for an invasion, and divided
into two groups of six wells each, with one group being treated
with 100 M Piceatannol and the other with DMSO as control.
After 24 h, IFA was performed to observe the IMC, apicoplast
and nuclei of the parasites by using rabbit anti-IMC1 antibody,
mouse anti-ACP (acyl carrier protein) antibody and Hoechst
dye, respectively.

Cytotoxicity test

Cytotoxicity of piceatannol was evaluated in Vero cell
lines using CCK-8 reagent (Beyotime, Shanghai, China). Vero
cells (5,000 cells/well) were cultured in 96-well-plates at
37°C and 5% CO; for 24h. Sequentially diluted piceatannol
from 20 M to 500 M was added to the host cells and
incubated for 24 h, and then cell viability was determined using
CCK-8 reagent according to the manufacturer’s instructions.
Absorbance was measured at 450nm using a Microplate
Absorbance Reader (BioRad, Hercules, CA, United States).
DMSO was set as a control. Inhibition rate = (OD ppg0-OD
p1c)/OD pmso- The cytotoxicity experiment was performed
in triplicate.
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Immunomodulatory and
antioxidant effects of
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Brown chickens
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Nannan Li!, Cristabelle De Souza®®, Xin Wan'?, Yu Wu'?,
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China, *Experimental Teaching Center of Life Science, College of Life Sciences, Nanjing Agricultural
University, Nanjing, China, *College of Pharmacy, Shandong University of Traditional Chinese
Medicine, Jinan, China, ®Beijing Key Laboratory of Traditional Chinese Veterinary Medicine, Beijing
University of Agriculture, Beijing, China, °Engineering Laboratory for National Healthcare Theories
and Products of Yunnan Province, College of Pharmaceutical Science, Yunnan University of Chinese
Medicine, Kunming, China, “China Tobacco Henan Industrial Co., Ltd, Zhengzhou, China,
8Department of Animal Science, Huaihua Polytechnic College, Huaihua, China, °Department of
Biochemistry and Molecular Medicine, Davis Medical Center, University of California, Sacramento,
Sacramento, CA, United States, ‘°Department of Pathology, Stanford University, Palo Alto, CA,
United States

Glycyrrhiza polysaccharide extract 1 (GPS-1) is a bioactive component isolated
from Glycyrrhiza uralensis, also known as Chinese licorice. It appears to
be pharmacologically active as an antibacterial, antiviral, and anti-tumor
agent. GPS-1 has also been shown to buffer liver health and regulate
the immune system. Moreover, GPS-1 is low cost and easy to extract.
More study was needed to elucidate the biochemical pathways underlying
the immunomodulatory and antioxidant benefits observed in Glycyrrhiza
polysaccharide extract 1 (GPS-1). in vitro experiments on chicken lymphocytes
and dendritic cells (DCs) show that GPS-1 significantly promotes the
proliferation of immune cells and is linked to lymphocytes' secretion of IL-
12, IFN-y, and TNF-a by. DC secretion of NO, IL-2, IL-18, IFN-y, TNF-a, and
IL-12p70 was also increased significantly. Additionally, GPS-1 also displayed
a significant antioxidant effect in vitro, able to scavenge DPPH, hydrogen
peroxide, ABTS, and other free radicals like superoxide anions. Separately, GPS-
1 was tested in vivo in combination with the Newcastle disease virus (NDV)
— attenuated vaccine. 120 Lohmann Brown chickens were vaccinated, while
another 30 became the unvaccinated blank control (BC) group. For three
consecutive days 1 mL of GPS-1 was administered at doses of 19.53 ug/mL,
9.77 ng/mL, or 4.88 ng/mL to the ND-vaccinated birds, except for the vaccine
control (VC), where n = 30 per group. In vivo results show that GPS-1
combined with Newecastle disease (ND) vaccine had the best efficacy at
significantly increasing chickens’ body weight and ND serum antibody titer,
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enhancing their secretion of IL-2 and IFN- y, and promoting the development
of immune organs. The results also indicate that GPS-1 was able increase
the proliferation of in vitro immune cells and elevate their cytokine secretion,
which enhances the body's immune response. GPS-1 also clearly has the
potential to be used as an immune adjuvant alongside ND vaccination.

Glycyrrhiza uralensis polysaccharide,

immunomodulatory effects, antioxidant

activities, Newcastle disease, chickens

Introduction

Over the past few decades, researchers have isolated various
polysaccharides from plants, animals, and microorganisms,
and have demonstrated their effective therapeutic activities
and relatively low toxicities to mammals. As a result,
there is increasing attention to polysaccharides in the field
of molecular therapeutics. Prior studies have demonstrated
that water-soluble polysaccharides extracted from Chinese
herbal medicines provide medicinal benefits such as immune
regulation, antioxidation, antitumor activity, liver protection,
and anticoagulation (1-3).

Licorice has been used for over 2,000 years in traditional
Chinese medicine to treat many human ailments like peptic
ulcers, Addison’s disease, asthma, cough, sore throat, acne,
and boils (4-6). Chinese licorice is still a commonly used
medicine in many parts of Asia. It comes from the dried
roots and rhizomes of Glycyrrhiza uralensis, and is mainly
found in northwest China, including the regions of Xinjiang,
Gansu, and Shanxi. Its main active components are triterpenoid
saponins and flavonoids, which endue Glycyrrhiza uralensis
with potential pharmacological applications as an anti-
ulcer, antioxidant,

anti-inflammatory, anti-spasmolysis,

antiviral, antidepressant, liver protectant, expectorant,
and memory enhancement compound (7-10). There is a
growing body of evidence that the polysaccharides within
many plants like Glycyrrhiza uralensis may prove useful
with immunomodulation, lowering glucose, or as a novel
antiviral or antitumor agent (11-17). Polysaccharides are
a type of sugar moiety with complex molecular structures,
created by the condensation and dehydration of several
monosaccharide molecules. Glycyrrhiza polysaccharides (GPS)
are the main active macromolecules in Glycyrrhiza uralensis
(18, 19), and have previously shown promising results as an
antibacterial (20), antiviral and antitumor agent (21, 22), a
liver protectant (23), and immune regulator (14). In one study
that highlighted this immune-regulation potential, Glycyrrhiza
polysaccharide was fed to CT-26 tumor-bearing mice and
significantly inhibited tumor growth, increased the immune

organ index, activated CD4+ and CD8+ immune cells, and
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increased levels of IL-2, IL-6, and IL-7 cytokines (24). Because
many other polysaccharides have been reported have both
immunomodulatory and antioxidant effects (25-28), the
antioxidant properties of GPS-1 were tested in the present
research. In a separate study, Glycyrrhiza polysaccharide
was extracted by supercritical CO,, and an antioxidation
experiment was carried out in vitro (29). In that investigation
Glycyrrhiza polysaccharide was found to possess a notable
ability to scavenge OH, O3, and DPPH. Recently, many studies
have suggested that Glycyrrhiza polysaccharides perform a wide
range of biological functions. Research reported that dietary
supplementation with Glycyrrhiza polysaccharide improves the
growth, development, and serum antioxidant levels of chickens
raised for meat (30). In addition, Glycyrrhiza polysaccharides
also has the ability to improve growth, and the quantities of
white blood cell, neutrophils, red blood cells, and platelets, as
well as elevate alkaline phosphatase, total protein, globulin,
glucose, triglycerides, immunoglobulin A, immunoglobulin G,
total antioxidant capacity levels, and immune responses in mice,
quails, and weaned piglets (31-33). In this study, we investigated
the immune enhancement and antioxidation functions of GPS-1
in vitro and in vivo (intramuscular injection, unlike previous
studies on oral GPS-1). Our aim is to contribute to a deeper
understanding of the immunoenhancement and antioxidant
activities of GPS-1, and to provide a theoretical basis for its
continued development and application as a pharmaceutical.

Materials and methods

Materials and chemicals for in vitro
experiments

GPS-1 was prepared following previously reported methods
(14). The crude polysaccharide was extracted from licorice by
the Sevag method, deproteinated by DEAE chromatography
column, purified by Sepharose CL—6B and Sephadex G-200
chromatography columns, and lyophilized to get purified GPS-
1 extract. RPMI 1640 and DMEM were purchased from
GIBCO. The penicillin-streptomycin mixture was sourced from
HyClone. Fetal bovine serum was purchased from Tianhang
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TABLE 1 A570 value of every polysaccharide groups 1,250-2.44 g
mL~! (n = 4).

Concentration As79

1,250 0.203 £ 0.010°
625 0.347 £ 0.067¢
312.5 0.356 =+ 0.010¢
156.5 0.355 & 0.014¢
78.12 0.386 = 0.005"
39.06 0.409 + 0.013%
19.53 0.418 + 0.017*
9.77 0.398 + 0.038%
4.88 0.369 + 0.007°¢
2.44 0.344 +0.017¢
cC 0.365 + 0.005%¢

4~¢Bars in the histogram with no identical letters indicated a significantly difference (P <
0.05). CC (cell control), the same below.

Biotechnology Co., Ltd. Lohmann Brown chickens’ recombinant
proteins GM-CSF (mGM-CSF) and interleukin 4 (IL-4) were
purchased from Peprotech Inc. The MTT solution and heparin
was bought from Biofroxx. Phytin (PHA-P) was procured
from Solarbio. Human peripheral blood lymphocytes separation
medium was purchased from Tianjin Haoyang Biological
Products Technology Co., Ltd. Histopak separators were bought
from Sigma. IL-1B8, II-12, IL-12P70, IFN-y, TNF-o, and NO
kits were purchased from Nanjing Aoqing Biotechnology
Co., Ltd. DPPH was obtained from TCI Chemical Industrial
Development Co., Ltd RAW 264.7 cells were purchased from
ATCC. ABTS and tromethamine were purchased from Soleil.

Safe concentration of GPS-1 for
peripheral lymphocytes

First, the feathers were removed from the blood collection
site on the breast and the skin was sterilized with 75% alcohol.
Then, a sterile syringe was inserted into the heart to collect
5mL of blood and immediately mixed with heparin sodium. The
fresh blood with anticoagulant was mixed with isotonic saline
in a ratio of 1:1. Then, human peripheral blood lymphocyte
separation medium was added to the top layer of lymphocytes
and centrifuged at 1,500 rpm for 15min. The second layer of
lymphocytes was collected and put into a test tube containing
isotonic saline. These lymphocytes in saline were mixed and
centrifuged again at 1,500 rpm for 20 min. This procedure was
repeated once more to obtain peripheral blood lymphocytes. The
lymphocytes were then resuspended to 1 x 10° cells/mL with
RPMI 1,640 medium containing 10% fetal bovine serum and 1%
penicillin-streptomycin, then cultured in 96-well-culture plates
at 100 pL per well (34).
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A series of GPS-1 concentrations (2.44, 4.88, 9.77, 19.53,
39.06, 78.12, 156.5, 312.5, 625, and 1,259 pg/mL) were added
to 96-well-culture plates at 100 WL per well, with 4 wells
per concentration. The 96-well-plates were then cultured in a
humidified incubator at 37°C and 5% CO; for 44 h. Then MTT
solution (5 mg/mL, 30 pL/well) was added, and incubation was
continued for 4 more h. Afterward, 100 pL DMSO per well was
used to dissolve the precipitates while shaking for 5min. An
enzyme-linked immunosorbent assay (ELISA) reader was then
used to analyze the absorbance of the solution at a wavelength
of 570 nm. At the GPS-1 concentration of 39.06 pg/mL the
A570 value is significantly higher than the lymphocyte control
group. 39.06 Lg/mL was therefore chosen as the maximum safe
concentration of GPS-1.

Immune cell proliferation assays

The peripheral blood lymphocytes were prepared according
to methods detailed in section Immune cell proliferation assays.
The spleen cell suspension was filtered with a 200 mesh
cell filter and separated using lymphocyte separation solution.
After centrifugation at 2,000 rpm for 10 min, the middle layer
containing lymphocytes was isolated and washed twice with PBS
to remove impurities. More than 95% of spleen lymphocytes
were viable based on trypan blue dye exclusion.

The immature Lohmann Brown chickens bone marrow
dendritic cells (chBM-DCs) were obtained from 4-week-old
Lohmann Brown chickens following our previously reported
method (35). The femurs and tibias were removed and
separated from the surrounding muscle tissue under aseptic
conditions. Then, the bones were washed three times with
0.01M PBS (pH 7.2). Clusters of bone containing marrow
were collected and centrifuged at 1,500 rpm for 20min to
obtain the precipitate. This precipitate was disaggregated in
PBS and centrifuged at 1,500 rpm for 20min to remove
the supernatant solution. The cells were resuspended in PBS,
layered onto an equal volume of Histopaque®-1077 solution
(Sigma-Aldrich) and centrifuged at 2,500 rpm for 30 min. The
immature chBM-DCs cells at the interface were then collected
and suspended in complete DMEM cell culture medium (Sigma)
containing 10% fetal bovine serum (FBS) and 1% penicillin-
streptomycin (p/s).

The peripheral blood lymphocytes and chBM-DCs were
each adjusted to 5.0 x 10° cells/mL and added into separate
96-well-cell culture plates at 100 pL per well. Based on
our determination of the safe concentration of GPS-1 from
section Immune cell proliferation assays, GPS-1 was added
at doses of 2.44, 4.88, 9.77, 19.53, and 39.06 pg/mL, with
four wells per concentration. The cultures control (CC) group
and PHA control were also cultured accordingly. All 96-
well-plates were then incubated at 37°C and 5% CO; for
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differ significantly at p < 0.05.

CC 39.06 19.53 9.77 4.88 244 LPS
GPS-1 (pgmL")

Effects of GPS-1 on A570 of chicken peripheral (A) and spleen lymphocytes (B). > “Values in the same column with different superscript letters

44 h. After cultivation, the proliferation rate of each well was
tested via MTT assay following the method in Immune cell
proliferation assays.

Supernatant cytokines and NO assay

Supernatant cytokines of peripheral
lymphocytes assay

The peripheral blood lymphocytes were cultured in 24-
well-cell culture plates with a cell concentration of 1 x 10°
cells/mL following a previously published method (36). GPS-
1 was added at a range of non-toxic concentrations (2.44,
4.88, 9.77, 19.53, and 39.06 ug/mL) to each cell culture plate,
each in triplicate, and incubated at 37°C and 5% CO; for
48h. The culture control (CC) group and PHA control were
also incubated with the same conditions (n = 3), minus
GPS-1 treatment. Then, the supernatants of each group were
collected. The concentrations of IL-12, IFN-y, and TNF-
a in the supernatants of each group were measured using
ELISA kits.

Supernatant cytokines and NO production of
ChBM-DCs precursor cells

The chBM-DC precursor cells were harvested and cultured
in 24-well-plates at 37°C and 5% CO; for 15h. After discarding
the suspended cells, the adherent cells were incubated in the
DMEM complete media (10% FBS, 1% p/s) containing GM-
CSF (50ng/mL) and IL-4 (50 ng/mL) stimulators. On the 3rd
and 5th days of incubation, half of the nutrient solution was
refreshed. On the 6th day of cultivation, GPS-1 of different
concentrations (2.44, 4.88, 9.77, 19.53, and 39.06 pg/mL) was
added to all but the CC and LPS groups, then cells were
cultivated for another 48 h. The treated cells were divided into
two parts. The supernatant of each well was used to measure
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the concentration of secreted NO in each group (using Griess
reagent), and quantify the production of cytokines IL-2, IL-1,
IEN-y, TNF-a, and IL-12p70 using ELISA kits (37).

Antioxidant activity of GPS-1 in vitro

Hydroxyl radical scavenging activity assay

Hydroxyl radical scavenging activity was examined using
the salicylic acid trapping method (38). In brief, 2 mL of FeSO4
solution (9 mmol/L), 2 mL of salicylic acid solution (9 mmol/L),
and 2mL of GPS-1 (2.44, 4.88, 9.77, 19.53, or 39.06 ng/mL)
were added to each test tube. Then, 2 mL of H,O, solution (8.8
mmol/L) was added to initiate the reaction, which was kept at
37°C in a water bath for 30 min. The absorbance (A1) of each
sample was measured at 510 nm. Ascorbic acid was used as a
positive control while distilled water was used as blank control
(A0). Each group was repeated in triplicate. The scavenging rate
(%) was calculated according to the following equation:

Al
Scavenging rate (%) = [1 — E] x 100%

DPPH radical scavenging assay

The DPPH radical scavenging assay was performed
according to the previously published description (39). Briefly,
1 mL of DPPH-ethanol solution (1 x 10~% mol/L) was mixed
with 3 mL of each concentration of GPS-1 (2.44, 4.88,9.77,19.53,
and 39.06 jug/mL), and kept in darkness at 37°C for 30 min.
Absorbance (A1) was measured at 517 nm. Ascorbic acid was
used as positive control, distilled water was the blank control
(A0), and ethanol was used to determine A2. Each group was
tested in triplicate. The DPPH radical scavenging effect (%) was
calculated as follows:
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Al — A2

DPPH Scavenging rate (%) = [1 ~ 0

] x 100%

ABTS radical scavenging activity assay

ABTS radical scavenging activity was measured according to
Roberta Bernini’s method (29), with minor modifications. The
ABTS radical solution mixture (7 mmol/L of ABTS solution
and 2.5 mM of potassium persulfate, 1:1, v/v) was diluted with
ethanol to an absorbance (A0) of 0.70 4= 0.02 at 734 nm. Then,
0.2mL of GPS-1 at different concentrations (2.44, 4.88, 9.77,
19.53, and 39.06 ug/mL) was combined with 0.8 mL of ABTS
radical solution mixture, and allowed to react for 6 min in
darkness, at room temperature. The absorbance (Al) of each
product was measure at 734 nm. BHT was used as the positive
control. The ABTS radical scavenging activity of GPS-1 was
calculated with the following equation:

Al
ABTS radical scavenging activity (%) = [1 - A70:| x 100%

Superoxide anion radical scavenging ability
assay

Superoxide anion radical scavenging ability was assayed
according to a previously reported method (35, 40). 2 mL of tris-
HCI buffer solution (0.05 mol/L, pH 8.2) was mixed with each
GSP-1 concentration (2.44, 4.88, 9.77, 19.53, and 39.06 pg/L),
I mL each. These mixtures were combined with pyrogallol
solution (7 mmol/L, 0.6 mL) and kept in a 25°C water bath for
30 min then combined immediately afterward. The absorbance
of the combination was detected at 320 nm every 30 s and labeled
“Al1.” The absorbance of the blank control group (A0) was
determined using pyrogallol solution (7 mmol/L, 2mL). The
superoxide anion clearance can be calculated as follows:

. . Al
Superoxide anion clearance (%) = |1 — 0 x 100%

Cell viability assays

RAW 264.7 cells were used to measure cell survival after
GPS-1 treatment. Cell density was adjusted to 1 x 10° cells/mL
and added into three 96-well-plates at 100 wL per well (41-43).

The first plate was cultured for 30min at 37°C and
5% COz. HyO, was added to all wells except the control
group at a range of concentrations (100, 200, 300, 400,
500, 600, 700, 800, 900, 1,000 wM), each in triplicate. The
plate was then incubated for another 24h. Afterward, 30
WL of MTT solution was added to each well, followed by
another 4h of incubation. An ELISA reader was then used
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FIGURE 2
GPS-1 effects on the proliferation of chicken dendritic cells
(A570). #PValues in the same column with different superscript
letters differ significantly at p < 0.05.

to detect absorbances at a 570 nm, allowing us to quantify
the damage index of HyO;. Each concentration was repeated
in triplicate.

A second 96-well-plate seeded with RAW 264.7 cells and
0.1 mL of each GPS-1 dose (2.44, 4.88, 9.77, 19.53, 39.06, 78.12,
and 156.50 pg/L) was added (n = 3 per group). The plate was
incubated at 37°C and 5% COj for 24h. The MTT solution
(30 wL) was added into each well, then incubated for another
4h. After cultivation, the supernatants were discarded, then the
precipitates were dissolved in 100 wL DMSO and shaken for
15 min. The absorbance of the solution in each well was detected
using an ELISA reader at a wavelength of 570 nm to elucidate the
stimulative effects of GPS-1.

Similarly, the third 96-well-plate was treated with different
concentrations of GPS-1 (4.88, 9.77 and 19.53 pg/L) and
incubated for 24 h. The control group, H» O, model groups, and
positive control (25 jLg/ml vitamin C) group were also incubated
for 24 h. Except for the control group, each group was also
treated with 900 puM H,O; for 4h. An MTT assay was used to
analyze the ability of GPS-1 to protect RAW 264.7 cells from
oxidative damage due to HyO; exposure.

Materials and chemicals for in vivo
experiments

The source of GPS-1 is detailed in section Materials and
chemicals for in vitro experiments, above. RPMI 1640 and
DMEM were purchased from GIBCO. Newcastle disease IV
vaccine (La Sota Strain) was purchased from Nanjing Qian Yuan
Hao Biological Co., Ltd. IL-2, IL-4, and IFN-y kits and T-AOC,
GSH-Px, CAT, Sod and MDA kits were purchased from Nanjing
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Genscript Biotechnology Co., Ltd. The sodium chloride for
injection was purchased from Chenxin Pharmaceutical Co., Ltd.

Animals and conditions

One hundred and fifty unvaccinated, healthy, 1-day-old,
male, Lohmann Brown chickens were purchased from Huang
Mu Qiao Hatchery in Nanjing Luhe District, China and were
housed at the Laboratory Animal Center of Nanjing Agricultural
University. Chickens were given a standard diet and reared
in standard specific pathogen free (SPF) conditions between
20 and 23°C, with 12-h light/dark cycles. Animal experiments
were performed in compliance with the guidelines of the
Nanjing Agricultural University Institutional Animal Care and
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Use Committee (IACUC), detailed in the TACUC-approved
protocol (No.:2019BAD22B01).

Animal grouping and vaccination

One hundred and fifty unvaccinated, healthy, 1-day-old,
male, Lohmann Brown chickens were randomly divided
into five groups: GPS-1 low dose (GPSL) group (1 mg/mL),
GPS-1 medium dose (GPSM) group (2 mg/mL), GPS-1
high dose (GPSH) group (4 mg/mL), VC group, and the
unvaccinated BC group, with 30 per group. At 13-days-
old, all of the Lohmann Brown chickens (except those
in the unvaccinated BC group) were immunized with
NDV-attenuated vaccine (La Sota; 170902) by intraocular-
nasal vaccination, with a booster vaccination at 28 days of
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age. Concurrently with each vaccination, the three GPS-
1 medicated groups were injected intramuscularly with
ImL of GPS-1 at either low, medium, or high dosage
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respectively (44).

for three consecutive days, while the VC group and BC
group were treated with the same amount of saline (1 mL),
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Serum antibody titer assays

Blood samples were collected from the brachial vein on days
7 (D7), 14 (D14), 21 (D21), 28 (D28), and 35 (D35), after the first
vaccination. Serum was tested for antibodies against Newcastle
disease (ND) using the HA-HI method, while the IL-2 and IFN-y
levels in serum were determined using ELISA Kkits.

Morphological changes of immune organs
analysis

On the 14th day (D14) after vaccination, the spleen, bursa
of Fabricius, and thymus were harvested and fixed in 4%
paraformaldehyde solution for 24 h. These immune organs were
H&E stained and their morphological changes scrutinized under
a light microscope.

Data analysis

Statistical data were analyzed by SPSS 19.0 software and the
results were described as the mean & SE. The least significant
difference test was used to determine the significant difference
of each mean; P < 0.05 was considered statistically significant.

Results

Effects of GPS-1 on immune cell
proliferation in vitro

As shown in Table I, there is no significant difference
between the A570 values of the 625 pg/mL GPS-1 group and
the cell control group. Thus, 625 jLg/mL was determined to be
the maximum safe concentration. However, the A570 value of
the 39.06 jLg/mL GPS-1 group was significantly higher than that
of the cell control group (P < 0.05), so 2.44-39.06 jug/mL were
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chosen as the concentrations of GPS-1 in cell proliferation tests
for the present investigation.

GPS-1 increased lymphocyte proliferation

In this experiment, MTT assays were used to detect the
effects of GPS-1 on Lohmann Brown chickens’ peripheral
blood lymphocytes and splenic lymphocytes in vitro. The
results in Figure 1 show that GPS-1 at doses of 4.88,
9.77, 19.53, and 39.06 ug/mL can significantly promoted
the proliferation of peripheral blood lymphocytes, compared
with the phytohemagglutinin (PHA) control group (P <
0.05). Within the safe concentration range, GPS-1 could also
significantly promote the proliferation of splenic lymphocytes,
but there were no significant differences between the doses of
GPS-1 and cell control (CC) groups (P > 0.05).

GPS-1 induces chBM-DC precursor cell
proliferation

The results in Figure 2 show that GPS-1 in the range of
4.88 to 39.06 pg/mL can significantly promote the proliferation
of chBM-DCs progenitor cells (P < 0.05), but there was
no significant difference between the control group and the
concentration of 2.44 pug/mL GPS-1 (P > 0.05). Thus, the range
of concentrations that can effectively enhance the activity of the
chBM-DCs progenitor cells is 4.88-39.06 pug/mL.

Effect of GPS-1 on the secretion of
cytokines by immune cells

Lymphocyte expression analysis

Data in Figure 3 indicates the levels of IFN-y and TNF-a
were significantly higher in groups treated with GPS-1 doses
from 2.44 to 19.53ug/mL than in the cell control group
(P < 0.05). Groups given GPS-1 at concentrations of 4.88-
39.06 wg/mL also had substantially elevated IL-12, vs. the
cell control (CC) group. The most effective GPS-1 dose was
4.88 pg/mL, in which IL-12 was significantly higher than the
PHA control group (P < 0.05).

chBM-DCs expression analysis

The effects of GPS-1 on the secretion of TNF-a, IL-12,
IEN-y, IL-1 B, and IL-12p70 by chBM-DCs are shown in
Figure 4. The secretion of TNF-a (Figure 4A) was significantly
higher in groups treated with GPS-1 at concentration of 4.88-
39.06 wg/mL than in the CC group (P < 0.05), but compare
with the LPS group there was not a significant difference (P
> 0.05). GPS-1 groups in the range of safe concentrations
exhibited extremely elevated IL-12 secretion (Figure4B), a
significant improvement over the CC group (P < 0.05).
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Moreover, the IL-12 level in the 39.06 Lg/mL GPS-1 group was
significantly higher than in the LPS control group. As shown
in Figure 4C, the IFN-y secretion of groups treated with 9.77-
39.06 pg/mL GPS-1 was higher than that of the CC group
and the difference is significant(P < 0.05). Additionally, GPS-1
groups at concentrations of 19.53 pg/mL and 39.06 jug/mL have
higher IFN-y secretion than the LPS group and the difference
is significant (P < 0.05). Compared with the CC group, the
secretion of IL-1p (Figure 4D) was higher in GPS-1 groups
at the concentrations of 9.77 wg/mL and 19.53 pug/mL (P <
0.05). However, the remaining GPS-1 groups and the LPS group
showed no significant difference with the CC group (P > 0.05).
The IL-12p70 secretion (Figure 4E) of all GPS-1 groups and
the LPS group was significantly higher than that of the CC
group (P < 0.05). Moreover, compared with the CC group,
GPS-1 at 9.77 pg/mL significantly increased the quantity of NO
(Figure 4F) expelled by DCs (P < 0.05).

The present results showed that the NO content of endocrine
DCs was significantly higher at safe concentrations of GPS-
1(4.88, 9.77, 19.53, and 39.06 pg/L) than in the CC control
group (Figure 4F). Additionally, the GPS-1 concentration of
9.77 pg/mL produced significantly higher NO than the LPS
group. The results indicate that GPS-1 can significantly promote
the secretion of NO by dendritic cells and further enhance their
immune function.

Antioxidant activity

Hydroxyl radical scavenging activity

In Figure 5A, note the uptick in antioxidant capacity with
the corresponding increase in GPS-1 concentration in an
apparent dose-dependent relationship. At GPS-1 concentrations
between 1 and 5 mg/mL, the scavenging rate rose from 13.47
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to 45.29%. Meanwhile, the scavenging rate of ascorbic acid, the
positive control (VC), increased from 16.55% at 1 mg/mL to
96.82% at 4.0 mg/mL, where it plateaued. These results show that
GPS-1 can scavenge hydroxyl radicals, but is much less effective
than ascorbic acid.

DPPH radical scavenging activity

Figure 5B summarizes the scavenging activities of GPS-
1. VC (the positive control) exhibited 98.39% antioxidant
activity at 1 mg/mL, then plateaued. The antioxidant activity
of GPS-1 increased with concentration in a dose-dependent
manner. The scavenging rate developed from 15.06% at a GPS-
1 concentration of 1 mg/mL to 86.60% at 5 mg/mL, and
met its half maximal inhibitory concentration (IC50) at 3.07
mg/mL GPS-1.

ABTS radical scavenging activity

The scavenging effects of GPS-1 and VC on ABTS radicals
are examined in Figure 5C. Higher concentrations of GPS-1
improved scavenging activity significantly. The scavenging ratio
of GPS-1 rose slowly between 1 and 3 mg/mL, then rose sharply
between 3 and 5 mg/mL. The IC50 value of GPS-1 was 3.7
mg/mL. Likewise, VC displayed an excellent ability to scavenge
ABTS radicals at 93.53-99.42% at concentrations ranging from
1to 5 mg/mL.

Superoxide anion radical scavenging ability

The results of the superoxide anion radical scavenging
experiment are given in Figure 5D. The antioxidant capacities
of GPS-1 and ascorbic acid are both in dose-dependent, linear
relationships with their concentrations. The scavenging rate of
GPS-1 increased from 16.21% at a GPS-1 concentration of 1

frontiersin.org


https://doi.org/10.3389/fvets.2022.959449
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org

Zhou et al. 10.3389/fvets.2022.959449
FIGURE 9
Histological changes of the spleen in each group. (A) GPS-1L group; (B) GPS-1M group; (C) GPS-1H group; (D) VC group; (E) BC group. H&E
staining; 200x magnification.

mg/mL to 45.46% at 5 mg/mL, while the scavenging ability of
VC grew from 22.87 to 97.58% within the same dosage range.

Effect of GPS-1 on RAW 264.7 cells

As shown in Figure 6A, the survival rate of RAW 264.7 cells
declined with the increase of HyO; concentration. When the
concentrations of hydrogen peroxide reached 400 LM or above,
cell proliferation was profoundly inhibited (P < 0.001). The
lethality of hydrogen peroxide at 900 WM was 50.35%, which was
selected as the treatment dose necessary to induce an oxidative
damage model for RAW 264.7 cells.

As seen in Figure 6B, GPS-1 at 2.44 pug/mL and from 39.06
to 156.50 g/mL significantly inhibited the growth of RAW
264.7 cells compared to the CC group (P < 0.05). Therefore,
4.883 pg/mL (GPSL), 9.77 png/mL (GPSM) and 19.53 pg/mL
(GPSH) were selected as the GPS-1 treatment concentrations.

The protective effect of GPS-1 on RAW 264.7 cells exposed
to HyO, can be observed in Figure 6C. After hydrogen
peroxide treatment, both the high (GPSH,19.53 pg/mL) and
middle (GPSM, 9.766 ng/mL) doses of GPS-1 showed significant
protective effects on the RAW 264.7 cells exposed to HyOy,
as compared to the control group (P < 0.05). Relative to
the CC group, the cell activities of the HyOp and GPSL
decreased significantly. GPSHexhibited an excellent 89.84% cell
survival rate after hydrogen peroxide damage. The activity of
RAW 264.7 cells in the GPSM group (9.77 wg/mL) was only
76.93%, which is lower than that in the cell control (CC)
group (P < 0.05). However, compared to the hydrogen peroxide
group, the cell activity of the GPSM group was significantly
increased (P < 0.01). The GPS-1 concentration of 4.883 jg/mL
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also increased cell viability relative to the H,O» group, but
not significantly.

Immune enhancement effect of GPS-1
with Newcastle disease vaccine in
Lohmann Brown chickens

Changes in serum antibody titer

Variation in serum antibody titers between each group can
be seen in Figure 7. On days 7, 21, and 35 after the first ND
vaccination, antibody titers from GPS-1 treatment groups were
significantly higher than those of VC and BC groups (P < 0.05).
On days 14 and 28, the antibody titers of the GPSH and GPSM
groups were also higher than these control groups (P < 0.05).
Notably, the difference between the high and medium dose
groups (GPSH and GPSM) was not significant (P > 0.05).
Additionally, even in the lowest dose (GPSL) group the antibody
titer was significantly higher than that of both control groups
(P < 0.05).

The changes of serum IL-2 and IFN-y
concentration

According to Figure 8A, on days 7, 14, and 28 after
vaccination, the IL-2 concentrations in the GPS-1 groups were
higher than that in the VC and BC groups (P < 0.05), with the
largest increase seen in the GPSH group. Similarly, on days 7, 14,
and 35 the level of IFN-y in each GPS-1 group was higher than in
either the VC or BC groups (P < 0.05). Again, GPSH produced
the largest response (P < 0.05). According to Figure 8B, on days
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FIGURE 10
Histological changes of the thymus in each group. (A) GPS-1L group; (B) GPS-1M group; (C) GPS-1H group; (D) VC group; (E) BC group. H&E
staining; 200x magnification.

21 and 28, the IFN-y content of the GPSH and GPSM groups was
higher than that of the VC and BC control groups (P < 0.05).

Morphological changes of immune organs

The results of GPS-1 treatment on the spleen, thymus, and
bursa of Fabricius of are presented in Figures 9-11, respectively.
Compared with the VC and BC control groups, there was no
observed toxic effect from GPS-1 on the spleen, thymus, or bursa
of Fabricius.

Discussion

The growth of chickens is affected by a variety of
factors such as stocking density, temperature, pathogenic
microorganisms, and immune performance, all of which
affect the
and the prices consumers face in stores (45). Glycyrrhiza

economic performance of poultry farmers
polysaccharide (GPS), the most abundant active component
of Glycyrrhiza uralensis, has been the subject of a growing
body of pharmacological and clinical studies that indicate
it can be useful in immune regulation, wound repair,
(46-48).
Glycyrrhiza

antioxidation, and as an anti-tumor agent
Due to its extensive biological properties,
polysaccharides have attracted increasing attention from
the scientific community. Such research will serve as a
solid foundation for potential future applications as an
immune modulator in poultry. Therefore, we evaluated
the effect of Glycyrrhiza polysaccharides on immune cell

proliferation in vitro, and in vivo and antioxidant activity and
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immune enhancement of chickens given the Newcastle disease
(ND) vaccine.

Lymphocyte proliferation is an important indicator of the
cellular immune level of the body (49). The in vitro test of
T and B cell function is short and the conditions are easy to
control, so it is suitable for the initial screening of immune-
enhancing drugs (50). In this test, the effects of GPS on chickens’
peripheral blood lymphocytes and spleen lymphocytes was
measured in vitro using MTT assays. The results show that
the maximum safe concentration of GPS is 39.06 pg/mL. In
the range of 2.44-39.06 pg/mL, GPS can significantly promote
the proliferation of T and B lymphocytes. DCs are the most
powerful known antigen presenting cells (APCs) (51). DCs can
stimulate the activation and proliferation of naive T cells, while
macrophages and B cells can only stimulate activated T cells
or memory T cells (52). Therefore, DCs are the initiators of
specific immune responses. Monocytes, macrophages, and DCs
are all derived from myeloid common precursor cells (CMPs).
Under the stimulation of GM-CSF and IL-4, CMPs can gradually
differentiate into DCs with typical morphological characteristics
and functions. The results of this experiment show that GPS
in the range of 4.88-39.06 ug/mL can significantly promote
the proliferation of chBM-DCs precursor cells, providing an
immune enhancement effect. Th1l and Th2 are subsets of helper
T cells and are therefore critical for immunomodulation. They
can secrete a variety of cytokines and play a major role in
the regulation of specific and non-specific immunity. Thl cells
are responsible for cellular immunity, secreting IL-2, TNF- a,
IEN- v, and IFN- a. Th2 cells generally participate in humoral
immunity by secreting IL-4, IL-6, and IL-10 (53). IL-12 is a
cytokine necessary for activating CD4+ T cells (54). IL-12 and
IFN-y can promote the differentiation of initial Th cells into
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FIGURE 11

group. H&E staining; 200x magnification.

Histological changes of the bursa of Fabricius in each group. (A) GPS-1L group; (B) GPS-1M group; (C) GPS-1H group; (D) VC group; (E) BC

the Thl subset, and in turn, Thl can secrete a large amount
of IFN-y, making it vital to the elimination of intracellular
pathogens. TNF-a and IL-1 f are essential for the development
of inflammation, and are responsible for activating leukocytes
and upregulating endothelial cell adhesion molecules (55). IL-
12p70 is the most important cytokine for inducing a Thl
response; it triggers NK and T cells to produce IFN-y and
enhances their cytolytic activity, effectively activating anti-tumor
effector cells in the tumor environment (56). Our results show
that GPS-lenhances immune responses by regulating the Th1-
like response induced by lymphocytes and DCs, increasing
the cytokines secreted by Thl (IL-12, TNF- o, and IFN-
y), and promoting the secretion of IL-1 B and IL-12p70
by chBM-DCs.

Nitric oxide (NO) is a highly reactive free radical that
acts as a secondary messenger, neurotransmitter, and an
effector molecule (57). It has a wide range of physiological
functions in the body, such as relaxing vascular smooth
muscle, inhibiting platelet aggregation, regulating cerebral
blood flow, mediating cytotoxic effects, and regulating the
immune system (58). The results of this test show that
GPS can significantly enhance the immune function of
lymphocytes and DCs, and further promote the secretion of NO
by DCs.

Many natural extracts are good sources of antioxidants.
Polysaccharides have free radical scavenging abilities that indue
them with antioxidant and anti-aging properties (59). With
an increased concentration of GPS-1 polysaccharide extract,
the clearance rates of OH-, DPPH, ABTS and O?~ increased,
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respectively, reducing the damage to RAW264.7 cells caused
by H,0;.

Different adjuvants in the ND vaccine can induce different
immune responses in Lohmann Brown chickens. Humoral
and cellular immune responses play an important role in
host defense against ND infection. Antibodies are protective
proteins produced by the body in response to an antigen,
and antibody titers reflect the state of humoral immunity
(60). Antibodies against ND usually appear within 6-10 days
after infection and high levels of antibodies are correlated
with host protection. Merz et al. reported that humoral and
cellular immunity play an important role in host defense
against NDV infection (60). This cellular immune response
plays a leading role in immune protection against many avian
infectious diseases (61). IL-2 and IFN-y are both secreted
by Thl, and possess complementary capabilities. IL-2 plays a
key role in T cell differentiation and proliferation (62), while
IFN-y is critical to innate and acquired immunity against
viral and intracellular bacterial and protozoan infections (63).
Immune organs provide a place for immune cells to differentiate,
develop and mature. The increase and decrease of the size
of immune organs generally reflects the immune status of
organisms. Recent studies have shown that the effects of
polysaccharides on the size of the immune organs of chickens are
mainly found in the spleen, thymus, and bursa of Fabricius (64).
Our results show that GPS-1 can effectively amplify the immune
response to Newcastle disease vaccination, cytokine secretion
ability, and the development of immune organs in Lohmann
Brown chickens.
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Conclusion

Based on our findings, we can conclude that GPS-1
can significantly promote the proliferation of immune cells
and enhance the secretion of IL-12, IFN-y, and TNF-a by
lymphocytes and the secretion of IL-1 B, IL-12, IL-12P70,
IFN-y, TNF-a, and NO by dendritic cells. Both doses (1,
2, 4mg/ml, 1ml each chickens)of GPS-1 could significantly
increase the body weight and serum antibody titer of Lohmann
Brown chickens, enhance the secretion of IL-2 and IFN- y
in serum, and promote the development of immune organs.
Our experiment also revealed that GPS-1 has a notable ability
to scavenge free radicals, among them DPPH, hydrogen
peroxide, ABTS, and superoxide anion radicals. Such scavenging
abilities may prove useful in providing an immuno-supportive,
antioxidant effect. GPS-1 has a clear protective effect against
oxidative damage to RAW 264.7 cells. The results of this
study indicated that GPS-1 can enhance immune regulation
in vitro and in vivo, and antioxidation in vitro. A further
study could assess the long-term effects and structure-activity
relationships of GPS-1. More investigation into GPS-1 would
also help establish a greater degree of accuracy regarding its
therapeutic potential.
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Nomenclature

GPS-1, Glycyrrhiza polysaccharide extract 1; ND, Newcastle
disease; NDV, Newcastle disease vaccine; PHA-P, Phytin; mGM-
CSE, Chicken recombinant proteins GM-CSF; il-4, Interleukin 4;
chBM-DCs, immature chicken bone marrow dendritic cells.
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Integrated gut microbiota and
metabolomic analysis reveals
immunomodulatory effects of
Echinacea extract and
Astragalus polysaccharides
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Dayou Shi'*

!College of Veterinary Medicine, South China Agricultural University, Guangzhou, China, The
Islamia University of Bahawalpur, Bahawalpur, Pakistan

Immunosuppression in different animals increases the susceptibility of
various infections caused by pathogenic microorganisms leading to increase
risks posed by antibiotics in different animal farming sectors. Therefore,
investigation of the interactions between natural medicines and the intestinal
environmental ecosystem is of vital importance and crucial. This study
for the first time investigated the effects of Echinacea Extract (EE) and
Astragalus polysaccharide (APS) on the gut using 16S rRNA and metabolomic
analysis approaches in immunosuppressed broiler chickens. There were four
groups divided into control (C), immunosuppression (IS), EE, and APS groups.
Sequencing of gut microbes showed that immunosuppression decreased
the relative abundance of Anaerofustis, Anaeroplasma, Anaerotroncus, and
Lachnospira in the gut while increasing that of c_115 and Holdemania.
However, EE and APS diminished the effects on the immunosuppression on
the microbiota. The results revealed up-regulation of the relative abundance
of Enterococcus in broiler chickens. In addition, EE reduced the relative
abundance of Ruminococcus and Blautia. The results on metabolomic
analysis revealed that immunosuppression mainly affects cyanuric acid
metabolism, starch and sucrose metabolism while interconversion of
pentose and glucuronide. EE and APS, on the other hand mainly impact
butyrate metabolism, alanine, aspartate and glutamate metabolism while
the interconversion of pentose and glucuronide, and D-glutamine and
D-glutamate metabolism. Results regarding correlation analysis revealed
significantly metabolic pathways including TCA cycle, butyrate metabolism,
glyoxylate and dicarboxylate metabolism, propionate metabolism, alanine,
aspartate and glutamate metabolism associated with Ruminococcus and
Blautia. Both EE and APS can antagonize the effects of immunosuppression
by modulating the disrupted gut microbiota. Nevertheless, EE might have a
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bidirectional regulatory functions on the intestinal health and further studies
are needed to know the exact and relevant mechanisms of action regarding
the effects of EE and APS.

gut microbiota, metabolomic analysis, immunosuppression, Echinacea extract,
Astragalus polysaccharides

Introduction

Immunosuppression is a condition in which the immune
response of the body is suppressed due to various reasons
resulting in low immunity and increased vulnerability to various
diseases. In poultry farming, immunosuppressive diseases in
broiler birds are caused by different disorders in the immune
responses from the body affecting the abnormal daily feed
intake, feed conversion ratio, body weight growth, poor egg
production and mortality leading to irreparable economic losses
(1-3). In recent years, researchers have carried out a lot of
research on the mechanisms and pharmacological control of
immunosuppressive diseases in chickens. Since the blind use
of antibiotics in poultry and livestock farming has led to
development of drug resistance in animals and occurring of
different drug residues in food animals. Recently different
studies have been planned to focus on the safe and more stable
herbs or immunomodulators derived from natural plants (4).

Echinacea was officially used to assist in the treatment
of colds, infections, poisonous insects and snake bites in the
United States as early as 1887 (5). It has been recorded that
Echinacea can proliferate the NK cells of the organism mainly
by inhibiting the activity of 5-lipoxygenase and cyclooxygenase
(6). It also increases the phagocytic index of granulocytes and
enhances the immunity responses of the body via production of
cytokines such as TNF-a, IFN-B-2, IL-1, and IL-6 by stimulating
the macrophages and splenocytes (7, 8).

Astragalus polysaccharides (APS) is an ideal immune
promoter that regulates the immune response of different
organisms mainly by affecting humoral and cellular immunity.
In viral infections APS effectively increases the expression
of cytokines such as IL-2, IL-4, IL-6, IL-10, and IL-12
(9). Moreover, it also enhances the phagocytic index of
macrophages, stimulates T-cell proliferation and antigen
presentation, upregulates levels of immune-related factors,
and their ability to synthesize NO by promoting the growth
of cells and increasing resistance to viruses (10). APS also has
some immunomodulatory capacity. During immune stress,
APS reduces transcription of TLR4 and NF-xB genes and
inhibits the expression of pro-inflammatory cytokines (11).
Furthermore, it affects the morphological development of the
jejunum and promotes the synthesis and secretion of specific
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antibodies following immunization (12). It effectively enhances
the efficacy of the vaccine when used as an adjuvant for vaccine
during immunization.

The intestinal flora is involved in the digestion and
absorption of food, the immune response, growth and
development processes, and physiological and structural
changes in poultry (13). Research has confirmed that the gut
flora is closely linked to host immunity (14) and substance
metabolism (15). The causes of lower immunity are different
including abnormalities in autoimmunity due to viral or
parasitic infections or long-term use or abuse of antibiotics,
disruption of the dynamic micro-ecological balance between
host and flora, and changes in the number, type, proportion and
function of intestinal flora (16). It is recorded that changes in the
normal gut flora led to decrease in the productive performance
of the organism and even a decrease in immunity, resulting
in increased morbidity and mortality, which may cause huge
economic losses for the farming industry (17).

The gut microbiota is involved in host immunity in a variety
of ways. Most notably through the interactions between immune
effector cells and metabolites produced by the gut microbiota
during metabolism, which can induce the maturation of
immune cells and can activate memory cells. The intestinal
epithelium acts as the first barrier for the variety of infectious
agents (18) and can possess a wealth of ways of interacting
with bacterial metabolites. Metabolites of the intestinal flora
are involved in the immune process, dominated by short-
chain fatty acids (SCFA), secondary bile acids and tryptophan
metabolites (19, 20). Among them, SCFA is a key metabolite
in maintaining intestinal homeostasis. It serves as an important
source of energy for intestinal epithelial cells and can influence
the immune function of the intestinal mucosa by regulating the
pH of the intestinal environment (21). The metabolic activity
of the microbiota on the intestinal contents has been reported
to extensively induce the activation of immune effector cells,
thereby enhancing the immune response (22).

Gas chromatograph mass spectrometer (GC-MS) untargeted
metabolomics and 16S rDNA intestinal flora sequencing analysis
have been used to detect the changes in metabolites and
microbiota in the cecum. Therefore, this experimental study was
designed and executed to investigate the integrated analysis of
the possible effects of Echinacea extract (EE) and APS on the
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gut microbiota and metabolites of immunosuppressed chickens,
and the mechanisms and pathways by which they exert their
immunomodulatory effects.

Materials and methods

Experimental animals and diets

All the experiments were approved by the Animal Ethics
Committee of South China Agricultural University (License
Number: 2017A087) and were conducted following the ethical
code of conduct for animal care and use. A total of one
hundred fast-growing broilers having 4 days of age (male and
female) were (purchased from Guangdong Zhiwei Agricultural
Technology Co., Ltd.) and were randomly divided into four
groups. Both groups C and IS were given ordinary drinking
water; group EE: 4g of EE (purchased from Guangzhou
Huanong University Experimental Veterinary Drug Co., Ltd.)
per liter of water; group APS: 1.2g of APS (purchased from
Beijing Shengtaier Biotechnology Co., Ltd.) per liter of water.
The chickens in all four groups were fed the normal basal diet
and fresh water ad libitum during the trial.

Establishment of the immunosuppression
model

The birds kept in group C were injected 0.5 mL of normal
saline in the pectoral muscle and the birds of other groups
(IS, EE, APS) were injected with cyclophosphamide in the
pectoral muscle at a dose of 100 mg/kg. Once daily for 3 days.

16S-rRNA analysis of gut microbiota

Cecal contents on days 7 and 14 were collected aseptically
from the birds and then aliquot at 0.5 g/tube into 2 mL centrifuge
tubes. After collection all the samples were immediately frozen
in liquid nitrogen and transferred to laboratory and stored
at —80°C. Total microbiome DNA was extracted from the
gut contents and the target fragments were purified by PCR.
Their amplification products were obtained and quantified by
fluorescence. On-board libraries were constructed in the TruSeq
Nano DNA LT Library Prep Kit, sequenced and the raw data
were obtained for further process.

For continued expansion of the sequencing volume, sample
size, was first predicted and measured by plotting sparsity and
species accumulation curves (23). The top 10 species with
the greatest abundance in each group were selected from the
taxonomic levels of the phylum and genus based on the results of
species annotation. The cumulative bar chart of species relative
abundance was generated to visualize the species with greater
relative abundance in different taxonomic ranks and their
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proportions. Alpha diversity reflects the richness of a sample
community through metric indices such as Chaol, Shannon,
and Simpson. The analysis of beta diversity was performed
using multidimensional scalar analysis NMDS. Its results and
purposes are to test for similarity and similarity in community
structure from different samples (24, 25). RStudio 0.99.447
software (Developed by JJ Allaire Company) was used to count
the distribution of sequence lengths contained in the samples,
QIIME software (Quantitative Insights Into Microbial Ecology,
v1.8.0, http://qiime.org/) (26) was used to classify OTUs, and
rare OTUs were removed, and then the identification results
were represented by histograms to determine the differences.

GC-MS metabolomics analysis

A total of 40 mg of intestinal contents was added to 500
WL of pre-cooled water containing 10 pg/mL of demethyl
leucine. Samples were sonicated in an ice water bath for
10 min and placed overnight at —20°C. Then the samples were
centrifuged at 14,000g for 15min at 4°C. Supernatant was
removed and extraction of the residue was done. The two
supernatants were combined and 100 pL of the supernatant
from the extract was obtained and 50pg/mL norleucine
added. Ten microliter of valine was evaporated and 30 pL of
methoxypyridine hydrochloride was added to the dry matter
and then incubated at 37°C for 90 min. After that 30 wL of
BSTFA containing 1% TMCS was added, vortexed for 30s,
and then derivatized. Detection and analysis were performed
using a gas chromatograph-mass spectrometer. The raw GC-
MS data were processed using excel with reference to literature
methods (27). The raw data from GC-MS was automatically
deconvoluted using AMDIS software and matched against a
self-built standard database (including retention times and mass
spectra), the Golm metabolome database, and the Agilent Fiehn
GC/MS metabolomics RTL library.

The data files were imported into SIMCA software (version
14.1) for multidimensional statistical analysis such as PCA
and PLS-DA. The data were first formatted with the default
mean-centered and UV (unit variance) before analysis. Then
the optimal principal component scores were automatically
calculated and the optimal model was built. To avoid model
overfitting, the optimal number of principal components is
calculated using the default 7-round cross-validation (7-round
cross-validation) of SIMCA software. The model quality
evaluation parameters are R2X or R2Y and Q2 values, which are
used to evaluate the robustness of the pattern recognition model,
where R2X (PCA) or R2Y (PLS-DA) indicates the proportion of
data variance that can be explained by the current model, i.e.,
the explanation rate, which indicates the goodness of fit of the
model. Q2 indicates the proportion of data variance that can be
predicted by the current model, i.e., the prediction rate, which
indicates the predictive power of the current model.
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The combination of a VIP value (Variable importance in
the projection) >1 and a p-value < 0.05 for unidimensional
statistical analysis was used to screen for differential metabolites.
Fold change (Log2FC) was calculated as the logarithm (with a
base of 2) of the ratio of the mean values of the data from group
1 and group 2, with a positive value indicating that the substance
was at a higher level in group 1 than in group 2 and a negative
value indicating the opposite.

Analysis of the link between flora and
metabolic processes

After sequencing and analysis of the intestinal flora, flora
with significant differences were selected. The metabolites of
these flora were collected through literature review and database
searches. Using the online mapping software Bioladder, the data
for the differential metabolites were transformed into volcano

10.3389/fvets.2022.971058

plots for display, and metabolites with significant differences
were identified in the plots using P < 0.05 and Log2FC
absolute values >1 as screening criteria. Pathway analysis of
the differential metabolites was performed using the online
software MetaboAnalyst (version 4.0 http://www.metaboanalyst.
ca/) according to the metabolites with significant differences.
The results of both were correlated to analyze the relationship
between the gut microbiota and metabolic activity in the gut.

Results
Diversity analysis

The results on diversity analysis showed that the number
of OTUs in the broilers gut microbiota tested in the samples
were very rich. The OTU division and classification status also
differed between the groups. At day 7 of the trial, no significant
differences were found in the a-diversity indices of Ace, Chaol,
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FIGURE 1
Diversity analysis result. Alpha diversity index difference box plot (A) 7d; (B) 14d. NMDS analysis plots (C) 7d; (D) 14d (N = 5).
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Shannon, and Simpson (Figure 1A, P > 0.05). On day 14 of trial,
except for the Shannon index (P < 0.05), there was no significant
difference in other indices (Figure 1B, P > 0.05). Results showed
that under the influence of immunosuppression, the species
community diversity of the gut microbiota was affected. The
samples were significantly dispersed (Figure 1C) but the groups
gradually approached over time (Figure 1D) after the cessation
of immunosuppression. The results showed that the impact of
immunosuppression on the gut microbiota of chickens could
be gradually alleviated over time, and the species community
diversity in each group showed a recovery trend, among which
the species abundance diversity recovered more significantly.

Statistics on the number of microbial taxa
at each taxonomic level
The taxonomic test results showed that six major taxa

were detected at the phylum level, including Firmicutes,
Proteobacteria, Tenericutes, Bacteroidetes, Actinobacteria and

Frontiersin Veterinary Science

59

Cyanobacteria (Figure 2A), while at the genus level for
Faecalibacterium, Oscillospira, Ruminococcus, Lactobacillus,
Mollicutes_RF39, Enterococcus, Anaerotruncus, and Sutterella
(Figure 2B). Over the course of the experiment, the relative
abundance of Firmicutes was similar in group C (94.37% at
7 days and 97.83% at 14 days) and group EE (95.98% at 7
days and 96.22% at 14 days), which had a higher percentage of
Firmicutes than the IS and APS groups. The IS group reduced
the Firmicutes. The IS group decreased the relative abundance
of Firmicutes from 91.29 to 82.65% in the experiment, while
all other groups showed an increasing trend. In contrast, the
relative abundance of Proteobacteria was higher in the IS group,
increasing from 5.43 to 15.75%, and similarly, the APS group
showed an increasing trend (from 5.51 to 8.19%). The other two
groups showed a decreasing trend, accounting for only 1.08%
(C) and 1.66% (EE) at 14 days (Figure 2A). At the genus level, the
relative abundance of Enterobacteriaceae changed significantly
in the IS group, increasing from 5.37 to 15.48%, which was
significantly higher than the content share of other groups. At
the genus level, the relative abundance of Enterobacteriaceae
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(A,B) Represent the abundance distribution of the top 10 taxa with the most significant differences between groups at 7 days; (C—E) represent
the top 15 taxa with the most significant differences at 14 days Abundance distribution of the taxa (*P < 0.05; **P < 0.01; ***P < 0.001) (N = 5).

varied significantly in the IS group, increasing from 5.37 to
15.48%, which was remarkably higher than the content share of
the other groups, of which the APS group showed an increasing
trend (4.91-7.44%). On the contrary, the other two groups
showed a decreasing trend (Figure 2B).

Analysis of differences in taxonomic
composition between groups

After 7 days, compared with group C, the abundance of
Anaerotruncus (P < 0.05) and Anaerofustis (P < 0.001) in
IS group were significantly decreased, and Holdemania was
significantly increased (P < 0.01). Compared with IS group,
Holdemania in EE group was significantly decreased (P < 0.05);
compared with IS group, Enterococcus and Sutterella were
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significantly increased in APS group (P < 0.05; Figures 3A,B;
Table 1). At day 14 of the trial, compared with the C group, the
abundance of Anaerofustis (P < 0.01), Anaeroplasma (P < 0.05)
and Lachnospira (P < 0.05) in the IS group was significantly
reduced, and cc_I15 was significantly increased (P < 0.05);
Compared with the IS group, the Anaeroplasma in the EE
group was significantly increased (P < 0.05). Compared with
the IS group, the Anaerofustis (P < 0.05) in the EE group
was significantly increased, and [Eubactreium] (P < 0.05) was
significantly less in the IS group (Figures 3C-E; Table 1).

Principal components analysis
Principal component analysis was performed on the

intestinal contents of each group at day 7 and the cumulative
interpretation rate of the model was R>X = 0.585. Current PCA
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TABLE 1 Summary of genera with significant variation during the trial.

Genus ISvs.C EE vs. IS APS vs. IS
Anaerofustis " 0 1
Anaeroplasma V 1 1
Anaerotruncus U 1 4
Blautia 1 I 1
cc_115 1 1 -
Eggerthella 4 " 4
Enterococcus - 1 1
Holdemania 4 I I
Lachnospira 1 - 4
Ruminococcus 1 !V 4

The table is not divided by time periods and only based on the results of the trial process.
“4” indicates that the abundance of the genus increases, “]” indicates a decrease, and “-”
indicates that it cannot be determined.

P < 0.05.

"P <0.01.

P < 0.001.

models can be reliably used to describe metabolic differences
between samples. There was separation between group C and
the other three groups.

Principal component analysis was performed on the
intestinal contents of each group at 14 days, and the cumulative
interpretation rate of the model was RX = 0.604. Current PCA
models can be reliably used to describe metabolic differences
between samples. There was a significant separation between
group C and the other three groups.

Partial least squares discrimination
analysis

A PLS-DA model with 2 effective principal components was
developed for the content at day 7 in treatment group, R?X =
0.338, R?Y = 0.445, and Q? = 0.174, and the PLS-DA score plot
showed a significant separation between at day 7 in group C and
the other 3 sample groups. A PLS-DA model with 2 effective
principal components was developed at day 14 of treatment
group of contents, RX = 0.288, R”Y = 0.527, and Q> = 0.268,
and the PLS-DA score plot showed a trend toward separation
between the four sample groups.

Differential analysis of metabolites and
metabolic pathways

At day 7, a total of 28 different substances were screened
(Table 2). At 14 days, a total of 22 different substances were
screened (Table 3). Compared with group C, the different
metabolic pathways of intestinal contents in group IS at day 7
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were Cyanoamino acid metabolism, Cysteine and methionine
metabolism, Starch and sucrose metabolism, and Glycerolipid
metabolism. At 14 days, it is Starch and sucrose metabolism,
and interconversions, Galactose

Pentose glucuronate

metabolism, D-Glutamine and D-glutamate metabolism,
Ascorbate and aldarate metabolism, Pantothenate and CoA
biosynthesis, Butanoate (Figure 4A). At 7 days, compared with
IS, the different metabolic pathways of intestinal contents in
EE were Citrate cycle (TCA cycle), Butanoate metabolism,
Glyoxylate and dicarboxylate metabolism, Propanoate
metabolism, Alanine, aspartate and glutamate metabolism.
At 14 days, it is Pentose and glucuronate interconversions,
D-Glutamine and D-glutamate metabolism, Cyanoamino acid
metabolism (Figure 4B). Compared with IS, the differential
metabolic pathways of intestinal contents in APS at 7 days
are Valine, leucine and isoleucine biosynthesis, Valine, leucine
and isoleucine degradation, D-Glutamine and D-glutamate
Aminoacyl-tRNA

metabolism, Alanine, aspartate and glutamate metabolism.

metabolism, biosynthesis,  Butanoate
At 14 days, it is Starch and sucrose metabolism, Pentose
and glucuronate interconversions, Galactose metabolism,

D-Glutamine and D-glutamate metabolism (Figure 4C).

Discussion

There was found that the species of bacteria in the caecum
of laying hens varies with age and does not become stable
until 12-16 weeks (28). The changing trend of intestinal flora
may be similar during the growth and development of broilers
and laying hens. Throughout the experiment, broiler birds
grew from day 1-4 weeks of age possibly with changes in
gut microbiota species occurring in this period. The effects of
immunosuppression on the gut microbiota may coincide with
changes in microbiota species. A tendency for the microbiota
of each group to approach each other over time was observed
in the NMDS analysis, and changes in gut microbiota species
with age may be a factor in our study. In addition, the
diversity of microbiota abundance was restored with the
gradual recovery of immune functions with the cessation of
immunosuppression. Nevertheless, in this process, there were no
significant differences in the alpha diversity index except for the
Shannon index. This trend of variation revealed that the process
of immunosuppression had no significant effects on the number
of species in the microbiota, but produced a certain degree of
variation in the abundance of species in the microbiota.

Ten different genera were identified by differential
analysis of the gut microbiota. Anaerofustis, Anaeroplasma,
Anaerotruncus, Blautia, cc_115, Eggerthella, Enterococcus,
Holdemania, Lachnospira, and Ruminococcus, respectively.
Among them, Anaerofustis, Anaeroplasma, Anaerotruncus,
Lachnospira, and Ruminococcus belong to Firmicutes. They
often produce short-chain fatty acids (SCFAs) such as butyric
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acid and propionic acid directly or indirectly (29-33).
SCFAs has
and immunomodulatory functions. This type of metabolic

anti-inflammatory, anti-tumor, anti-bacterial
derivative achieves an anti-inflammatory effects by inhibiting
the proliferation of phagocytes and reducing the levels of

inflammatory factors, thereby blocking the activation of the
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NEF-kB pathways (30) which builds chemical and physical
barriers in the gut and assists in intestinal immune balance.

The intestinal abundance of the above microbiota was
significantly reduced in the immunosuppressed state, with
the exception of Ruminantococcus. Under this condition, it

may affect the metabolic production of SCFAs and increase
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TABLE 2 Differential metabolites of intestinal contents in each group at 7 days (|Log[2]FC| > 1).

Metabolites VIP p-value Log,FC HMDB KEGG
Is-C Maltose 1.46 1.46E-02 —1.98 HMDB0000163 C00208
3-Cyanoalanine 1.74 3.66E-04 —1.95 METPA0300 C02512
Glutaric acid 1.32 2.91E-02 —1.94 HMDB0000661 C00489
3-Hydroxybenzoic acid 1.35 2.71E-02 —-1.72 HMDB0002466 C00587
Glutamine[-H, O] 1.78 1.34E-04 —1.60 - -
4-Hydroxybenzoic acid 1.49 9.01E-03 —1.58 HMDB0000500 C00156
4-Hydroxybutyric acid 1.33 3.27E-02 —1.13 HMDB0000710 C00989
2-Deoxyinosine 1.36 1.93E-02 1.29 HMDB0000071 C05512
Galactose 1.50 1.11E-02 1.32 HMDB0000143 C00984
2-Deoxyguanosine 1.32 3.02E-02 1.35 HMDB0000085 C00330
Glycerol-3-phosphate 1.22 3.43E-02 1.44 HMDB0000126 C00093
Cystine 1.42 1.49E-02 1.48 HMDB0000192 C00491
Orotic acid 1.49 1.50E-02 3.11 HMDB0000226 C00295
Lactose 1.53 1.27E-02 322 HMDB0000186 00243
EE-IS Succinic acid 1.48 2.72E-02 —1.29 HMDB0000254 C00042
Citric acid 1.60 2.00E-02 1.02 HMDB0000094 C00158
Hexanoic acid 1.86 3.67E-03 1.37 HMDB0000535 C01585
4-Methylvaleric acid 1.64 2.83E-02 1.63 HMDB0000689 -
3-Hydroxyphenylacetic acid 1.94 9.78E-04 1.93 HMDB0000440 C05593
Glutaric acid 1.98 1.39E-03 2.04 HMDB0000661 C00489
APS-IS 3,4-Dihydroxyphenylacetic acid 1.62 1.20E-02 —2.49 HMDB0001336 Co1161
Malic acid 1.42 4.97E-02 1.00 HMDB0000156 C00149
4-Hydroxyphenylethanol 1.78 2.67E-03 1.01 HMDB0004284 C06044
2-Hydroxyglutaric acid 1.40 4.71E-02 1.22 HMDB0000694 C03196
4-Methylthio-2-ketobutyric acid 1.88 3.77E-04 1.50 HMDB0001553 C01180
2-Ketoglutaric acid 1.68 6.60E-03 1.73 HMDB0000208 C00026
2-Ketoisovaleric acid 1.74 3.75E-03 1.84 HMDB0000019 C00141
3-Methyl-2-ketovaleric acid 1.81 1.54E-03 1.88 HMDB0000491 C03465
2-Ketoisocaproic acid 1.87 5.55E-04 1.88 HMDB0000695 C00233

The underlined value means that the number has corresponding information in the database.

the risk to intestinal health. Instead, the two groups treated
with EE and APS promoted the proliferation of colonies
reduced in abundance by immunosuppression and increased
their abundance, including Ruminococcus. In addition, an
increased abundance of Enterococcus was found in both groups.
Enterococcus was once considered to be a threatening pathogen.
It has been found to be clinically resistant in human medicine,
often causing bacteraemia and death (34). But recent research
has found that Enterococcus has a protective role in the gut.
Feeding Enterococcus to laying hens by mixing it into their
diets could reduce damage to the intestinal mucosa during
Salmonella infection. It enhances the immune functions of the
organism by reducing oxidative stress and down-regulating
serum malondialdehyde levels, while up-regulating IgG levels
(35). The increase in the relative abundance of Enterococcus in
the gut can protect the gut and have a positive effects on the
immunity of the organism. The above evidence indicates that
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both EE and APS can regulate the immunity by increasing the
relative abundance of beneficial bacteria in the gut, and relieve
the organism’s immune-suppressed state.

The relative abundance of Eggerthella was increased in the
gut of immunosuppressed chickens. The relevance of E. lenta
to autoimmune diseases in humans has been confirmed by
research (36). It may induce the activation of Thl17 cells
through its microbial metabolism, contributing to an excessive
inflammatory response and exacerbating symptoms in mice with
colitis (22). Studies have shown that E. lenta can enhance host
autoimmunity through the activation of helper T cells. The
increased relative abundance of this genus may be associated
with suppression of the overall immune functions of the host.

EE is a more targeted modulation of the organism’s
immune function than APS. EE significantly reduced the
relative abundance of Eggerthella, Holdemania in the gut of
immunosuppressed chickens but was not observed in APS
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TABLE 3 Differential metabolites of intestinal contents in each group at 14 days (|[Log[2]FC| >1).

Metabolites VIP
Is-C 2-Ketoglutaric acid 1.39
Beta-glutamic acid 1.50
4-Hydroxyphenylacetic acid 1.56
Fructofuranose 1.65
Gluconic acid 1.59
Glycyl-leucine 1.30
EE-IS 2-Hydroxyglutaric acid 1.64
2-Ketoglutaric acid 1.59
4-Hydroxyphenylacetic acid 1.54
3-Cyanoalanine 1.46
Ethanolamine 1.52
5-Hydroxyindoleacetic acid 1.64
Coprostanol 1.47
APS-IS 3-Hydroxybenzoic acid 1.48
Fructose 1.74
2,3-Dihydroxybutane 1.47
Xylitol 1.47
Glucose 1.57
Fructofuranose 1.51
Adenine 1.44
2-Deoxyadenosine 1.34
Stigmastanol 1.59
Octanoic acid 1.51
p-cresol 1.43
2-Ketoglutaric acid 1.55
Uric acid 1.44

p-value Log2FC HMDB KEGG
4.11E-02 ~1.61 HMDB0000208 C00026
1.77E-02 -135 - -
3.52E-02 1.00 HMDB0000020 C00642
9.37E-03 L12 - -
2.38E-02 1.49 HMDB0000625 C00257
4.13E-02 1.63 HMDB0000759 C02155
9.38E-03 ~143 HMDB0000694 C03196
1.55E-02 -127 HMDB0000208 C00026
2.50E-02 ~1.01 HMDB0000020 C00642
3.93E-02 ~1.00 METPA0300 C02512
2.50E-02 1.28 HMDB0000149 €00189
9.80E-03 1.43 HMDB0000763 C05635
3.46E-02 225 HMDB0000577 -
1.43E-02 -2.77 HMDB0002466 C00587
1.86E-03 ~1.59 HMDB0000660 C02336
2.80E-02 ~152 HMDB0003156 C00265
1.34E-02 ~125 HMDB0002917 C00379
1.50E-02 -122 HMDB0000122 C00031
4.08E-02 ~117 - -
4.52E-02 113 HMDB0000034 C00147
4.00E-02 115 HMDB0000101 C00559
1.46E-02 1.40 HMDB0000494 -
1.85E-02 1.68 HMDB0000482 C06423
3.28E-02 1.68 HMDB0001858 C01468
1.91E-02 1.81 HMDB0000208 €00026
2.05E-02 1.85 HMDB0000289 C00366

The underlined value means that the number has corresponding information in the database.

group. Additionally, in the EE group, the relative abundances
of Blautia and Ruminococcus were found to be down-regulated.
The relative abundance of Blautia in the gut is positively
correlated with age (37, 38) and immune inflammatory response
(39). It also correlates significantly with host physiological
functions, such as obesity metabolism (40) and cancer. It has
been reported that its biochemical metabolism can produce
some carcinogens such as secondary bile acids, carbolic acid and
deoxycholic acid (41). EE down-regulated its relative abundance
in the gut, possibly revealing that EE plays a bidirectional
regulatory role in regulating immune status in chickens.
Metabolomic analysis of intestinal contents revealed that EE
and APS may influence butyrate metabolism, alanine, aspartate
and glutamate metabolism, the interaction of pentose and
glucuronide conversion, and D-glutamine and D-glutamate
metabolism. Both may regulate the organism’s gut immune
functions through their effects on intestinal metabolic processes.
This influence is reflected in the metabolic pathways of butyrate
metabolism, alanine, aspartate and glutamate metabolism, with
both butyrate and aspartate having a positive effect on intestinal
immunity. For example, butyric acid, a member of the SCFAs,
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provides energy to the intestinal cells and maintains the integrity
of the intestinal barrier. It also regulates the balance of the
gut microbiota by acidifying the intestinal environment. Butyric
acid has been shown to affect intestinal immune function by
inhibiting the migration of immune cells and regulating cell
proliferation and apoptosis (42-44). Together with glutamic
acid, asparagine acts as precursors for the synthesis of various
amino acids. They provide energy to the intestine, protect the
intestinal mucosa, reduce mucosal damage caused by bacterial
endotoxins (45), delay lymphocyte apoptosis and promote
cell growth.

To reveal the effects of EE and APS on the gut of
immunosuppressed chickens by correlating gut microbiota and
content metabolomics. Not only is the gut involved in changes in
the entire intestinal environment, but also the microbiota within
it. The metabolites of the intestinal flora play an important
role in the physiological processes of the organism, protecting
intestinal health (46), providing energy, activating immune cells,
participating in the intestinal immune process and regulating the
balance of the intestinal flora. The succinate producing bacteria
Blautia and Ruminococcus were discovered to be associated
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with some differential metabolic pathways in the metabolomic
analysis. Among these were alanine, aspartate and glutamate
metabolism, butyrate metabolism, TCA cycle, glyoxylate and
dicarboxylic acid metabolism and propionic acid metabolism.
Succinate, an important signaling factor for immune activation,
has a key role in the regulation of inflammation (47, 48)
and a role in sustaining the stability of the intestinal lining
in the gut (49). Elevated levels of succinate in the gut may
promote intestinal inflammation (50). EE might have a reverse
immunomodulatory effects by reducing the amount of succinic
acid in the gut, affecting the energy metabolism of glucose
metabolism, the metabolism of butyric and propionic acids and
the metabolism of immune-related amino acids based on the
results of the trial. But its more precise mechanism of action
and related effects needs more experimental studies to verify
the findings.

Conclusion

This trial used 16S-rRNA analysis of the gut microbiota
and metabolomics to analyze the effects of EE and APS on
immunosuppressed chickens. Overall, immunosuppression
can affect the species diversity of the intestinal flora and
reduce the relative abundance of some SCFAs-producing
bacteria in the gut. Both EE and APS can play a role
in mitigating the effects of immunosuppression on the
the
bacteria and anaerobic genera, and protecting the health

intestinal flora, restoring abundance of beneficial

of the intestinal environment. The comprehensive analysis
of the metabolism of the microbiota revealed that EE
might suppress the relative abundance of Blautia and
the succinic acid content in

Ruminococcus, reducing

the intestine.
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Two kinds of traditional Chinese
medicine prescriptions reduce
thymic inflammation levels and
improve humoral immunity of
finishing pigs
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In animal husbandry, traditional Chinese medicine (TCM) as a reasonable
alternative to antibiotics has attracted more and more concerns to reduce
microbial resistance. This study was aimed to investigate the effects of dietary
supplementation with TCM prescriptions on serum parameters and thymus
inflammation responses in finishing pigs. Thirty finishing pigs were randomly
divided into three groups, which included the Con group (basal diet), the
TCM1 group (basal diet supplemented with Xiao Jian Zhong prescriptions),
and the TCM2 group (basal diet supplemented with Jingsananli-sepsis). The
results showed that the contents of C3 and C4 in the serum were significantly
increased in both the TCM1 and TCM2 groups compared to the Con group
on day 30. Similarly, the levels of IgA, IgG, and IgM were increased in the
TCM2 group, and only the level of IgM in TCM1 was increased on day 30.
Meanwhile, the levels of classical swine fever virus (CSFV) and respiratory
syndrome virus (PRRSV) antibodies had a notable increase in the TCM1 and
TCM2 groups. Both TCM1 and TCM2 inhibited the levels of TLR4/MyD88/NF-
kB signaling pathway-related mRNA (TLR4, MyD88, NF-«B, IL6, IL8, and TNF-a)
and protein (p-IkBa and p-P65) expression levels in the thymus. In conclusion,
dietary supplementation with TCM could reduce thymic inflammation levels
and improve humoral immunity of finishing pigs.

KEYWORDS

traditional Chinese medicine, finishing pigs, immune function, inflammation, thymus
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Introduction

As we all know, piglet breeding is the most critical period in
the process of pig breeding. To safeguard the health of finishing
pigs during the nursery period, the use of antimicrobials either
in feed or in water has been an essential tool. Antibiotics are
used in swine feed as a growth promoter, to improve feed
efficiency, and to reduce susceptibility to bacterial infections
(1, 2). Nevertheless, abuse of antibiotic feed additives not
only leads to excessive antibiotic residues in animals but also
endangers human food safety and health. The China Ministry
of Agriculture (MOA) gradually reduced the types and doses
of antibiotics allowed in feeds in 2017 with the intent to ban
the usage of antibiotics in feed additives by 2020 (3). Thus, it is
necessary to develop new alternatives instead of using antibiotics
to control diseases.

Traditional Chinese medicine (TCM) has lately received
greater attention from researchers because of its natural
structure and biological activity that can enhance or restore
the immune system (4, 5). A recent study has shown that
some phytochemicals were beneficial to health by promoting
immune function and reducing inflammation responses (6).
According to the theory of TCM, prescriptions are usually
composed of several herbs or minerals, one of which
represents the principal component and the other serves as
an auxiliary component to assist or promote the transmission
of the principal component. In most cases, the mixture
of a variety of TCM will have a synergistic therapeutic
effect (7).

The TLR4/MyD88/NF-kB pathway is a classical toll-like
receptor activation pathway that plays an essential role in
anti-inflammatory and immune regulations. A large number of
studies have reported that inhibition of the TLR4/MyD88/NF-
kB pathway could effectively inhibit the activation of NF-kB
and reduce the secretion of pro-inflammatory factors such
as TNF-a and IL-6, thereby inhibiting the occurrence of
inflammation (8, 9). A previous study demonstrated that
has
prevent inflammation-related health problems associated

cinnamaldehyde anti-inflammatory effects that can
with over-activation of the TLR4 signaling pathway (10).
Meanwhile, Luo et al. (11) found that pachymaran enhanced
the immune function of mice by regulating genes associated
with T and B cell functions. Additionally, it is reported that
saikosaponin-a strongly inhibited pro-inflammatory mediators
(12). Thus, dietary supplementation with TCM may be a
feasible strategy to replace or reduce the use of antibiotics by
enhancing immune responses, consequently promoting growth
performance in finishing pigs (13). In conclusion, natural
plants with pharmacological activities are recommended as
dietary supplements or therapeutic agents to effectively care for
the organism.

There is little research on the effects of TCM prescriptions
on the immunity of finishing pigs. Therefore, this study was
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conducted to assess the effects of TCM1 and TCM2 on serum
parameters and thymus inflammation responses in finishing
pigs, and aimed to provide valuable insights for improving the
immune performance of finishing pigs.

Materials and methods

Animals and treatments

This trial was performed in the Researching and Teaching
Base of Jiangxi Agricultural University and treated for 60 days.
Thirty finishing pigs (white x landrace x Duroc) weighing 21.43
+ 2.86kg were allowed ad libitum access to feed and water
throughout the experimental period. Experimental animals of all
three treatment groups were fed with the same basal diet, which
was formulated to meet the nutrient requirements of finishing
pigs (14). The composition and nutrient levels of basal diet are
shown in Table 1. The finishing pigs were randomly allotted to
three treatment groups (n = 10): The Con group (basal diet),
the TCM1 group (basal diet + 10 g/kg Xiao Jian Zhong, X]JZ)
and the TCM2 group (basal diet + 3 g/kg Jingsananli-sepsis,
JSS). The doses of TCM1 and TCM2 were evaluated according
to our preliminary study and traditional Chinese pharmacopeia
(2005). All raw materials of TCM1 were bought from Chinese
Traditional Medicine Chang Sheng (Jiangxi, China), and TCM2
was provided by Jiangxi Chuang Dao Animal Health Products

TABLE 1 Composition and nutrient levels of basal diets (air-dry basis)?.

Ingredients Content  Analyzed Content
(%) composition, g/kg (%)

Maize 55.80 DM 89.21

Soybean meal 16.3 DE (MJ/kg) 14.36

Fermented soybean 7.0 Cp 19.63

meal

Wheat middling 4.5 Lysine 1.32

Fish meal 2.5 Methionine 0.43

Dried porcine 2.5 Methionine+Cystine 0.77

solubles

Whey powder 6.25 Threonine 0.81

Soy oil 1.65 Calcium 0.96

Lysine 0.25 Total phosphorus 0.60

Methionine 0.1

Limestone 1.05

CaHPH, 0.80

NaCl 0.30

premix 1.00

“The premix provides the following per kilogram diet:Vitamin A 8 000 IU, Vitamin D
2500 IU, Vitamin E 15 mg, nicotinic acid 20 mg, D-pantothenie 10 mg, riboflavin 4 mg,
biotin 0.06 mg, folic acid 0.2 mg, thiamine 2mg, choline chloride 500 mg, Cu 165 mg, Fe
110 mg, Mn 80 mg, Zn 330 mg, Se 0.20 mg.
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Co., Ltd. (Jiangxi, China). The composition and main active
constituents of TCM1 and TCM2 are presented in Table 2. All
experimental protocols were approved by the Committee for
the Care and Use of Experimental Animals, Jiangxi Agricultural
University, Jiangxi, China.

Sample collection

The experimental period lasted 60 days, and blood samples
were collected on days 0, 30, and 60 and centrifuged (3,000 x g,
10 min) to obtain the serum which was then stored at —20°C for
follow-up studies. All the finishing pigs were killed by euthanasia
with an intravenous injection of sodium pentobarbital (40
mg/kg body weight), and the thymus of the finishing pigs was
collected immediately after euthanasia, rapidly frozen in liquid
nitrogen, and stored at —80°C for various analyses on day 60.

Serum parameter analysis

IgA, IgM, IgG, C3, and C4 were assayed following
the manufacturer’s instructions and using porcine-specific

10.3389/fvets.2022.929112

immunoturbidimetry kits (Nanjing Jiancheng Bioengineering
Institute, China).

Blocking enzyme-linked immunosorbent
assay (ELISA)

The serum samples were assayed following the
manufacturer’s instructions and using the IDEXX classical
swine fever virus (CSFV) antibody test kit and IDEXX porcine
reproductive and respiratory syndrome virus (PRRSV) antibody
test kit (IDEXX Laboratories, Netherlands).

Real-time quantitative polymerase chain
reaction (QRT-PCR)

The mRNA transcription levels of TLR4/MyD88/NF-kB
signal pathway-related genes (TLR4, MyD88, NF-kB, IL-6, IL-
8, and TNF-a) in the thymus were determined by qRT-PCR
assay according to the manufacturer’s instructions. Briefly, total
RNA was isolated using the TransZol Up Reagent (TransGen
Biotech, Beijing, China). Then, cDNA was synthesized using a

TransScript — One-Step gDNA Removal and cDNA Synthesis

TABLE 2 Composition and main active constituents of TCM1 and TCM2 (air dry basis)?.

Latin name Main active constituent
TCM1

Cassia Twig Cinnamaldehyde

Glycyrrhiza uralensis Glycyrrhizin

Ziziphus zizyphus Jujuba polysaccharide
Cynanchum otophyllum Paeoniflorin

Zingiber officinale Roscoe Ginger oleoresin

Rhizoma Atractylodes

Atractylodine

Atractylodes macrocephala Biatractylolide
Poria cocos Pachymaran
Coptis chinensis Franch. Berberine

Maltose Maltose

Total

TCM2

Nepeta cataria L. Nepeta Cataria Oil
Radix Saposhnikoviae Chromone glycoside
Notopterygium incisum Notopterol

Radix Angelicae Heraclenin

Radix bupleuri Saikosaponin
Radix Peucedani peucedanin

Poria cocos Pachymaran
Glycyrrhiza uralensis Glycyrrhizin

Total

“Main active constituents of TCM come from Chinese pharmacopeia (2005).
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Used part Content (%)
Dried twig 13
Dried root 4
Dried fructification 4
Dried root 13
Dried root 6
Dried root 14
Dried root 10.5
Dried sclerotium 10.5
Dried root 4
- 21
100
Dried stem 16.5
Dried root 16.5
Dried root and stem 16.5
Dried root 16.5
Dried root 10
Dried root 10
Dried sclerotium 10
Dried root 4
100
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SuperMix reagent kit (TransGen Biotech, Beijing, China)
according to the kit’s instructions and stored at —20°C for
SYBR Green qRT-PCR. Gene-specific primers of all the genes
were designed using the Primer Premier software (PREMIER
Biosoft International, CA, United States). The GAPDH gene
was used as an internal reference, and the primer sequences
are shown in Table 3. The qRT-PCR profiles were as follows:
95°C for 10min, 40 cycles at 95°C for 15s, 60°C for 60s,
and extension at 95°C for 15s. All the reactions were carried
out using an ABI 7900HT machine (Applied Biosystems,
United States).

Western blot

The total protein from about 0.1g thymus of each piglet was
extracted using a RIPA lysis buffer (APPLYGEN, Beijing, China)
supplemented with 1 mM phenylmethanesulfonyl fluoride and
phosphatase inhibitor, and the concentrations of total proteins
were measured using a BCA (bicinchoninic acid) protein assay
kit (Solarbio, China). Protein supernatant was separated by
10% SDS-PAGE and transferred into PVDF membranes. After
blocking with 5% skimmed milk powder, the membranes were
incubated with appropriate primary antibodies overnight at
4°C, followed by incubation with corresponding secondary
antibodies for 1h at room temperature. The membranes
were washed thrice for 10min each, incubated with a
SuperSignal chemiluminescent substrate (Pierce), and imaged
with ChemiDoc XRS+ Imaging System (Bio-Rad). Blots
were semi-quantified using the Image] software. Primary
antibodies for NF-kB p65 (Bioss, 1:1,000) and p-NF-kB p65,
p-IkB-a (Bioss, 1:800) and phospho-IkB-a were used in
this study.

Statistical analysis

A statistical analysis was performed using the SPSS 17.0
software (SPSS Inc., Chicago, United States). All the results are
expressed in the format of mean + standard deviation (SD).
Comparisons between two or multiple groups were made by
the Student’s t-test or one-way ANOVA. A P-value of <0.05
was significant.

Results

Effects of TCM1 and TCM2 on
immunoglobulins in serum

The effects of TCM1 and TCM2 on serum immunoglobulins

are shown in Figure 1. Compared to the Con group, the
TCM2 group showed a higher concentration of IgA (P <
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TABLE 3 Primers used in this study.

Target  Gene bank Primers sequences (5’-3)
number

TNE-o NM_214022.1 F: CCAATGGGCAGAHTGGGTATG

R: TGAAGAGGACCTGGGAGTAG
1L-6 NM_001252429.1 F: TGGCTACTGCCTTCCCTACC

R: CAGAGATTTTGCCGAGGATG
IL-8 NM_213867.1 E: TTCGATGCCAGTGCATAAATA

R: CTGTACAACCTTCTGCACCCA
GAPDH NM_001206359 F: ACTCACTCTTCCACTTTTGATGCT

R: TGTTGCTGTAGCCAAATTCA
MyD88 NM_001099923.1 F: TGGTAGTGGTTGTCTCTGATGA

R: TGGAGAGAGGCTGAGTGCAA

NF-kB NM_001048232.1 F: CTCGCACAAGGAGACATGAA
R: ACTCAGCCGGAAGGCATTAT
TLR4 NM_001113039.1 F: GCCATCGCTGCTAACATCATC

R: CTCATACTCAAAGATACACCATCGG

0.01) on day 30 and a higher concentration of IgG (P <
0.05) on day 60. Furthermore, the TCM1 group showed higher
serum levels of IgM (P < 0.05) on day 30, and the TCM2
group showed a higher concentration of IgM (P < 0.01) on
day 30.

Effects of TCM1 and TCM2 on
complement in serum

The effects of TCM1 and TCM2 on serum complement are
shown in Figure 2. Compared to the Con group, the TCM1 and
TCM2 groups showed the highest concentration of C3 (P <
0.01) on day 30. No dramatic difference was observed in the
serum concentrations of C3 among the three groups on day
60. The TCM2 group showed the highest concentration of C4
(P < 0.01) on day 30, and the TCM1 group showed a higher
concentration of C4 (P < 0.05) on day 30. Furthermore, the
TCM1 group showed highest serum levels of C4 (P < 0.01) on
day 60.

CSFV and PRRSV antibodies in finishing
pigs

CSFV and PRRSV antibodies in the finishing pigs are
evaluated in Figure 3. Compared to the Con group, the TCM1

and TCM2 groups showed the highest concentration of CSFV
and PRRSV antibodies (P < 0.01) on day 30.
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Effect of TCM1 and TCM2 on serums IgA, IgG, and IgM in finishing swine.
(*P < 0.05, **P < 0.01). Below is the same. (A) IgA level. (B) IgG level. (C) IgM level.
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FIGURE 2

Effect of TCM1 and TCM2 on the levels of serums C3 and C4 in finishing swine. (A) The serum C3 level. (B) The serum C4 level. "*" indicates
significant difference compared with control group (*P < 0.05 and **P < 0.01).
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Effects of TCM1 and TCM2 on
TLR4/MyD88/NF-kB pathway-related
MRNA and protein levels

The effects of TCM1 and TCM2 treatments on mRNA
expression levels of the TLR4/MyD88/NF-kB signaling pathway
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in thymus tissues of the finishing pigs are shown in Figures 4A,B.
Compared to the Con group, the mRNA expression levels of
MyD88 were decreased in the TCM1 and TCM2 (P < 0.01)
treatments; NF-kB levels in all the treatments group were
decreased and significant in TCM1 (P < 0.05) and TCM2 (P
< 0.01). Similarly, the levels of TLR4 were downregulated in
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FIGURE 3
Effect of TCM1 and TCM2 on CSFV and PRRSV antibodies in finishing swine. (A) The concentration of CSFV antibody. (B) The concentration of
PRRSV antibody. “*" indicates a significant difference compared with control group (*P < 0.05 and **P < 0.01).

the TCM1 (P < 0.05) and TCM2 (P < 0.01) treatments. The
protein levels of P65, p-P65, IkBa, and p-IkBo were notably
increased (P < 0.01 or P < 0.001) in the TCM1 and TCM2
groups (Figures 5A-C). Additionally, the p-P65/P65 ratio and
the p-IkBo/IkBa ratio in both TCM1 and TCM2 groups was
down-regulated (P < 0.01 or P < 0.001) in comparison with the
control group.

Effects of TCM1 and TCM2 on
inflammatory cytokine mRNA levels

The effects of TCM supplementation on thymus tissue
mRNA expression levels of IL-6, IL-8 and TNF-a are shown
in Figures 4C,D. Compared to the Con group, the mRNA
expression levels of IL-8 and TNF-a declined. IL8 levels in all
the treatment groups were decreased and significant in TCM1
and TCM2 (P < 0.05). Similarly, the levels of TNF-a were
downregulated in the TCM1 (P < 0.01) and TCM2 (P <
0.05) treatments.

Discussion

In recent decades, medicinal plants have attracted much
attention because of their significant bioactivities such as
increasing growth performance, antioxidant activity, antiviral
activity, and immunomodulatory activity, which make them
suitable as antibiotic replacements (15). TCM as an alternative
to antibiotics is receiving more and more attention. Numerous
studies have been demonstrated that TCM poses lots of
function to livestock and poultry breeding, such as anti-
inflammatory, oxidation resistance, resistance to allergy, protect
the cardiovascular and antitumor (16, 17). Animal immune
response to infection is closely related to immunoglobulin levels.
Humoral immunity could help the body prevent infections
and diseases, which are mediated by the IgA, IgM, and IgG
antibodies (18, 19). It has been found that polysaccharides of
traditional Chinese medicine alleviated the decrease of serum
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IgG concentration in broilers treated with cyclophosphamide
(20). Similarly, polysaccharides of traditional Chinese medicine
significantly increased the values of immune organ indices
and serum IgM and IgG in mice and rats (21, 22). The
polysaccharides of traditional Chinese medicine injection
increased the content of IgG, IgM, and IgA in weaned piglets
(15). We found that adding TCM1 and TCM2 as feed additives
in the finishing pigs increased IgA, IgG, and IgM levels
compared to the Con group. The complement system restricts
viral infections through both classical and alternative pathways
(23, 24). They contain numerous small proteins that enhance
the ability of antibodies and phagocytic cells to clear microbes
and damaged cells in the blood (25, 26). In addition, they
also can facilitate inflammation and attack cells infected with
pathogens. C3, the body’s most abundant complement, is the
body’s innate immune system central link. It can interact with
at least 25 soluble or membrane-bound proteins to activate
the complement system through classical pathways, bypass
pathways, and lectin pathways (14). In our study, the C3 and
C4 in the TCM1 and TCM2 groups were significantly higher
than those in the Con group on day 30. The results indicated
that TCM1 and TCM2 could enhance immune function in
finishing pigs.

Vaccination is often conducted in the pig industry to prevent
CSF and PRRS, but there are many factors that can affect its
effectiveness. It was described that astragalus polysaccharide
and oxymatrine can synergistically improve the immune efficacy
of Newcastle disease vaccine in chicken (27). Additionally,
Chinese herbal medicine additives can improve the level of
antibody against classic swine fever (28). We found that adding
TCMI and TCM2 could increase the levels of antibody against
CSFV and PRRSV compared to the Con group. These results
indicated that TCM1 and TCM2 could enhance the immune
response of finishing pigs by increasing the levels of CSFV and
PRRSV antibodies.

In the past few years, a study has shown that many
kinds of polysaccharides of TCM have immunomodulatory
effects through the TLR4/MyD88/NF-kB signaling pathway
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(29). TNF-a has the characteristics of a multifunctional
pro-inflammatory cytokine with an important role in the
pathogenesis of inflammatory diseases in this pathway (30).
TNF-a activated phosphorylate IkB and induced its degradation,
in parallel with leading to the liberation of NF-kB, and evoking
the expression of a variety of genes, which participate in
inflammatory responses (31). Our results showed that TCM1
and TCM2 could reduce the expression levels of genes (TLR-4,
MyD88, NF-kB, TNF-a, IL6, and IL8) and proteins (IkBa, p-
IkBa, p65, and p-p65) to different degrees. Furthermore, this
activation was significantly inhibited by TCM1 and TCM2,
suggesting that TCM1 and TCM2 exerted important effects
resulting in reduced inflammation. Our results showed that
TCM1 and TCM2 could act on the NF-kB signaling pathway and
reduce the body’s inflammatory response, thereby improving the
immune performance.

Conclusion

In summary, the results showed that TCM1 and TCM2 had
a significant inhibition of inflammation and low toxicity. These
positive effects indicate that TCM1 and TCM2 can be dietary
additives for animals to enhance humoral immunity.
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Weaning transition generally impairs the immune system, inducing immune
disturbance, which may be associated with post-weaning diarrhea and high
mortality in piglets. The spleen is a pivotal lymphatic organ that plays a key
role in the establishment of the immune system. Traditional Chinese medicine
(TCM) prescriptions, XiaoJianZhong (XJZ) and Jiansananli-sepsis (JSS), are
widely used prescriptions for treating spleen damage and diarrhea. Here, we
hypothesized that XJZ and JSS maintain the spleen physiological function
by ameliorating antioxidant capacity and inflammatory response in weaned
piglets. In this study, 18 weaned piglets were assigned to the Control, XJZ
and JSS groups. By hematoxylin and eosin staining, hematological analysis,
flow cytometric analysis, gRT-PCR and western blot, the effects of both TCM
prescriptions on the spleen antioxidant defense system and inflammatory
pathway were explored. Results showed that both TCM treatment significantly
ameliorated the weaning-induced morphological damage in piglets, as
evidenced by clearer and more perfect spleen histology, as well as higher
relative area of white pulp. Meanwhile, both XJZ and JSS exerted better blood
parameters, as supported by the changes of monocyte level and lymphocyte
subpopulations CD4+/CD8+ ratio. Furthermore, the levels of inflammatory
markers, IL1B, IL6, IL8, and TNF-a in the spleen were markedly decreased
after supplemented with both TCM prescriptions. Importantly, the inhibition of
nuclear factor-kappaB (NF-kB) and its downstream effector genes (IL6, IL8, and
TNF-a) in both XJZ and JSS treatment groups further confirmed alleviation of
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inflammatory responses in the spleen. In addition, both XJZ and JSS enhanced
the antioxidant capacity of the spleen by activating the nuclear factor
erythroid 2-related factor 2 (Nrf2)-activated antioxidant defense system.
Notably, the results of PCA and network correlation analysis indicated that
XJZ and JSS treatment altered the expression profiles of inflammatory and
antioxidant-related factors in the spleen of weaned-piglets, which may involve
the synergy of NF-kB and Nrf2 signaling pathways. In summary, our study
showed that TCM prescriptions, XJZ and JSS could ameliorate inflammatory
response and antioxidant capacity in the spleen by synergistically regulating
NF-kB and Nrf2 signaling pathways in piglets.

weaning stress, spleen function, traditional Chinese medicine, antioxidant capacity,
anti-inflammatory

Introduction

Weaning stress could impair immune system development
and intestinal barrier function in piglets, resulting in growth
inhibition, secondary infection, diarrhea and even death (1).
Meanwhile, due to its weak immune and digestive system in
weaned piglets, once the potential diseases are induced by stress,
it will not only cause economic losses, but also damage animal
welfare (2). Diarrhea and stress-induced secondary bacterial or
viral infections are leading causes of mortality in weaned piglets.
Hence, improving the immunity of piglets may be a feasible
method to against weaning stress (3, 4). In the past decades,
antibiotic, as a feed additive, has been employed in increasing
daily gain and preventing disease of piglets or other economical
animals (5, 6). Likewise, it also plays an important role in
bacterial diarrhea control (6). However, the abuse of antibiotics
has led to the multi-antibiotic and resistance antibiotic residue
(7, 8). Many countries or regions, such as the United States,
China, and European Union, have clearly stipulated that the
use of antibiotics as feed additives is prohibited. Crucially, the
antibiotics cannot fundamentally ameliorate the immune state
of piglets, but affect the colonization and proliferation of normal
or beneficial gut microflora (9). Therefore, it is imperative to find
an alternative medicine with low toxicity, few side effects, and
high efficiency.

Traditional Chinese medicine (TCM), derived from natural
plants, has been shown to exert immune-potentiating efficacy
(10). It has almost no side effects, which effectively solves
the adverseness caused by antibiotics application. Importantly,
multiple active compounds in TCM prescription could hit
various targets and exert synergistic therapeutic efficacy (11).
As classic TCM prescriptions, XiaoJianZhong (XJZ) and
Jiansananli-sepsis (JSS) prescriptions have been used in China
and Asian countries for hundreds of years, and they have been
proven to boost immunity and treat diarrhea. However, the
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mechanism is still not fully understood. Previous study showed
that both XJZ and JSS could increase the growth performance
and control diarrhea induced by weaning in piglets (9, 12, 13).
Here, we speculated that the alleviation of weaning-induced
growth inhibition and diarrhea by XJZ and JSS is related to the
improved spleen development in piglets. It is well-known that
the spleen, as largest secondary immune organ, is responsible
for initiating immune response to blood-borne antigens in
the body, and filtering non-self-substances and damaged cells
from the blood (14). Meanwhile, the spleen is a storage
organ for T lymphocytes (Lym), which provides protection
against pathogens and tissue damage (15). Maintenance of
normal spleen function is extremely important for growth
and development of young animal as it is involved in the
maturation of digestive and immune processes (16). However,
the spleen is sensitive to stress, inducing inflammatory responses
and oxidative damage. It is well-known that nuclear factor-
kappaB (NF-kB) and nuclear factor erythroid 2-related factor 2
(Nrf2) are transcription factors that regulate genes responsible
for inflammatory and anti-oxidant response, respectively. NF-
kB signaling and its subsequent pro-inflammatory cytokine
expression, oxidative stress, apoptotic and anti-apoptotic genes
play a critical role in stress-induced spleen injury. Recent studies
have shown that weaning-induced inflammatory response and
oxidative stress are the main causes of spleen damage in piglets
(17, 18). Therefore, the main purpose of this study was to
investigate the effects of TCM prescription, XJZ and JSS on
spleen morphology, inflammatory response and antioxidant
defense system in weaned piglets to test our above hypothesis.

QOur results found that both XJZ and JSS could ameliorate
blood parameters, relieve spleen morphological damage, elevate
the peripheral blood Lym subpopulations CD4+4/CD8+ ratio,
alleviate inflammation and improve antioxidant capacity in the
spleen of weaned-piglets by synergistically regulating NF-kB and
Nrf2 signaling pathways.
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Materials and methods

Animals, experimental design and rations

The experiment was performed at JiangXi Agricultural
University’s Researching and Teaching Base lasted 60 days. All
experimental protocols were approved by the Committee for
the Care and Use of Experimental Animals, Jiangxi Agricultural
University, Jiangxi, China. Eighteen weaned-piglets (17.37 £
1.32kg, Large White x Landrace x Duroc) at 40 days of age
were randomly divided into three groups (n = 6) according to
weight and sex. The three experimental groups were fed with
the same basic diet, and it was designed to meet the nutritional
level of the piglets ((19), Supplementary Table 1). Experimental
groups included: (I) Control group (basal diet), (II) XJZ group
(basal diet plus 10 g/kg XJZ prescription), or (III) JSS group
(basal diet plus 3 g/kg JSS prescription). The doses for TCM
groups (XJZ and JSS) were determined based on our preliminary
tests and previous study (9). All raw materials for XJZ and
JSS prescriptions were provided by The Spirit Jinyu Biological
Pharmaceutical Co., Ltd (Huhhot, Inner Mongolia, China). All
dried Chinese herbs were smashed through a 2.5mm screen
sieve. Composition and main active constituents of XJZ and JSS
are presented in Table 1.

Sample collection

Blood samples were collected from the jugular vein using
EDTA tubes for hematological analysis and flow cytometry.
Piglets were euthanized by intravenous injection of sodium
pentobarbital 40 mg/kg-BW. The abdominal cavity was then
opened, and the spleen tissue was immediately harvested. The
spleen index was calculated following the formula: spleen index
= weight of spleen (g)/body weight (kg). Small pieces of spleen
tissue were fixed in 4% formaldehyde solution until hematoxylin
and eosin (H&E) staining. All remnant spleen tissues were kept
frozen at —80°C until needed.

H&E staining

The spleen tissues were taken from 4% formaldehyde
solution and embedded in paraffin. The paraffin sections
were then deparaffinized in xylene and rehydrated in a high-
ethanol-to-water gradient (from 70 to 100%). Following that,
sections were stained with hematoxylin and differentiated with
1% HCI in 70% alcohol. The sections were stained with
eosin after being rinsed with tap water, then dehydrated
and differentiated as described above. Finally, the sections
were washed with xylene and mounted with neutral resin.
To observe the histopathological changes of the spleen, the
sections were examined under a light microscope. The spleen
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TABLE 1 Composition and main active constituents of XJZ and JSS
(air-dried basis)?.

Scientific name Main active ingredients Proportion (%)

XJZ prescription

Cassia twig Cinnamaldehyde 13
Glycyrrhiza uralensis Glycyrrhizin 4
Ziziphus zizyphus Jujuba polysaccharide 4
Cynanchum otophyllum Paconiflorin 13
Zingiber officinale Roscoe  Ginger oleoresin 6
Rhizoma atractylodes Atractylodine 14
Atractylodes macrocephala  Biatractylolide 10.5
Poria cocos Pachymaran 10.5
Coptis chinensis Franch Berberine 4
Maltose Maltose 21
Total 100
JSS prescription

Nepeta cataria L. Nepeta cataria oil 16.5
Radix saposhnikoviae Chromone glycoside 16.5
Notopterygium incisum Notopterol 16.5
Radix angelicae pubescentis Heraclenin 16.5
Radix bupleuri Saikosaponin 10
Radix peucedani Peucedanin 10
Poria cocos Pachymaran 10
Glycyrrhiza uralensis Glycyrrhizin 4
Total 100

#Main active constituents of TCM come from Chinese pharmacopeia (2005).

damage score was performed using a blinded fashion method
according to previous studies (20, 21). The scoring rules are
as follows: normal structure (0 point), granule denaturation
(1 point); vacuolar degeneration (2 points), and apoptotic or
necrosis (3 points).

Hematological analysis

Hematology was performed in Ethylene Diamine Tetraacetic
Acid (EDTA) full blood by automatic whole blood count (BC-
5000 Vet, Mindray, China). The levels of white blood cells
(WBC), Lym, monocytes (Mon), neutrophil (Neu), eosnophils
(Eos) and basophil (Bas), red blood cell (RBC), hemoglobin
(HGB), hematokrit (HCT), mean corpuscular volume (MCV),
mean corpuscular hemoglobin (MCH), MCH concentration
(MCHC), and platelets (PLT) were analyzed.

Flow cytometric analysis

Peripheral blood single cell suspensions of lymphocytes and
flow cytometric were performed as described in previous studies
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(22, 23). For T-cell phenotyping, blood samples were double-
stained with monoclonal antibodies for CD4 (PE-Cy™7 Mouse
Anti-Pig CD4, BD, USA) and CD8 (APC Mouse Anti-Pig CDS8,
BD, USA) or the corresponding isotype controls. The ratio
CD4+/CD8+ was calculated based on the relative percentage of
CD4+4 and CD8+-.

ELISA kit assay

The levels of inflammatory markers in the spleen were
measured using the Interleukin (IL)-1B (Beijing Chenglin
Biological Technology Co., LTD., China, AD0125Po), Porcine
IL-6 (Beijing Chenglin Biological Technology Co., LTD.,
China, AD0120Po), Porcine IL-8 (Beijing Chenglin Biological
Technology Co., LTD., China, AD0056Po), and tumor necrosis

10.3389/fvets.2022.993018

factor alpha (TNF-a, Beijing Chenglin Biological Technology
Co., LTD., China, AD0070Po) ELISA assay kits according to the
manufacturer’s protocol, respectively.

Quantitative real-time polymerase chain
reaction

Quantitative real-time polymerase chain reaction (qRT-
PCR) was used to determine the mRNA expression of
inflammation and antioxidant-related genes. Briefly, the total
RNA was isolated using the TransZol Reagent (TransGen
Biotech, Beijing, China). The complementary DNA (cDNA) was
synthesized using a TransScript~ One-Step gDNA Removal
and ¢cDNA Synthesis SuperMix reagent kit (TransGen Biotech,
Beijing, China) according to the kit's instructions. Then,
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it was stored at —20°C for SYBR Green qRT-PCR. All
primer sequences were designed by OLIGO7 and presented
in Supplementary Table 2. Relative gene expression levels were

AACT

assessed using the 27 method and normalized to the

housekeeping genes GAPDH and f-actin.

Western blot

Total protein of spleen was extracted with RIPA Lysis buffer.
The details of Western Blot were consistent with our previous
(9). The blots were semi-quantified using Image ] software.
The primary antibodies for NF-kB p65 (Cell Signaling, 6956,
1:1,000), phospho-NF-kB p65 (p-NF-kB p65, Cell Signaling,
3033, 1:1,000), inhibitor of NF-kBa (IkB-a, Cell Signaling,
4814, 1:1,000), phospho-IkB-a (p-IkB-a, Cell Signaling, 9246,
1:1,000), Nrf2 (Proteintech Group, 16396-1-AP, 1:1,000), Heme
oxygenase-1 (HO-1, Proteintech Group, 27282-1-AP, 1:1,000)
and superoxide dismutase 2 (SOD2, Abclonal, A19576, 1:1,500),
and the HRP-conjugated secondary antibody (Bioss, bs-40295G-
HRP, 1:3,000) were used in this study.

Statistical analysis

All data in this study were presented as the mean =+
standard deviation (SD). One-way analysis of variance was
used for the statistical analysis, and then Tukeys multiple
comparison test was performed with SPSS software (SPSS
Inc., Chicago, IL, USA). Principal component analysis (PCA)
and network analysis and correlation analysis were performed
using WEKEMO Bioincloud online software (https://www.
bioincloud.tech/). The statistical difference was considered
significant at P < 0.05 and highly significant at P <
0.01, respectively.

Results

XJZ and JSS prescriptions ameliorated
spleen morphological damage in piglets

To confirm the potential ameliorative effects of XJZ and
JSS on spleen microstructure, H&E staining was performed
(Figure 1). As shown in Figure 1D, in both XJZ and JSS groups,
the splenocytes were tightly and adequately arranged with
distinct nuclei and boundary between the red and white medulla,
whereas its boundary in the control group were blurred. Notably
(Figure 1A), the spleen damage score was significantly reduced
in both TCM groups (P < 0.05). Surprisingly, the relative area of
white pulp was markedly elevated after XJZ and JSS treatment (P
< 0.01). Consistent with this result, there a marked increase of
spleen index was observed after JSS treatment (P < 0.05). These
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results indicated that TCM prescriptions, XJZ and JSS, could
ameliorate the histological structure of spleen and alleviated its
morphological damage induced by weaning in piglets.

XJZ and JSS prescriptions increased
monocytes numbers in peripheral blood

To evaluate the effect of TCM on blood parameters, a blood
routine test was performed on the peripheral blood of weaned
piglets. As presented in Table 2, all blood parameters in the
Control, XJZ and ]SS groups were within the physiological
range. Compared to the Control group, supplementation with
XJZ and JSS was no significant (P > 0.05) difference on WBC,
Lym, Neu, Eos, Bas, RBC, HGB, HCT, MCV, MCH, MCHC,
and PLT. The levels of Mon in the control group were the
lowest, which was significantly lower than those in the XJZ
and JSS group (P < 0.05). These results suggested that the
supplementation with XJZ and JSS is safe for weaned piglets
at the doses used in this study and they have the potential to

improve immunity.

TABLE 2 Effects of XJZ and JSS prescriptions supplement on
hematological variables of piglets.

Items Groups
Control X)Z JSS

WBC, 10°/L 16.01 +2.38 15.89 +2.53 17.57 +2.10
Lym, 10°/L 9.92 4 1.65 9.57 +1.26 10.42 + 1.38
Lym (%) 58.64 + 10.11 61.99 + 7.96 61.18 £ 5.33
Mon, 10°/L 1.06 +0.48 1.25+0.50 1.18 +0.18
Mon (%) 56+ 1.13 6.99 + 1.36* 6.73 & 1.07*
Neu, 10°/L 5914 1.83 5.98 4 1.43 6.02 + 1.57
Neu (%) 33.34 £595 36.54 +9.03 3243 +7.15
Eos, 10°/L 0.48 +0.16 0.48 & 0.21 0.58 +0.17
Eos (%) 2714078 2.67 +1.42 3.38 +0.89
Bas, 10°/L 0.14 4+ 0.03 0.18 £ 0.05 0.15 +0.03
Bas (%) 0.80 £ 0.10 0.95 + 0.09 0.87 +0.22
RBC, 10"2/L 5.79 £0.35 5.87 £0.43 5.94 4 0.43
HGB, g/L 108.00 + 8.44 101.30 + 6.58 106.90 + 9.35
HCT (%) 31.86 4 2.50 30.44 + 1.71 31.73 +2.69
MCV (fl) 55.03 + 2.32 54,01 +2.95 53.39 +2.30
MCH (pg) 18.67 4 0.84 17.40 4 0.93 17.83 + 1.02
MCHC (g/L) 339.33 £+ 6.81 33230 + 6.43 337.10 + 5.04
PLT, 10'2/L 351.50 & 39.44 393.87 & 75.69 326.00 & 87.46

WBC, white blood cells; Lym, lymphocyte; Mon, monocytes; Neu, neutrophil; Eos,
eosnophils; Bas, baosphil; RBC, red blood cell; HGB, hemoglobin; HCT, hematokrit;
MCYV, mean corpuscular volume; MCH, mean corpuscular hemoglobin; PLT, platelets.
Results are expressed as mean + SD, one-way ANOVA, n = 6. “P < 0.05 vs. the
control group.
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XJZ and JSS prescriptions improved the
Lym subpopulations CD4+4/CD8+ ratio

To explore the effect of TCM on immune performance, we
analyzed the levels of Lym subpopulations CD4+ and CD8+.
As shown in Figures 2A,B, there was no apparently difference in
the relative proportions of CD4+ and CD8+ subpopulations (P
> 0.05). Surprisingly, both XJZ and ]SS significantly increased
the ratio of CD4+/CD8+ (P < 0.05). These results showed that
both TCM treatments could improve immune performance by
increasing the ratio of CD4+/CD8+-.

XJZ and JSS prescriptions reduced the
levels of inflammatory marker in the
spleen

Activation of inflammatory response is a hallmark of
stress-induced spleen damage in piglets. As shown in Table 3,
both TCM prescriptions obviously reduced the inflammatory
markers level of IL1f (P < 0.01), IL6 (P < 0.01), IL8 (P < 0.01 or
P < 0.05), and TNF-a (P < 0.01). Hence, there is no doubt that
XJZ and JSS prescriptions have anti-inflammatory potential.

XJZ and JSS prescriptions inhibited
NF-kB signaling pathway

NEF-kB is a key regulator of inflammation and it is involved in
both innate and adaptive immune responses. Our results showed
that both TCM treatments conspicuously suppressed the mRNA
expression of pattern recognition receptor (Toll-like Receptor
4, TLR4, P < 0.01, Figure 3A) and adapter protein (myeloid
differentiation primary response 88, Myd88, P < 0.01 or P <
0.05, Figure 3B). Likewise, the NF-kB transcription level also
significantly decreased as expected after XJZ (P < 0.05) and
JSS (P < 0.01) treatment (Figure 3C). Moreover, the mRNA
levels of NF-kB downstream pro-inflammatory factors, IL-6 (P
< 0.05 or P < 0.01) and IL-8 (P < 0.01) were also prominently
decreased (Figures 3D-F). At the protein level, there was no
significant change in the total protein level of NF-kB in the
XJZ and JSS groups (Figure 4A). As an inhibitor of NF-kB, the
levels of IkB-a were markedly increased (P < 0.05) after XJZ
treatment (Figure 4B). Importantly, the protein levels of p-NF-
kB (Figure 4C) and p-IkB-a (Figure 4D) were notably decreased
in the spleen after XJZ and JSS supplementation (P < 0.01).
Furthermore, both TCM prescriptions, XJZ and JSS, remarkably
reduced the ratio of p-NF-kB/NF-kB and p-IxB-a/IkB-a (P <
0.01, Figure 4E). These results revealed that XJZ and JSS could
relieve inflammatory response of spleen in weaned piglets via
TLR4-Myd88-NF-«kB dependent pathway.
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XJZ and JSS prescriptions activated
antioxidant system of spleen in
weaned-piglets

As a therapeutic target for many diseases and damage, Nrf2
is a switch on the endogenous antioxidant defense system. As
shown in Figures 5A-D, the protein levels of Nrf2 (P < 0.01)
and antioxidases (HO-1, P < 0.05 or P < 0.01 and SOD 2, P
< 0.01) were significantly upregulated in both TCM groups.
Likewise, both XJZ and ]SS also markedly increased the gene
expression of Nrf2 (P < 0.05, Figure 5E) HO-1 (P < 0.05 or
P < 0.01, Figure 5F) NQO1 (P < 0.05, Figure 5G) and SOD-1
(P < 0.05 or P < 0.01, Figure 5H). These results indicated that
XJZ and JSS prescriptions could promote the spleen antioxidant
capacity in weaned piglets by stimulating Nrf2 antioxidant
defense response.

XJZ and JSS prescriptions alleviated
spleen damage via crosstalk of NF-kB and
Nrf2

To determine the role of NF-kB and Nrf2 signaling pathways
in TCM prescription ameliorating spleen damage, the PCA,
network and correlation analysis were applied. As shown in
Figure 6A, there was no overlap among these groups, indicating
that the expression profiles of inflammation-related genes and
antioxidant-related factors were significantly changed after XJZ
and JSS treatment. Network analysis (Figure 6B) showed that the
damage score and SOD2 were located at the center, suggesting
that they are associated with the expression of multiple factors.
It is worth emphasizing that there was a markedly (P < 0.05
or P < 0.01) positive correlation between the damage score
and the levels of p-NF-kB/NF-kB, p-IkB-a/IkB-a, IL-18, and
IL-6. Moreover, an obvious negative correlation was observed
between the damage score and the expression of HO-1, and
SOD2 (P < 0.05 or P < 0.01). Of note, correlation analysis
revealed that there was a crosstalk between inflammatory
signaling pathway and antioxidant defense system, (Figure 6C)
as reflected by a significant (P < 0.05 or P < 0.01) correlation
between antioxidant molecules (Nrf2, HO-1, SOD2) and NF-
kB signaling pathway (TLR4, Myd88, p-NF-kB, p-IkB-a, p-NF-
kB/NF-kB, p-IkB-a/IkB-a, IL-1f, IL-6, IL-8, and TNF-a). These
results suggested that XJZ and JSS intervention may alleviate
spleen injury in weaned piglets via the crosstalk of NF-kB-
mediated inflammatory signaling pathway and Nrf2-mediated
antioxidant defense system.

Discussion

For thousands of years, TCM prescription has contributed to
human health in China and Asian countries. The compatibility
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FIGURE 2
Effects of XJZ and JSS prescriptions on proportion of CD4+ and CD8+ subpopulations in peripheral blood of piglets. *P < 0.05 vs. the control
group. Data are expressed as means + SD. (A) Statistical analysis of Lymphocyte Subpopulations CD4+ and CD8+. (B) Flow cytometry analysis
of CD4+ and CD8+.

of prescription drugs is strictly in accordance with the theory
of TCM. It is well-known that most of TCM are derived
from natural plants or minerals, and the pharmaceutical
activities and therapeutic effects of these natural ingredients have
been proven and witnessed in long-term clinical applications
(24). XJZ and ]SS prescriptions have been used in China
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for hundreds of years, mainly for the treatment of organ
function injury and body fatigue. The main ingredients of
the XJZ prescription include Cassia Twig (13%), Cynanchum
otophyllum (13%), Rhizoma Atractylodes (14%), Atractylodes
macrocephala (10.5%), Poria cocos (10.5%), Maltose (21%).
Among these materials, the main effect of maltose is to improve
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the palatability of the prescription, and Cassia Twig (25),
Cynanchum otophyllum (26), Rhizoma Atractylodes (27) have
been shown to have anti-inflammatory and antiviral properties,
and extracts of Atractylodes macrocephala (28), Poria cocos
(29) exert antioxidant properties. In JSS prescription, the
main components, Nepeta cataria L., Radix Saposhnikoviae,
Notopterygium incisum, and Radix Angelicae pubescentis have an
extensive range of biological activities, including antimicrobial,
antioxidant and anti-inflammatory, as well as anti-ulcer and
insecticidal properties (13, 30, 31). Due to the complex
pathogenic factors and various diseases caused by weaning
stress, the clinical effect of monotherapy may not meet
expectations (1). In addition, Western medicine is increasingly
inclined to use multiple drugs to synergistically treat some
multi-organ damage diseases and immunosuppressive diseases,

TABLE 3 Effect of XJZ and JSS prescriptions on spleen inflammatory
markers of weaned piglets.

Item Con XJZ JSS

IL-1, ng/L 88.32 + 4.98 74.33 =+ 5.54** 76.05 + 4.83**
IL-6, ng/L 45.74 £ 3.69 36.88 & 2.85** 36.89 + 2.63**
IL-8, ng/L 71.10 4 4.29 58.55 % 3.45** 65.34 = 3.51%
TNF-a, ng/L 79.25 4 5.82 65.44 + 5.16** 66.42 = 4.88**

IL-1B, interleukin-1p; IL-6, interleukin-6; IL-8, interleukin-8; TNF-, tumor necrosis
factor-alpha. Results are expressed as mean & SD, one-way ANOVA, n = 6. “P < 0.05
and "'P < 0.01 vs. the control group.

10.3389/fvets.2022.993018

such as AIDS (32). Weaning stress induces oxidative damage
(33), diarrhea (9), multi-organ inflammation (34), and reduced
immune function in piglets. Therefore, the use of TCM
treatment has unparalleled advantages.

The spleen is an immune organ innervated by sympathetic
nerves, which together with the adrenomedullary system control
splenic immune functions (35). In addition, as an important
lymph organ, the spleen is the center of cellular immunity
and humoral immunity, which can exert anti-inflammatory and
antiviral effects by regulating lymphoid tissues and immune-
related cytokines (36). Meanwhile, the structure and function
of the spleen is comprehensive and is involved in digestion,
absorption, energy conversion, and immune regulation. Based
on the above concept, for weaned-piglets, with immature
digestive and immune systems, maintaining or improving the
spleen structure and function is critical. Study indicated that
the immune state of organisms can be reflected by the spleen
index (37, 38). In our study, JSS notably elevated the spleen index
of piglets, meanwhile, both XJZ and JSS groups ameliorated
the microstructure of spleen, and alleviated the morphological
damage induced by weaning stress. Notably, the relative area of
white pulp was increased after supplementation of XJZ and JSS.
The white pulp and the red pulp are two distinct parts of the
spleen’s anatomy. Lymphoid tissue, mostly lymphocytes (T cells
and B cells) and macrophages, make up the white pulp. Thus,
the promotion in the white pulp and spleen index suggested an
increase in the immune function of the spleen. In line with Lee
et al. (22) reported that exposure of spleen cells to a turmeric
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Effects of XJZ and JSS prescriptions on antioxidant defense system of spleen in weaned piglets. *P < 0.05 and **P < 0.01 vs. the control group.
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extract (zingiberaceae, similar to zingiber officinale roscoe) in ingredients can be linked to the increase in the region of white
vitro elevated the proliferation of lymphocyte. Speculatively, pulp in the spleen. Importantly, the results of peripheral blood
the promotion of lymphocyte proliferation by certain active Mon proportion and CD4+/CD8+ ratio of T-lymphocytes
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Effects of XJZ and JSS prescriptions on the interaction of inflammation-related and antioxidant-related molecules in the spleen of weaned
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Correlation analysis between NF-kB-mediated inflammatory pathway and Nrf2-mediated antioxidant defense system. *P < 0.05 and **P < 0.01
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also supported the enhancement of immune function. As the
largest white blood cell, Mon plays a vital role in immune
response, phagocytosis, and clearing injured senescent cells
). Furthermore, CD4+ and CD8+ T cells
are the central factors of immune regulation and immune
response. The CD4+4-/CD8+4 ratio was significantly increased
after treatment with XJZ and JSS prescriptions, suggesting that
the blood immunity of piglets in both XJZ and JSS groups were
improved. In other words, the susceptibility to the disease was
reduced. The ameliorative effect of TCM prescription on the
blood immunity of piglets may be related to the enhancement

or its debris (39

of immune response activity by some of their active ingredients.
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For example, in chickens, the expression of a family of innate
immune response genes were up-regulated when supplemented
with cinnamaldehyde in the diet (40). Moreover, our previous
study found that both XJZ and JSS prescriptions could improve
the growth rate and reduce the rate of diarrhea in piglets
(9). Therefore, these results suggested that XJZ and JSS could
promote the growth performance, control diarrhea induced by
weaning stress, and improve the blood immune-related factors
level, which may be related to maintaining the spleen function
of weaned piglets.

Inflammatory and oxidative damage induced by weaning
or other stress are the key factors contributing to the decline
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of spleen physiological function in piglets (15). NF-kB is
a nuclear transcription factor that is activated by pattern
recognition receptors and mediates the splenic inflammatory
response. TLR4 is the first pattern recognition receptors
discovered, which can activate Myd88 and NF-kB, thereby
promoting the release pro-inflammatory cytokines and gene
transcription (29). An earlier study showed that the TCM extract
reduced proinflammatory cytokines, reduced oxidative stress,
and boosted antioxidant protection system in a mouse model
of sepsis, preventing spleen and liver injury (41). Similarly, Rao
et al. demonstrated that, in LPS-stimulated RAW264.7 cells,
JSS prescription exerted precise anti-inflammatory effects that
are regulated by suppression of the NF-kB signaling pathway
(13). In our study, both TCM groups apparently reduced pro-
infammatory factors level of IL-1f, IL-6, IL-8, and TNF-«a in the
spleen, consequently verifying the anti-inflammatory effect of
both XJZ and JSS. Moreover, excessive release of inflammatory
factors causes cytokine imbalance and immune dysfunction,
further injuring the spleen function. The activation of the NF-
kB inflammatory signaling pathway is linked to the production

10.3389/fvets.2022.993018

of these inflammatory cytokines. Consistent with Xu et al. (42)
findings, both XJZ and JSS treatments reduced TLR4, MyD88,
and NF-kB mRNA levels, together with the phosphorylated
protein of p-NF-kB and p-IkB-a. These results suggested that
XJZ and ]SS prescriptions targeted the NF-kB inflammatory
signaling pathway and ameliorated weaning-induced splenic
inflammatory injury. In addition, the inhibition of inflammatory
response may be related to the activation of spleen antioxidant
defense system by TCM prescription.

Oxidative damage occurs when biomolecules such as
lipids, DNA, and proteins are oxidized, resulting in reduced
functionality of basic physiological processes. Additionally,
oxidative stress is often associated with inflammation. As
ulcerative colitis (UC) strikes, for example, a vast of Lym
and macrophages are activated; these cells then migrate to the
damaged mucous membrane, where they produce an excessive
amount of oxygen free radicals, damaging or even killing the
inflammation region (43). Oxidative stress activates molecular
pathways that trigger inflammation and can directly contribute
to spleen damage. This type of tissue injury is considered

TCM prescriptions &_\!
—‘ ¥ &
<8 *A’V
XJZ P |
J
\\ Weaned piglet
TLR4 WS> Splcen function T
splenocyte /
Myd88
IxB-o
NF-«B
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Antioxidase:
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FIGURE 7

Schematic diagram illustrating the proposed mechanism of XJZ and JSS ameliorates spleen inflammatory response and antioxidant capacity by
synergistically regulating NF-kB and Nrf2 signaling pathways in weaned-piglets.

Frontiersin Veterinary Science

frontiersin.org
86


https://doi.org/10.3389/fvets.2022.993018
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org

Chen et al.

one of the most significant mechanisms leading to organ
dysfunction. As previous study showed, weaning and other
stress induced oxidative damage to multiple organs in piglets,
such as the hepatic and intestine (33). The Nrf2 signaling
pathway, as one of the most essential defense systems, is a
vital path to stimulate the expression of antioxidants and phase
IT enzymes. Meanwhile, many natural compounds exert their
activity through it (44). Nrf2 is a transcription factor that usually
found in the cytoplasm as a dormant protein tethered to Keapl.
By binding to ARE, Nrf2 activates the expression of phase II
enzymes, such as HO-1 and NQOI, once it translocates from
the cytoplasm to the nucleus in response to oidative signals. Liu
et al. (45) found that soyasaponin, a natural active ingredient
derived from plant, provided its defense effect of anti-oxidative
stress via Nrf2 signaling pathway. Likewise, Li et al. (46)
reported that the active ingredients in TCM, such as flavonoids,
triterpenoid saponins, quinones, terpenoids, and phthalide class,
can improve the body’s antioxidant capacity by activating the
Nrf2 signaling pathway. Moreover, these active ingredients, such
as triterpenoid saponins and terpenoids, were included in both
XJZ and JSS prescriptions. In our study, we observed that both
TCM prescription treatments prominent increased antioxidant-
related gene levels of Nrf-2, HO-1, NQO-1, and SOD-1, which
suggested that XJZ and JSS prescriptions could ameliorate the
antioxidant capacity and alleviate the oxidative damage of spleen
by activating the Nrf2 signaling pathway. Meanwhile, the higher
Nrf2, HO-1 and SOD2 protein levels of TCM treatments also
supported it. Therefore, based on the above results, both XJZ and
JSS prescriptions have potential protective effects on oxidative
injury in the spleen of piglets by activating Nrf2-mediated
endogenous antioxidant system. Concomitantly, according to
the results of PCA and network analysis, we found the spleen
damage scores was at the center of the network, suggested
that it correlates with the expression of multiple molecules.
Surprisingly, there was a significant correlation between NEF-
kB-mediated inflammatory signaling axis and Nrf2-mediated
antioxidant defense system, which suggested that both XJZ and
JSS intervention may alleviate spleen damage by crosstalk of
NEF-kB and Nrf2 signaling pathways.

both
spleen
inflammatory  response by
regulating NF-kB and Nrf2 signaling
(Figure 7). Our
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The beneficial effects of
traditional Chinese medicine on
antioxidative status and
inflammatory cytokines
expression in the liver of piglets
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Tianfang Xu®, Yan Yang?®, Feibing Wang®, Guangbin Zhou’,
Xiaowang Guo?®, Huabin Cao! and Fan Yang'*

1Jiangxi Provincial Key Laboratory for Animal Health, Institute of Animal Population Health, College
of Animal Science and Technology, Jiangxi Agricultural University, Nanchang, China, 2Department
of Animal Science and Technology, Jiangxi Biotech Vocational College, Nanchang, China, *China
Institute of Veterinary Drug Control, MOA Center for Veterinary Drug Evaluation, Beijing, China,
4Jian City Livestock and Veterinary Bureau, Ji'an, China, *Jiangxi Agricultural Technology Extension
Center, Nanchang, China, ®Agricultural Technology Extension Center, Jinxi County Agriculture and
Rural Bureau, Fuzhou, China, ’Animal Epidemic Prevention and Quarantine Unit, Fengcheng
Agricultural and Rural Bureau, Fengcheng, China, 8Yichun Agriculture and Rural Affairs Bureau,
Yichun, China

Oxidative stress and inflammation seriously affected the growth and
development of piglets. Traditional Chinese medicine (TCM) prescriptions has
been used to prevent various diseases of piglets, including anti-inflammatory
and antioxidant. Here, we identified the effects of Xiao-Jian-Zhong-Tang
(XJZT) and Jingsananli-sepsis (JJS) on the oxidative stress and inflammatory
in the liver of piglets. The piglets were fed with the basal diet (Control group),
basal diet affixed with 10 g/kg XJZT (TCM | group), and basal diet affixed with
3 g/kg JJIS (TCM Il group), respectively. The serum was gathered on days 30
and 60 and the liver samples were also collected on day 60. Results showed
that the TCM | and TCM Il markedly increased the activities of the glutathione
peroxidase (GSH-Px) and total antioxidant capacity (T-AOC), and reduced the
levels of malonaldehyde (MDA), TNF-q, IL-6, and IL-8 in serum. In addition,
compared to the control group, Nrf2, SOD-1, NQO-1, and HO-1 mRNA
expression levels and the protein levels of Nrf2 and HO-1 were significantly
increased while NF-kB, TNF-a, IL-6, and IL-8 mRNA expression levels and the
phosphorylation levels of NF-kB and IkB-a were decreased in TCM | and TCM
Il 'groups. Collectively, these findings suggested that TCM | and TCM Il could
enhance anti-oxidative and anti-inflammatory capabilities in the liver of piglets
via the Nrf2/NF-kB pathway, providing a basis for the functional exploration of
TCM prescriptions.
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Introduction

The climbing requirement for animal products in recent
decades has led to the development of intensive animal
production systems which has been demonstrated to produce
stress responses in animals (1). Most human practices toward
animals could lead to stress responses like climate change, social,
environmental, and immunological stress, thereby causing
oxidative stress (2-4). In consideration of global climate change,
heat stress as a kind of oxidative stress brings about hundreds
of millions of dollars of economic losses in the swine industry
annually (5). Therefore, combatting oxidative stress is absolutely
crucial for the swine industry. Generally, there is an imbalance
between the production of reactive oxygen species (ROS) and the
biological ability to clear reactive intermediates (6). When out of
control, the imbalance of ROS dynamic is hazardous to cellular
macromolecules, posing toxic effects in the function and survival
of numerous organs (7). Elevated levels of oxidative stress can
impair milk production and reproductive performance of sows,
which can affect not only the life of sows, but also the health of
piglets (8). On the other hand, the occurrence of inflammation
could be caused by increased ROS (9). Inflammation is an aspect
of the immune response to injury and disease, whose process is
closely related to the occurrence of oxidative stress (10). Thus,
the two processes are crucial targets of developing therapeutics
against numerous diseases.

TABLE 1 Composition and nutrient levels of basal diet (air-dry basis).

Ingredients Content Analyzed Content
(%) composition, g/kg (%)

Maize 55.80 DM 89.21

Soybean meal 16.30 DE? (MJ/kg) 14.36

Fermented soybean meal 7.00 Crude Protein (CP, %) 19.63

Wheat middling 4.50 Lysine 1.32

Fish meal 2.50 Methionine 0.43

Dried porcine solubles 2.50 Methionine 4 Cystine 0.77

Whey powder 6.25 Threonine 0.81

Soy oil 1.65 Calcium 0.96

Lysine 0.25 Total phosphorus 0.60

Methionine 0.10 Total 100.00

Limestone 1.05

CaHPH4 0.80

NaCl 0.30

Vitamin-mineral premix! 1.00

Total 100.00

"The premix provides following per kilogram diet: Vitamin A 8 000 IU, Vitamin D 2 500
IU, Vitamin E 15 mg, nicotinic acid 20 mg, D-pantothenie 10 mg, riboflavin 4 mg, biotin
0.06 mg, folic acid 0.2 mg, thiamine 2 mg, choline chloride 500 mg, copper 165 mg, iron
110 mg, manganese 80 mg, zinc 330 mg, selenium 0.20 mg.

2Digestible energy is calculated value according to ingredients energy, the others are
measured values.
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Currently, traditional Chinese medicine (TCM) composed
of natural plant derivative has been practiced to improve farm-
animal health and prevent various diseases (11, 12). Compound
preparations can potentially exert multiple effects in a distinct
mechanism that is expected to reach more comprehensive effect
by targeting multi pathways and multi targets (13). Xiao-Jian-
Zhong-Tang (XJZT) consists of 10 medicinal herbs (Cassia
Twig, Glycyrrhiza uralensis, Ziziphus zizyphus, Cynanchum
otophyllum, Zingiber officinale Roscoe, Rhizoma Atractylodes,
Atractylodes macrocephala, Poria cocos, Coptis chinensis
Franch and Maltose) and is currently used to treat chronic liver
diseases (14). Jingsananli-sepsis (JSS) composed of 8 medicinal
herbs (Nepeta cataria L, Radix Saposhnikoviae, Notopterygium
incisum, Radix Angelicae pubescentis, Radix bupleuri, Radix
Peucedani, Poria cocos, and Glycyrrhiza uralensis), which
have been used in the treatment of grippe, and fever with a
long history (15). These may be related to their prescriptions
composition consists with various types of antimicrobial,

TABLE 2 Composition and main active constituents of TCM | and TCM
I (air dry basis)*.

Latin name Main active Used part  Content
constituent (%)
TCMI
Cassia Twig Cinnamaldehyde Dried twig 13.0
Glycyrrhiza uralensis Glycyrrhizin Dried root 4.0
Ziziphus zizyphus Jujuba polysaccharide Dried 4.0
fructification
Cynanchum otophyllum Paeoniflorin Dried root 13.0
Zingiber officinale Roscoe  Ginger oleoresin Dried root 6.0
Rhizoma atractylodes Atractylodine Dried root 14.0
Atractylodes macrocephala  Biatractylolide Dried root 10.5
Poria cocos Pachymaran Dried 10.5
sclerotium
Coptis chinensis Franch. Berberine Dried root 4.0
Maltose Maltose - 21.0
Total 100.0
TCM II
Nepeta cataria L. Nepeta Cataria Oil Dried stem 16.5
Radix Saposhnikoviae Chromone glycoside  Dried root 16.5
Notopterygium incisum Notopterol Dried root and 16.5
stem
Radix Angelicae pubescentis Heraclenin Dried root 16.5
Radix bupleuri Saikosaponin Dried root 10.0
Radix Peucedani Peucedanin Dried root 10.0
Poria cocos Pachymaran Dried 10.0
sclerotium
Glycyrrhiza uralensis Glycyrrhizin Dried root 4.0
Total 100.0

! Main active constituents of TCM come from Chinese pharmacopeia (2005).
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immunoregulatory, anti-oxidative and anti-inflammatory active
substances (16, 17). Many functional components in these two
of TCM, including flavonoids, volatile oils, polysaccharides
and organic acids have been demonstrated that were closely
related to the immunity enhancement. The flavonoids have
antioxidant activity of reduction of free radical formation
and free radical scavenging (18). Volatile oil, a major active
compound of many herbs, is known to inhibit oxidative
stress, and inflammation (19). Additionally, polysaccharides and
organic acids are also widely used in inhibits oxidative stress,
bacterium and virus (20, 21).

Nuclear factor E2 related factor 2 (Nrf2) acts as a main
regulatory factor in preserving cellular defense against oxidative
stress. Evidence have been provided that it is responsible for
the protection of liver injury and inflammation caused by
oxidative stress in the way of regulating antioxidant proteins
expression levels (14, 22). On the other hand, many in vivo
and in vitro experiments have demonstrated that oxidative stress
could activate NF-kB pathway. Additionally, the activation of
NF-kB is thought to be a response to oxidative stress. This
signaling pathway is a master regulator of inflammation and
may the target of the anti-inflammatory effect of TCM. TCM
are usually used to counteract diseases. Whereas studies on
the effects of TCM with respect to their anti-inflammatory and
anti-oxidative response are rather scanty. Hence, this study

TABLE 3 Primers used in this study.

10.3389/fvets.2022.937745

explored the potential effects of TCM prescriptions (10 g/kg
XJZT and 3g/kg JSS) as feed additives on antioxidative status and
inflammatory reaction in piglets, to shed light on the functional
role of XJZT and JSS prescriptions.

Materials and methods

Animal treatments

All experimental procedures were performed by Jiangxi
Agricultural University Animal Care and Use Committee. The
experiment lasted for 60 days, and a total of thirty crossbred
(Durox x Landrace x Yorkshire) piglets (weight 21.43 £
2.86kg) were randomly allotted to three dietary treatments
groups on average according to initial body weight. The dietary
treatments were basal diet (control group), 10 g/kg Xiao-Jian-
Zhong-Tang (XJZT) combination with basal diet (TCM I group)
and 3 g/kg Jingsananli-sepsis combination with basal diet (TCM
IT group). The composition and nutrient levels of basal diet are
shown in Table 1. All raw materials for TCM I were bought
from Changsheng pharmacy (Jiangxi, China) and TCM II was
provided by The Spirit Jinyu Biological Pharmaceutical Co.,
Ltd. (Huhhot, Inner Mongolia, China). All dried herbs are
crushed through a 2.5 mm screen. Composition and main active
constituents of TCM I and TCM 1I are presented in Table 2.

Gene GeneBank Number Primers Sequences (5'-3') AAnnealing Amplification
temp (°C) size (bp)

Nrf2 XM_005671982.1 F: CCCATTCACAAAAGACAAACATTC 58 72
R: GCTTTTGCCCTTAGCTCATCTC

SOD-1 NM_001190422.1 F: GAGACCTGGGCAATGTGACT 57 139
R: CIGCCCAAGTCATCTGGTT

NQO1 NM_001159613.1 F: CCAGCAGCCCGGCCAATCTG 66 160
R: AGGTCCGACACGGCGACCTC

HO-1 NM_001004027 F: CGCTCCCGAATGAACAC 55 112
R: GCTCCTGCACCTCCTC

NF-kB NM_001048232.1 F: CTCGCACAAGGAGACATGAA 58 147
R: ACTCAGCCGGAAGGCATTAT

TNF-a NM_214022.1 F: CCAATGGGCAGAGTGGGTATG 56 117
R: TGAAGAGGACCTGGGAGTAG

IL-6 NM_001252429.1 F: TGGCTACTGCCTTCCCTACC 58 132
R: CAGAGATTTTGCCGAGGATG

IL-8 NM_213867.1 F: TTCGATGCCAGTGCATAAATA 57 176
R: CTGTACAACCTTCTGCACCCA

IL-10 NM_214041 F: CGGCGCTGTCATCAATTTCTG 58 89
R: CCCCTCTCTTGGAGCTTGCTA

GAPDH NM_001206359 F: ACTCACTCTTCCACTTTTGATGCT 57 100

R: TGTTGCTGTAGCCAAATTCA

F, Forward primer; R, Reverse Primer.
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Sample collection

Blood was obtained from the jugular vein in the collection
tube on days 30 and 60. Serum was separated and stored
at —20°C to detect the antioxidant indices and inflammatory
cytokines. On the day 60 of the experiment, all piglets in
each group were euthanized with sodium pentobarbital (40
mg/kg body weight). Livers were dissected immediately from all
piglets. The blood of the liver was washed by precooled normal
saline (0.9% NaCl, Beyotime, China), and the surface liquid was
removed with filter paper, and then stored at —80°C for analysis
after rapidly frozen in liquid nitrogen.

Determination of antioxidant indices and
inflammatory cytokines in serum

The levels of T-AOC, SOD, GSH-PX, and MDA in
serum were measured strictly based on the instructions of
the kits (Nanjing Jiancheng Bioengineering Institute, China;
T-AOC, A015-2-1; SOD, A001-3-1; GSH-PX, A005-1-2; MDA,

10.3389/fvets.2022.937745

A003-1-2). The levels of TNF-a, IL-6, IL-8, and IL-10 in serum
were measured by enzyme linked immunosorbent assay Kkits
(R&D, USA; TNF-a, MTA00B; IL-6, D6050; IL-8, D8000C;
IL-10, M1000B) according to the instructions. The optical
density of each well was read at 450 nm with an Absorbance
Microplate Reader (SpectraMax, China).

Quantitative real-time PCR analysis

RT-qPCR assay was consistent with the method previously
(23, 24). The primer sequences of Nrf2, SOD-1, NQO-1, HO-
1, NF-kB, TNF-q, IL-6, IL-8, IL-10, and GAPDH are shown in
Table 3.

Western blot analysis

Western blotting assay was performed in accordance with
the procedure in a previous study (Dai et al., 2021). The
primary antibodies were Nrf2 (Proteintech, 1:1000), HO-1
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Determination of (A) TNF-a, (B) IL-6, (C) IL-8, and (D) IL-10 levels in serum on days 30 and 60.

(Wanleibio, 1:1000), NF-kB P65 (Bioss, 1:1000), phospho-NE-
kB (Bioss, 1:1000), IkB-a (Wanleibio, 1:1000), phospho-IkB-a
(Bioss, 1:1000), and GAPDH (1:8000; Bioss, China).

Statistical analysis

Quantitative variables are expressed as the mean = standard
deviation (SD). All statistical analyses were calculated by one-
way analysis of variance and the least significant difference test.
P values < 0.05 was considered significant.

Results

Effects of TCM I and TCM Il on
antioxidant capabilities in serum

As shown in Figures 1A,B, T-AOC level in TCM I and TCM

II groups was obviously higher than the control group (P < 0.05
or P < 0.001) on days 30 and 60. In addition, GSH-Px level
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was notably increased (P < 0.05) in TCM I group compared to
the control group (Figure 1C). Furthermore, the T-AOC activity
in TCM I and TCM II groups was markedly upregulated (P
< 0.05) compared to the control group on day 60. However,
MDA content was significantly decreased (P < 0.05) in TCM
I and TCM II groups compared to the control group on day 60
(Figure 1D).

Effects of TCM | and TCM Il on
inflammatory cytokines in serum

As shown in Figures 2A-C, TNF-a, IL-6 and IL-8 levels in
the TCM I and TCM II groups were significantly lower than
the control group (P < 0.05 or P < 0.01) on days 30 and 60.
Moreover, IL-8 level was markedly decreased (P < 0.01) in
the TCM I group compared to the TCM II group on day 60.
Additionally, IL-10 level was increased in TCM I and TCM II
groups in comparison with the control group (Figure 2D).
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Effects of TCM | and TCM Il on mRNA
levels of antioxidant-related genes and
protein levels in liver

As described in Figure 3A, HO-1 and NQO-1 mRNA levels
of liver in TCM and TCM II groups were higher than that in
control group (P < 0.05 or P < 0.01). Otherwise, the mRNA
level of SOD-1 was increased in TCM I and TCM II groups
compared to the control group, whereas the differences were not
significant. The protein levels of Nrf2 and HO-1 are presented in
Figures 3B-D. Both Nrf2 and HO-1 protein levels in TCM I and
TCM II groups were dramatically increased in comparison with
the control group (P < 0.05 or P < 0.01).

Effects of TCM | and TCM Il on mRNA
levels of inflammatory cytokines and
protein levels in liver

As shown in Figure 4A, NF-kB, IL-8, and TNF-a mRNA

levels in TCM I group were significantly downregulated
compared to control group (P < 0.05 or P < 0.01), while IL-10
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mRNA level was significantly increased (P < 0.01). Additionally,
Figure 4A shows that NF-kB and IL-6 mRNA levels in the TCM
II group also dramatically declined in comparison with control
group (P < 0.01 or P < 0.001). However, compared to the
control group, IL-10 mRNA level was markedly up-regulated
in TCM II group (P < 0.001). The protein expressions of IkB-
a and NF-kB had no significant differences in TCM I and
TCM 1II groups (P > 0.05) in comparison with the control
group (Figures 4B,C). As shown in Figures 4E,F the protein
expressions of the p-IkB-a and p-NF-kB in TCM I and TCM
II groups were dramatically downregulated in comparison with
the control group (P < 0.01 or P < 0.001).

Discussion

In intensive farming systems, piglets face numerous
challenges like change in the nutritional source, feed
contamination with mycotoxins, pathogenic micro-organisms,
and some chemical agents, leading to excessive ROS
accumulation that cause the occurrence of oxidative stress
and inflammation (3, 25, 26). Accordingly, it is necessary to

find functional products that can effectively protect piglets from
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oxidative stress and inflammation. Chinese herbal medicine is
a unique medical resource in China. In most condition, many
Chinese herbal medicines share the advantages of low toxicity,
small side effects, low drug resistance and no residual, etc.
(27, 28). Their application in livestock and poultry production
not only enhanced the immune function of the body and
improve disease resistance, but also promote the growth and
development of animals. Due to the complicated process of
oxidative stress and inflammation, the therapeutic effect of a
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single herb may not be ideal. XJZT and JSS are well-known
traditional herbal medicines which have been used to alleviate
oxidative stress and inflammation and improve immunity
for a long time, containing with multiple antimicrobial,
immunoregulatory, anti-oxidative and anti-inflammatory active
substances (29-31). The flavonoids as a powerful antioxidant
can scavenge free radicals from multiple targets, and they
are safer and more effective than other antioxidants (19, 32).
Additionally, polysaccharides and organic acids have abundant
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biological activities, so they can also widely used in inhibits
oxidative stress and inflammation (20, 21). Therefore, this study
investigated the effects of dietary supplementation of XJZT or
JJS on the anti-oxidative capacity and inflammatory response in
the liver of piglets.

Oxidative stress refers to a state of imbalance between
oxidation and antioxidation in which numerous oxidized
intermediates are produced. The impulse induction of
protective antioxidant enzymes can exert profitable effects
on the ability of the body to maintain homeostasis. T-AOC
represents the enzymatic and non-enzymatic antioxidant
defense systems. Superoxide anion radicals (O27) can be
scavenged by T-SOD and peroxides and hydroxyl radicals
produced in the process of cell metabolism can be eliminated
by GSH-Px, thereby protecting the body from oxidative damage
(33, 34). Additionally, the degree of lipid peroxidation could
be reflected by MDA content, so its level is proportional to
the degree of cell damage (35). Previous reports have shown
that subcutaneous lipopolysaccharide injection and supplement
ampelopsin in diet for pigs improved the anti-oxidative capacity
in plasma (36, 37). In this study, we found that supplementation
with XJZT and JJS increased GSH-Px and T-AOC levels but
decreased MDA content in plasma, indicating that XJZT and
JJS supplementations in piglets could save tissues from lipid
peroxidation. This benefit might be due to the reduction of
the antioxidative system burden by dietary total flavonoids,
polysaccharides, and phenolicsand. Additionally, changes in
the levels of these antioxidant indexes (SOD, GSH-Px, and
MDA) have affinities with Nrf2 expression level. Moreover,
Nrf2 binds to antioxidant response elements such as HO-1
and NQOI1 to prevent oxidative damage (38). Our results
illustrated that XJZT and JJS could significantly increase Nrf2,
SOD-1, HO-1, and NQO-1 mRNA levels and Nrf2 and HO-1
protein levels. These results demonstrated that XJZT and
JJS against oxidative damage by activating the Nrf2 signal
pathway in liver.

Additionally, there is a strong relationship between oxidative
stress and inflammation. As a redox-sensitive transcription
factor, NF-kB expression level can be promoted by oxidative
stress, whose level can mediate the transcription of numerous
inflammatory genes (39). TNF-o occupies an important position
in the inflammatory responses which is responsible for plenty of
cytokines and chemokines production (40, 41). IL-10 acts as an
anti-inflammatory cytokine with important immunoregulatory
functions in the way of restraining the inflammatory cytokines
expression levels like TNF-a, IL-6 and IL-1 (40). In our
study, the XJZT and JJS decreased the concentrations of
TNF-a, IL-6, and IL-8 and increased IL-10 level in the
plasma. NF-kB is of great importance for controlling the
expression levels of inflammatory response related proteins.
Under normal conditions, there is covalently binding between
NF-kB and IkB in the cytoplasm. After receiving immune
stimulation signals such as TNF-a and lipopolysaccharides,
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IkB is phosphorylated and degradated, followed by NE-
kB translocation to the nucleus, promoting transcription of
inflammatory genes like IL-1f, and IL-6. In this study, XJZT
and JJS were significantly decreased the mRNA expression
levels of NF-kB, IL-6, IL-8, and TNF-a, but remarkably
increased the IL-10 mRNA expression. Furthermore, the results
showed that XJZT and JJS could decrease the protein levels
of IkB-a and NF-kB, and remarkably decrease the p-IkB-a
and p-NF-kB protein levels in liver. These results illustrated
that the XJZT and JJS inhibited the production of pro-
inflammatory mediators in livers through down-regulating the
NEF-kB signal pathway.

Conclusion

Our data confirmed that 10 g/kg XJZT and 3 g/kg JJS
prescriptions exhibited strong hepatoprotective effect on the
liver of piglets, which have a strong relationship with their
anti-oxidative and anti-inflammatory capabilities by activating
the Nrf2/NF-kB pathway. Accordingly, 10 g/kg XJZT and 3 g/kg
JJS prescriptions can act as potential materials for drug and
functional food development to prevent oxidative stress and
inflammatory of piglets.
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of monoglycide laurate on virus
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To investigate the effect of monoglyceryl laurate (GML) against PEDV in vivo,
the clinical signs, pathological changes, tissue viral load and cytokine levels of
piglets were compared in different GML treatment groups and PEDV infected
group. The diets of experimental groups were supplemented with different
doses of GML (5¢g for A1, 10g for A2, 20g for A3) on day 1, 2, and 3 after PEDV
challenge, and the virus challenge group (group C) and blank group (group B)
were set as control. The results showed that compared with group C, groups
As could reduce the mortality rate of piglets, among which the protection rates
of groups A2 and A3 could reach 100%. The trend of weight loss of piglets was
effectively slowed down and growth performance recovered in GML treated
groups. GML reduced the pathological damage of intestinal tract and the viral
load in intestine and mesenteric lymph nodes. The levels of IL-8 and TNF-a in
the blood of group As were inhibited by GML in a dose-dependent manner
when compared with group C. Our study suggests that GML has potential
anti-PEDV effects in vivo.

KEYWORDS

porcine epidemic diarrhea virus, monoglyceride laurate, clinical signs, pathological
changes, viral load, cytokines

Introduction

PEDV is a single-stranded positive-stranded RNA virus with a capsid, a
member of the family Coronaviridae and the genus of Alpha Coronavirus, and
has been mutating since 2010, with outbreaks in China, USA, Korea and other
countries (1-3). PEDV can cause infection in pigs of all ages, mainly in lactating
piglets and fattening pigs. Affected piglets often show signs of acute watery
diarrhea, vomiting and dehydration, with high mortality rates (4). Surviving piglets
have slow growth, reduced feed remuneration and lower economic efficiency.
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Currently, PEDV is mainly transmitted through direct or
indirect contact and aerosols. PEDV mutates rapidly and is
difficult to prevent and control with traditional commercial
vaccines. Therefore, there is an urgent need to develop a more
safe and effective anti-PEDV drugs.

In recent years, the clinical use of bioactive substances with
antiviral activity as additives or in combination formulations
has provided new ideas for virus diseases control. GML is a
synthetic ester of glycerol and lauric acid that is readily absorbed
and rapidly metabolized by oxidation (5). It can rapidly supply
energy to the animal body. It has antiviral, anti-inflammatory,
immunomodulatory and growth enhancing properties in piglets
(6). In vitro studies have shown that low concentrations of GML
can inhibit ASFV activity under liquid conditions, and that high
doses of GML can significantly reduce the infectivity of ASFV
in feed (7). Zhang (8) found that the addition of GML to the
diet could reduce the viremia and immunosuppression in sows
with PRRS. In addition, studies have shown that GML has a
strong resistance and destructive effect on vesicular viruses, such
as herpes simplex virus, influenza virus, etc., both in vivo and
in vitro (9). A recent study found that the addition of a certain
percentage of alpha-monolaurin to the feed of sows can cut off
vertical transmission of PEDV (10). These results suggest that
GML may be a new additive for the prevention and control
of PED.

The aim of this study was to evaluated the anti-PEDV effect
of GML by studying the clinical signs, pathological changes, viral
load and cytokine production in piglets infected with PEDV.
Different doses of GML have been used as feed additive to
elucidate the protective effects of GML on PEDV infected piglets
to provide new ideas for the treatment of this dangerous viral
infectious disease.

Materials and methods

Materials and reagents

PEDV SC strain was identified and preserved by the Animal
Biotechnology Center of Sichuan Agricultural University;
Total of 25 piglets were purchased from Chengdu Wangjiang
Agricultural and Livestock Technology Co Ltd; GML was
prepared by Guangdong Nuacid Biotechnology Co Ltd;
PrimeScript™ RT kit (PerfectRealTime), DNA/RNA extraction
kit, TB Green® PremixExTaq™ (TliRNaseHPlus) were
purchased from Takara (Dalian) Engineering Co Ltd.

Animals and grouping
Pigs were reared in the experimental condition according

to the environment of a large-scale farm to prevent stress and
infection with fullness a full-price feed and water. The piglets
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were observed for 7 days and no abnormalities were found
before experiment. The piglets (6-week-old) were divided into
5). Al, A2 and A3 were the low, medium
and high dose treatment groups respectively, B was the blank

5 groups (n =
control group and C was the virus control group. According
to the previous experimental experience, the challenge dose
of 10TCID50 was selected, and 30mL of liquid was orally
administered to each pig in groups A and C. Group B received
30 mL normal saline orally. On the 1st, 2nd and 3rd day after
challenge, 5, 10 and 20 g of GML were added and mixed into the
diet of groups Al, A2 and A3, respectively, while groups B and
C were given the same weight of normal saline as GML. Detailed
information is shown in Table 1.

Clinical symptoms observation and
sample collection

All pigs were examined daily for signs of diarrhea,
depression, and anorexia signs. The body weight of each pig was
measured at 1 days (6 weeks of age) and once a day thereafter
until the end of the study (7 days). The average piglets weight
(APW; kilograms) was analyzed at 7th day. Blood was collected
from all pigs at 0 and 3 days in 5ml serum separator tubes.
The blood was centrifuged at 2,000g for 10 min and serum
aliquots were stored at —80°C until the cytokine testing. Feces
were collected from day 1 to day 7 and dissolved in 1.5-ml
centrifuge tubes with PBS. Feces were stored at —80°C until viral
load testing.

All pigs were executed on the 7th day of the virus attack and
intestinal tissues and mesenteric lymph nodes were immediately
collected and stored at —80°C. Some of the intestinal tissues and
mesenteric lymph nodes were fixed with 4% paraformaldehyde.

Histopathological observations

The 4% paraformaldehyde-fixed ileum tissue and mesenteric
lymph nodes was dehydrated, permeabilized, embedded,
sectioned, dewaxed, rehydrated, stained and sealed, and
HE-stained sections were prepared to observe histopathological
changes under a light microscope and photographed.

RT-qPCR quantification of PEDV load

Piglet intestinal tissues, mesenteric lymph nodes and
feces were collected, ground and mixed thoroughly with
3.0mL PBS and centrifuged at 12,000 r/min for 3 min.
Total RNA from the small intestine,lymph nodes and feces
were extracted using RNA iso Plus (Takara, Dalian, China)
reagent. Then cDNA was synthesized using PrimeScript®RT
reagent kit with gDNA Eraser (Takara, Dalian, China).
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TABLE 1 Information on piglet grouping, attack and dosing.

10.3389/fvets.2022.980381

Grouping Number Toxic dose Toxic dose (infusion) Sample No. 1 Time point of administration
A 5 10° TCIDso 30mL 5g
A, 5 10° TCIDs 30mL 10g
A; 5 10° TCIDs, 30mL 20g Days 1, 2 and 3 after the attack
5 Virus-free cytosol 30mL Sanitary saline
C 5 10° TCIDs, 30mL Sanitary saline
TABLE 2 RT-gqPCR reaction system of PEDV ORF1 gene. Results
Primer F 05wl Clinical symptoms
Primer R 0.5 uL
" As shown in Table 3, one pig died in group Al on 3th
ddH20 3ul . . S
day after the virus attack. No piglets died in the group A,
SYBR Green Premix Ex Taq II 5l .
the group A3 and the group B. In the group C, two piglets
DNA 1pl .
¢ * died on second day, one on the fourth day and the other
Total 10 L

Real-time quantitative PCR was performed using SYBR®
Premix Ex Taq™ (Tli RNaseHPlus) (Takara,
China). The relative viral load levels were evaluated
by detection of ORF1 gene expression of PEDV. The
upstream primer for detection of PEDV ORF1 gene was
AAATGGGAAGTCGGCAGA, and the downstream primer
sequence was GTTTTGTTGTGGCGGTAG. The reaction
system is shown in Table 2; the reaction procedure was pre-
denaturation at 95°C for 30s; 95°C for 5s; 60°C for 30s; 40
cycles were performed. Melting curve: 95°C, 65°C increasing
0.5°C per second to 95°C.

Dalian,

Cytokine assay

The systemic cytokine profile (i.e., IFN-a, IFN-y, IL-1B,
IL-6, IL-8, IL-10 and TNF-a) was evaluated in serum samples
collected at 0, and 3 days p.i.All cytokine tests were performed
according to the kit (Elabscience) instructions.

Statistical analysis

Results are expressed as mean + standard deviation (SD).
Significant differences were determined using one-way analysis
of variance (ANOVA) and multiple samples were analyzed in
SPSS 20.0 (IBM Corp., Armonk, NY, USA) using Duncan’s
method and considered statistically significant at p < 0.05.
One-way analysis of variance (ANOVA) was conducted with
the Graph Pad Prism 5 software; P < 0.05 was considered a
statistically significant difference.
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on the sixth day after infection, and only one piglet survived
until 7 d. Two days after PEDV infection, piglets in group
A appeared clinical symptoms such as diarrhea, anorexia
and depression, and recovered after GML administration. The
symptoms were similar in groups A, and A3z. Group B showed
no significant changes.

Change in piglet weight

The piglets in group B showed normally body weight
gain. The piglets in group C continued to lose weight
until death (Figure 1). The piglets in group As lost a
slight amount of body weight in the first 3 days after
the virus attack. But these piglets started to recover
bodyweight gain after the treatment of GML. The results
showed that GML was effective in slowing down the
weight loss of piglets and subsequently restoring their
growth performance.

Necropsy and histopathological
examination were performed

The intestinal cavity of the piglets in group C was filled
with yellow contents and gas, the intestinal wall was thin,
translucent and elastic, and the mesenteric lymph nodes
were obviously enlarged, showing typical symptoms of PEDV.
Histopathological examination (ileum) showed that there were
no obvious abnormalities in intestinal structure and mesenteric
lymph nodes between group B and group A. Histopathological
examination showed that the intestinal morphology of group
B was normal and neatly arranged. The intestinal villi, goblet
cells and other structures were clearly visible (Figure 2A), and
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TABLE 3 Statistics of clinical symptoms in each group after the attack.

10.3389/fvets.2022.980381

Grouping Symptoms Time after attack (days)
1 2 3 4 5 6 7
Al Diarrhea 0/5 4/5 4/4 3/4 3/4 1/4 0/4
Depressed spirit 0/5 5/5 4/4 4/4 4/4 4/4 1/4
Anorexia 0/5 2/5 2/4 2/4 1/4 0/4 0/4
A2 Diarrhea 0/5 4/5 5/5 3/5 3/5 1/5 0/5
Depressed spirit 0/5 5/5 5/5 5/5 5/5 3/5 3/5
Anorexia 0/5 3/5 3/5 1/5 1/5 0/5 0/5
A3 Diarrhea 0/5 4/5 5/5 3/5 3/5 1/5 0/5
Depressed spirit 0/5 5/5 5/5 5/5 5/5 3/5 3/5
Anorexia 0/5 3/5 2/5 1/5 0/5 0/5 0/5
B Diarrhea 0/5 0/5 0/5 0/5 0/5 0/5 0/5
Depressed spirit 0/5 0/5 0/5 0/5 0/5 0/5 0/5
Anorexia 0/5 0/5 0/5 0/5 0/5 0/5 0/5
C Diarrhea 0/5 3/5 3/3 2/2 2/2 171 1/1
Depressed spirit 0/5 3/5 3/3 2/2 2/2 1/1 171
Anorexia 0/5 3/5 3/3 212 212 1/1 11
PEDV load in intestinal tissues and feces
71
~ : 2; As shown in Figure 3A, the fecal viral load in group A
= 6+ peaked on day 1 and then decrease. No PEDV was detected in
_:g) - group B. In group C, the viral load continued to increase to
:Bi 57 : i its peak until death; the viral load in both tissues in group A
lg o was approximately equal and much lower than that in group
o C (Figure 3B). The results suggest that GML can reduce the
3 : : : , viral load effectively in the feces, intestine and mesenteric lymph
0 2 4 6 8 nodes of PEDV-infected piglets.
Dpi
FIGURE 1
After challenge, group»A was treated with 5, 10 and 20g GML on Cytokine assay
day 1, 2 and 3, respectively; group B was not challenged or given
drugs; group C was not given drugs after challenge, and the
weight of piglets in different groups changed with time. Different As shown in Figure 4, pro-inflammatory cytokines were
F:olors represented different groups. The body.vveight of piglets significantly increased in Group A and Group C on the third
in group A decreased from day 1 to day 3 and increased from
day 4 to day 7. The weight of piglets in group B increased over day after infection of PEDV. Compared with group B, the levels
time. The weight of pigle<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>