
P
os

te
d

on
A

u
th

or
ea

10
S
ep

20
20

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
59

96
97

77
.7

70
84

53
1

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

Baicalin protects against APEC-induced colibacillosis by regulating

gut microbiota and its metabolites in Chickens

Lu-Yuan Peng1, Hai-Tao Shi1, Zi-Xuan Gong1, Jing-He Li1, Ke Song1, Jiang-Ni Huang1,
Peng-Fei Yi1, Hai-Qing Shen1, and Bendong Fu1

1Jilin University

September 10, 2020

Abstract

BACKGROUND AND PURPOSE Chicken colibacillosis, caused by avian Escherichia coli (APEC), results in huge economic

losses to the poultry industry. Baicalin exerts protective effects during the development of colibacillosis. In this study, we

mainly explored the mechanism of this protective effects with regard to gut microbiota. EXPERIMENTAL APPROACH

The chicken colibacillosis model was established by intratracheal instillation of APEC. The gut microbiota-depleted chicken

model was established with broad-spectrum antibiotics. Viscera index measurement and Haematoxylin and eosin stain were

applied to assess histological changes of tissues. ELISA were used to measure the cytokines and Quantitative-PCR were used

to evaluate the gene expression. The gut microbiota and its metabolite were detected by 16srDNA and ultrahigh-performance

liquid chromatography (LC-MS). KEY RESULTS Depletion of gut microbiota exacerbated the tissue damage and weakened the

protective effects of baicalin during APEC-induced chicken colibacillosis while pretreatment of baicalin reduced these changes

and inflammatory response induced by APEC. Moreover, APEC infection led to dysbiosis of gut microbiota and its metabolites.

However, the pretreatment of baicalin remodeled the gut microbiota featured with increased abundance of Intestinimonas and

its associated with beneficial metabolites. CONCLUSIONS Gut microbiota played a protective role in the prevention of chicken

colibacillosis and the pharmacological action of baicalin. The altered specific gut bacterial and/or metabolites may be served

as indicators to predict the occurrence and prognosis of chicken colibacillosis. Our findings may provide a paradigm for the

mechanistic studies of compounds and aid the exploration of the mechanisms and pathways underlying the function of herbal

medicines.

Baicalin protects againstAPEC-inducedcolibacillosis by regulating gut microbiota and its
metabolites in Chickens

Lu-Yuan Peng, Hai-Tao Shi, Zi-Xuan Gong, Jing-He Li, Ke Song, Jiang-Ni Huang, Peng-Fei Yi, Hai-Qing
Shen, Ben-Dong Fu*

College of Veterinary Medicine, Jilin University, No. 5333 Xi’an Road, Changchun, Jilin 130062, China

BACKGROUND AND PURPOSE

Chicken colibacillosis, caused by avian Escherichia coli (APEC), results in huge economic losses to the poultry
industry. Baicalin exerts protective effects during the development of colibacillosis. In this study, we mainly
explored the mechanism of this protective effects with regard to gut microbiota.

EXPERIMENTAL APPROACH

The chicken colibacillosis model was established by intratracheal instillation of APEC. The gut microbiota-
depleted chicken model was established with broad-spectrum antibiotics. Viscera index measurement and
Haematoxylin and eosin stain were applied to assess histological changes of tissues. ELISA were used to
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measure the cytokines and Quantitative-PCR were used to evaluate the gene expression. The gut microbiota
and its metabolite were detected by 16srDNA and ultrahigh-performance liquid chromatography (LC-MS).

KEY RESULTS

Depletion of gut microbiota exacerbated the tissue damage and weakened the protective effects of baicalin
during APEC-induced chicken colibacillosis while pretreatment of baicalin reduced these changes and in-
flammatory response induced by APEC. Moreover, APEC infection led to dysbiosis of gut microbiota and
its metabolites. However, the pretreatment of baicalin remodeled the gut microbiota featured with increased
abundance of Intestinimonas and its associated with beneficial metabolites.

CONCLUSIONS

Gut microbiota played a protective role in the prevention of chicken colibacillosis and the pharmacological
action of baicalin. The altered specific gut bacterial and/or metabolites may be served as indicators to
predict the occurrence and prognosis of chicken colibacillosis. Our findings may provide a paradigm for the
mechanistic studies of compounds and aid the exploration of the mechanisms and pathways underlying the
function of herbal medicines.

Key words : Chicken colibacillosis, baicalin, gut microbiota, metabolites

Introduction

Chicken colibacillosis, a localized and systemic disease caused by avian Escherichia coli(APEC), causedhuge
economic losses to the poultry industry and threatened food security, which is responsible for the use of very
significant volumes of antibiotics in commercial poultry farming(Peek, Halkes, Tomassen, Mes, & Landman,
2013). Despite being known for over a century and studied for a long time, the pathogenesis of colibacillosis
remains poorly understood. Up until now, it is widely accepted that the systemic form of colibacillosis
from a respiratory origin that induces colisepticemia. Colonization of the trachea and air sacs is considered
the first step of a systemic infection by APEC, followed by the colonization of the lung, liver and the
pericardium(Guabiraba & Schouler, 2015). Therefore, we considered that targeting the respiratory infection
stage of APEC and stopping the APEC from entering the blood circulation may be an effective way to
prevent and cure colibacillosis.

The gut microbiota, consisting of mostly bacteria, plays a positive player in the host defence system, regu-
lating mucosal immunity and systemic immunity(Noverr & Huffnagel, 2004; Trompette et al., 2014). Recent
studies have reported that gut microbiota modulated the pulmonary immune during respiratory disease
through what is often called “gut-lung axis”(Budden et al., 2017; Dumas, Bernard, Poquet, Lugo-Villarino,
& Neyrolles, 2018). Many respiratory diseases occurred and developed accompanying with intestinal flora
alteration(Dickson, Martinez, & Huffnagle, 2014). Moreover, the gut microbiota contributed the protec-
tion against pneumococcal pneumonia and Mycobacterium tuberculosis in lung(Dumas, Corral, et al., 2018;
Schuijt et al., 2016). What role does gut microbiota play in chicken colibacillosis, however, remains elusive.

Scutellaria baicalensis , a Chinese traditional medicine, has been widely used to treat various diseases, such
as influenza, pneumonia, dysentery, and cancer(Z. L. Wang et al., 2018). Baicalin, a naturally occurring
constituent, was extracted from the dry roots of Scutellaria baicalensis and possessed anti-inflammatory,
anti-allergic, anti-oxidant, hepatoprotective, and anti-tumor activities. In the previous study, we have found
that baicalin had a protective effect against colibacillosis. However, the precise mechanism is still unclear.
Recent report has manifested that metabolic activities of intestinal microflora may be of a great importance
for herbal medicines to express the pharmacological effects(An et al., 2019). Myung-Ah Jung et.al, has proved
that orally administered baicalin was metabolized to baicalein and oroxylin A by intestinal microbiota, which
enhances its anti-inflammatory effect by inhibiting NF-κB activation(Jung, Jang, Hong, Hana, & Kim,
2012a). Furthermore, modern studies discovered that the administrated herbal medicines also interacted
with gut microbiota and regulated the composition of the flora to improve the disease, such as diabetes
mellitus(Creely et al., 2007). Hence, we speculated that gut microbiota played an important role in the
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process of baicalin exerting pharmacological effects. Similarly, baicalin may regulate the gut microbiota and
its metabolite to protect chicken against colibacillosis.

Therefore, to understand the role of gut microbiota in the chicken colibacillosis and pharmacological effect
of baicalin, as well as explore the protective mechanisms of baicalin on colibacillosis, we utilized APEC-O78
to establish the model of colibacillosis and applied the broad-spectrum antibiotic (Abx) to deplete the gut
microbiota. Then, we measured the secretion of inflammatory cytokines, gene expression of inflammatory
cytokines and tight junction, histopathological changes and viscera index. Furthermore, after orally admin-
istration of baicalin, we measure the alteration of gut microbiota and its metabolite by 16s rDNA sequencing
and ultrahigh-performance liquid chromatography (LC-MS).

Materials and methods

Reagents and bacterial strain

Baicalin (purity>99%) was purchased from Chengdu Must Biotechnology Co., Ltd. (Chengdu, China).
APEC-O78 strain (CVCC1418) was purchased from the Chinese Veterinary Culture Collection Center
(CVCC).

Animals and experimental design

1-day-old male hyline-brown healthy chickens were provided by Jilin Academy of Agricultural Sciences
(Changchun, Jilin, China). The whole experiment mainly included seven groups: control group (CON),
Baicalin treatment alone group (BAI), broad-spectrum antibiotic group (Abx), APEC infection group
(APEC), broad-spectrum antibiotic + APEC group (Abx+APEC), Baicalin + APEC group (BAI+APEC),
Baicalin+ broad-spectrum antibiotic + APEC group (BAI + Abx + APEC), and each group included 10
chickens (n=10). The microbiota-deplete chickens were established with broad-spectrum antibiotic (ampi-
cillin, neomycin, metronidazole and vancomycin) in their drinking water for two weeks. Baicalin was dissolved
in a solvent mixture containing DMSO at a dose of 200 mg/kg was administrated by oral gavage 1 week
before APEC infection. The model of chicken colibacillosis was induced by intratracheal inoculation with
2×109CFU APEC-O78 for 24 h. chickens had free access to feed and water during the entire rearing period.
The chickens were reared in an environmentally controlled room: The temperature was maintained at 35 °C
for the first 2 days, and then decreased gradually to 22 °C (45% humidity) under a 16/8 light/dark cycle.

Bronchoalveolar lavage fluid collection and measurement

The chickens were euthanatized and the cavity was opened by a midline incision. Then, the bronchoalveolar
lavage fluid (BALF) were lavaged with sterile and ice of PBS (0.4 ml each time) for three times. After
centrifuged at 2,000 g for 10 min at 4 °C, the supernatant was gathered to measure the concentration of
total protein by BCA kits (Thermo, MA, USA).

RNA extraction and Quantitative RT-PCR

Total RNA of lung tissues was extracted using a TRIzol reagent (TaKaRa, Dalian, China) and was revered
to cDNA by One-Step gDNA Removal and cDNA Synthesis SuperMix (TransGen Biotech, Beijing, China)
according to the manufacturer’s instruction. The gene expression of inflammatory cytokines and tight junc-
tion were performed using a 7500 real-time PCR system (Applied Biosystems, Foster, CA) with FastStart
SYBR Green PCR Master Mix (Roche, Mannheim, Germany). Data were expressed as an n-fold difference
relative to the expression of inner housekeeping gene β-actin. The primer sequences was shown in Table S11.

Hematoxylin and eosin staining

The partial heart, liver, spleen, lung and small intestine tissues of each group were removed and fixed with
10% formalin, were then dehydrated, and embedded in paraffin. To evaluate the pathological changes, the
paraffin-embedded tissues were sliced into 5 μm thin sections to conduct hematoxylin and eosin staining,
and then observed by a light microscope.

Viscera index measurement

3
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After APEC infection for 24 h, the chickens of each group were euthanatized and obtain the weight. The
complete heart, liver, spleen, lung, kidney and bursa of fabricius were harvested and weighed. The viscera
index was calculated as each viscera weight divided by chicken weight.

16S rDNA

sequencing analysis

The microbial DNA from fecal and BALF samples was extracted using a E.Z.N.A.Stool DNA Kit (Omega,
Inc., USA), dissolved in Elution buffer and stored at -80 °C until detection. Nuclear-free water was used
for blank. The V3-V4 region of the bacterial 16s rDNA gene was amplified in a total volume of 25 μL
reaction mixture containing 25 ng of template DNA, 12.5 μL PCR Premix, 2.5 μL of each primer, and
PCR-grade water to adjust the volume. The amplification conditions were 98 °C for 30 seconds, 32 cycles
of denaturation at 98 °C for 10 seconds, annealing at 54 °C for 30 seconds, and extension at 72 °C for 45
seconds; and then final extension at 72 °C for 10 minutes. The primers used in this study were as follows:
341F (5’-CCTACGGGNGGCWGCAG-3’) and 805R (5’-GACTACHVGGGTATCTAATCC-3’).

The samples were sequenced using an Illumina NovaSeq platform provided by LC-Bio. In 16sDNA analysis,
the Alpha- and Beta- diversity were calculated by QIIME2 and graphed by R package. Blast was used for
sequence alignment, and the feature sequences were annotated with SILVA database for each representative
sequence. Other diagrams were implemented using the R package (v3.5.2).

Fecal metabolomics by LC/MS

In brief, the fecal samples were weighed for 100 mg and collected in 2 mL centrifuge tubes and added 600
μL 2-chlorophenylalanine (4 ppm) methanol (-20 °C), and then vortexed for 30 seconds. Subsequently, the
mixture was sonicated at room temperature for 10 min and centrifuged at 14000 rpm at 4 °C for 10 min.
The supernatant was filtered through 0.22 μm membrane to obtain the prepared samples for LC-MS.

The acquired MS data pretreatments including peak picking, peak grouping, retention time correction,
second peak grouping, and annotation of isotopes and adducts was performed using XCMS software. LC-
MS raw data fifiles were converted into mzXML format and then processed by the XCMS, CAMERA and
metaX toolbox implemented with the R software. Each ion was identified by combining retention time
(RT) and m/z data. Intensities of each peaks were recorded and a three dimensional matrix containing
arbitrarily assigned peak indices (retention time-m/z pairs), sample names (observations) and ion intensity
information (variables) was generated. The intensity of peak data was further preprocessed by metaX. Those
features that were detected in less than 50 % of QC samples or 80 % of biological samples were removed,
the remaining peaks with missing values were imputed with the k-nearest neighbor algorithm to further
improve the data quality. PCA was performed for outlier detection and batch effects evaluation using the
pre-processed dataset. Quality control-based robust LOESS signal correction was fitted to the QC data
with respect to the order of injection to minimize signal intensity drift over time. In addition, the relative
standard deviations of the metabolic features were calculated across all QC samples, and those > 30% were
then removed. Student t-tests were conducted to detect differences in metabolite concentrations between
2 phenotypes. Supervised PLS-DA was conducted through metaX to discriminate the different variables
between groups. The VIP value was calculated. A VIP cut-off value of 1.0 was used to select important
features.

Statisticalanalysis

The analyses of chicken colibacillosis characteristics were performed using the Social Sciences (SPSS) version
19.0 (SPSS Inc., 2010 Chicago, IL, USA) and carried out in one-way analysis of variance (ANOVA) by
Tukey-Kramer multiple comparison. The data were expressed as the means ± S.D. P < 0.05 was considered
statistically significant.

Results

Protective effect of the gut microbiota during APEC-inducedchicken colibacillosis

4



P
os

te
d

on
A

u
th

or
ea

10
S
ep

20
20

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
59

96
97

77
.7

70
84

53
1

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

To study the role the gut microbiota played in chicken colibacillosis, we first applied the broad-spectrum
antibiotic (Abx) to deplete the gut microbiota. Administration of Abx resulted in a considerable reduction
of richness (Fig. 1A) and diversity (Fig. 1B) of gut microbiota in chickens. Furthermore, principle coordinate
analysis (PCoA) plot based on Unweighted Unifrac revealed that there was clear separation of clusters
between control group compared with Abx-treated group chicken (Fig. 1C). In addition, Venn diagrams
showing numbers of genera in Abx-treated group were significantly reduced (Fig. 1D). These results suggested
that treatment of Abx significantly changes the structure of gut microbiota, and reduced the gut microbiota
diversity and richness in chicken.

Furthermore, chicken from control and gut microbiota-depleted groups were intranasally challenged with
APEC to induce the model of colibacillosis. Infection of APEC results in severe pathological injury of
lung (Fig. 2A), and colon, heart, liver, and spleen (see supplementary fig. S1A), increased the production
of proinflammatory cytokines TNF-α, IL-1β, and IL-6 both at gene and protein levels (Fig. 2B-D and
supplementary Fig. S1B-D), as well as increased the bacterial outgrowth in the lung (Fig. 1E). In addition,
infection of APEC also increased the viscera index of lung, heart, liver, spleen, and kidney (see supplementary
Table S1). However, these inflammatory injuries induced by APEC were more pronounced in gut microbiota-
depleted chicken when compared to the infected with control chicken (Fig. 2A-E and supplementary Fig.
S1A-D and Table S1). Moreover, the concentration of total proteins in bronchoalveolar lavage fluid (BALF)
and the expression of tight junction protein of lung tissues were measured to evaluate pulmonary air-blood
barrier permeability. Infection of APEC increased the levels of total protein in BALF, and the levels of
total protein were higher in Abx+APEC group than APEC group (Fig. 2F). In addition, the expression of
junction protein of air-blood barrier, including occludin, claudin-3, and ZO-1 were significantly reduced after
infected with APEC, and these changes are more obviously in gut Abx+APEC group (Fig. 2G-I). There
results suggested that depletion of gut microbiota increase the severity of colibacillosis and increased the
permeability of air-blood barrier induced by APEC.

The role of gut microbiota on the protective effects of baicalin in APEC-induced chicken
colibacillosis

Gut microbiota plays a crucial role in herbal medicine therapy, whether gut microbiota was associated the
protective role of baicalin on APEC-induced chicken colibacillosis was studied in present study. Treatment
of baicalin after APEC infection significantly alleviated the pathological damages of lung (Fig. 3A), colon,
heart, liver, and spleen pathological injuries see supplementary Fig. S2A), and viscera index (Table S2),
reduced the production of pro-inflammatory cytokines TNF-α, IL-1β, and IL-6 (Fig. 3B-D and supplementary
fig. S2B-D), and bacterial loads in the lung tissues (Fig. 3E). However, the protective effects of baicalin on
APEC-induced colibacillosis were partly reversed when gut microbiota was depleted in chicken (Fig. 3A-E
and supplementary Fig. S2A-C and Table S2). Furthermore, detection of the air-blood barrier permeability
showed that depletion of gut microbiota partly counteracted the increase of the concentration of total protein
in BALF (Fig. 3F) and the expression of tight junction protein including Occludin, claudin-3, and ZO-1
treated by baicalin (Fig. 3G-I). These results showed that gut microbiota played an important role on
baicalin protects APEC-induced colibacillosis.

The changes of gut microbiota induced by treating with APEC and/or baicalin in chicken

The composition of gut microbiota in control (CON), baicalin-treated (BAI), APEC-treated (APEC),
baicalin+APEC treatment (BAI+APEC) group chickens were differed in high-confidence OTUs, with lower
diversity and richness in BAI group compared to CON group (Fig. 4A). In addition, infection of APEC
significantly increased the microbiota diversity and richness compared to the CON group chickens (Fig.
4B-C). However, pre-treatment with BAI before APEC infection (BAI+APEC) reduced the higher levels of
microbiota diversity and richness induced by APEC (Fig. 4B-C).

Furthermore, the changes of bacterial phyla in different treatment group chickens were showed that though
gut microbiota in different treatment groups chicken were dominated by Firmicutes(means=87.32%-96.70%),
Proteobacteria (means=0.62%-11.6%),Tenericutes (means=1.0%-2.16%), and Actinobacteria(means=0.20%-
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0.79%) (Fig. 5A and Table S3). Infection of APEC reduced the relative abundance of Proteobacteria ,
and increased the relative abundance of Actinobacteria compared to the CON group chickens, while BAI
treatment (BAI+APEC) group reversed those changes induced by APEC (Fig. 5B). In addition, the relative
abundance ofProteobacteria in BAI group was higher than those in CON group chickens, while Actinobacteria
was lower than those in CON group chickens (Fig. 5B).

Moreover, the characteristics of microbiota composition at the genus level were detected at the top 20 most
abundant taxa indicated that the gut bacterial was dominated by Lachnospiraceae unclassified ,Ruminococ-
caceae UCG-014 , Ruminococcaceae unclassified ,Intestinimonas , Blautia , Escherichia-Shigella ,Erysipela-
toclostridium , Ruminococcus torques group ,Clostridiales vadin BB60-group unclassified , andFournierella
(Fig. 5C and supplementary Table S4). Furthermore, t-test analysis revealed infection of APEC increased the
abundance ofRuminococcaceae UCG-014 , Ruminococcaceae unclassified ,Clostridiales vadinBB60 group un-
classified , andRuminiclostridium 5 , while reduced the abundance ofLachnospiraceae unclssified , Blautia
,Escherichia-Shigella , and Pygmaiobacter . However, those changes were reversed in BAI+APEC group
(Fig. 5D).

In addition, the proportion of shared bacterial genera among CON, BAI, APEC, and BAI+APEC group
chickens were 25.72%, 23,63%, 19.03%, and 22.01% (Fig. S3). Furthermore, to evaluated whether a unique
bacterial was associated with the protective role of BAI during APEC-induced chicken colibacillosis, we
conducted a biomarker analysis by linear discriminant analysis (LDA = 4.0) effect size (LEfSe) and a
cladogram generated from LEfSe analysis on the microbiota on the different treatment group chickens.
At both genus and species levels,Clostridiales vadinBB60 group unclassified ,Ruminococcaceae UCG 014 ,
andRuminococcaceae unclassified were enriched in the chicken of infected with APEC compared to the CON
group chickens (Fig. 6A-B). While pretreatment of BAI partly inhibited these bacteria induced by APEC
(Fig. 6C-D). In addition, compared to the CON group chickens,Intestinimonas genera was enriched in the
chicken of treated with BAI (Fig. 6E-F). These results suggested that baicalin may protect against chicken
colibacillosis partly by reversing the changes of gut microbiota induced by APEC.

The effect of baicalin on lung microbiota in chicken

To detect whether the protective role of baicalin in APEC-induced colibacillosis was associated with the
changes of lung microbiota, we analyzed the lung bacterial community after treated with baicalin alone.
The chao-1 and shannon index showed that there was no difference at both bacterial diversity and richness
between the CON and BAI group chickens (Fig. 7A-B). In addition, PCoA with unweighted Unifrac distances
indicated that CON and BAI groups were no significantly separated at the OUT levels (Fig. 7C). Further
research showed that Proteobacteria(CON vs BAI=82.36% vs 78.43%), Firmicutes (CON vs BAI=7.78%
vs 12.15%), Bacteroidetes (CON vs BAI=5.45% vs 4.91%), andActinobacteria (CON vs BAI=1.24% vs
1.37%) were the dominant phyla (Fig. 7D and supplementary Table S5), and Stenotrophomonas(CON vs
BAI=62.38% vs 56.84%), Delftia (CON vs BAI=3.7% vs 3.9%), Moraxella (CON vs BAI=2.0% vs 4.1%),
andSphingomonas (CON vs BAI=4.6% vs 2.9%) genus were the dominant genus in the lung microbiota of
chicken, and there are no different were showed in CON and BAI group chickens (Fig, 7E and supplementary
Table S6). These results suggested that the protective effect of baicalin on APEC-induced colibacillosis was
associated with the changes of gut microbiota rather than the changes of lung microbiota.

The changes of gut metabolome induced by treating with APEC and/or baicalin in chicken

Principal component analysis (PCA) and partial least squares-discriminate analysis (PLS-DA) were con-
ducted to the characterize the variations in the metabolic profiles of different treatment group chickens.
PCA analysis showed that the axes 1 and 2 were up to 25.9% to 15.1% of the total variation, respectively,
and the gut metabolites in different treated group chickens were clearly distinct showed in Fig. 8A. In
addition, a PLS-DA analysis also revealed distinct clustering based on the different treatment groups chick-
ens (Fig. 8B). These results revealed that infection of APEC changed the gut metabolic profiles, and BAI
resulted in the creation of a new gut metabolite community that different with the CON and APEC group
chickens. Furthermore, a total of 371 metabolites, including amines, amino acids, ortanic acids, fatty acids,
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lipids, sugars, and nucleosides were identified in the gut of chicken. Among these, 65 metabolites were iden-
tified and 45 metabolites as differential between CON and APEC groups, characteristic by 9 metabolites
were significantly up-regulated, while 36 metabolites were significantly up-regulated in APEC-treated group
compared to the CON group chickens (Table S7). Moreover, when compared to the APEC and BAI+APEC
group chickens. There are 61 metabolites were identified and 43 metabolites as differential between the two
groups, and there are 9 metabolites were increased and 34 metabolites were reduced (Table S8). In addition,
there are 82 metabolites were identified and 69 metabolites as differential between CON and BAI group
chickens. There 14 metabolites were up-related and 55 metabolites were down-regulated in BAI groups
compared to the CON group chickens (Table S9).

Metabolic pathway of differential metabolites

Function of the pathways associated with differential metabolites analysis by Kyoto Encyclopedia of Genes
and Genomes (KEGG) was used to understand how multiple pathways altered in response to treat with
APEC and BAI in the present study. As shown in Fig. 9A, Phenylalanine metabolism; Phenylala-
nine, tyrosine and tryptophan biosynthesis; Cysteine and methionine metabolism; Riboflavin metabolism;
Tryptophan metabolism; Alanine, aspartate and glutamate metabolism were enriched in the gut of the
APEC group chicken compared to the CON group, while in addition to Alanine, aspartate and glutamate
metabolism, the D-Glutamine and D-glutamate metabolism; Caffeine metabolism, Lysine biosynthesis; His-
tidine metabolism; Arginine and proline metabolism; TCA cycle; Retinol metabolism; and alpha-Linolenic
acid metabolism were enriched in BAI+APEC group compared to the APEC group chickens (Fig. 9B). In ad-
dition, Ubiquinone and other terpenoid-quinone biosynthsis; Linoleic acid metabolism; Caffeine metabolism;
Riboflavin metabolism; Alanine, aspartate and glutamate metabolism; Histidine metabolism; Glycine, serine
and threonine metabolism; Cysteine and methionine metabolism; and alpha-Linolenic acid metabolism were
enriched in the gut of the BAI group compared to the CON group chickens (Fig. 9C).

Correlation analysis between the gut microbiota and metabolome

To obtain insight into microbiota-metabolic axis, we conducted a correlation analysis on the significant
microbial taxa and metabolites. Gut microbiota analysis showed that infection of APEC increased the
abundance of Clostridiales vadinBB60 group , andRuminococcaceae UCG 014 (Fig. 6A). Correlation analy-
sis showed that they were both positively associated with Xanthine, Deoxyinosine, 21-Hydroxypregnenolone,
Serotonin, 3,4-Dihydroxyhydrocinnamic acid, 8,9-DiHETrE, Dihydrofolic acid, Corticosterone, and Dihy-
drocortisol, while were negatively associated with (S)-2-Amino-6-Oxohexanoate and Guanine (Fig. 10A).
In contrast, pretreatment with BAI reduced the concentration of 21-Hydroxypregnenolone, Serotonin, 8,9-
DiHETrE, Dihydrofolic acid, and Dihydrocortisol induced by APEC (Table S11). Except for reduced the
abundance ofClostridiales vadinBB60 group andRuminococcaceae UCG 014 induced by APEC in the gut,
pretreated with BAI also increased the abundance of Blautia , andFournierella (Fig. 6B). Correlation
analysis showed that they were both positively associated with 2-oxoarginine, while negatively associated
with L-Asparagine, 3-Dehydroquinate, Prostaglandin G2, 5-Phosphoribosylamine, 5-Methoxyindoleacetate,
and 4-Pyridoxic acid (Fig. 10B). In addition, gut microbiota analysis showed thatIntestinimonas was
enriched in the gut of chicken that treated with BAI compared to the CON group (Fig. 6C). As
shown in Fig. 10C,Intestinimonas was positively associated with the abundance of Gentamicin C1a, 3,4-
Dihydroxyhydrocinnamic acid, Selenodiglutathione, L-Arabinose, Serotonin, Norfloxacin, 2-Oxoarginine,
Epinephrine, and Xanthine, while both negatively associated with Gulonic acid, 5-Methoxyindoleacetate,
Prostaglandin G2, 3,4-Dihydroxyhydrocinnamic acid, Palmitic acid, Dehydroepiandrosterone, Isonicotinic
acid, FMN, 2-Dehydro-3-Deoxy-L-Rhamnonate, 4-Pyridoxic acid, 12(S)-HpETE, Ubiquinone-1, D-Fructose,
Picolinic acid, (S)-2-Amino-6-Oxohexanoate, 5-Phosphoribosylamine, Hydroquinone. These results sug-
gested the protective effect of baicalin on colibacillosis induced by APEC was not only associated with
regulating gut metabolites induced by APEC, but may also associated the production of new gut metabo-
lites after baicalin metabolized by APEC.

Discussion
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Chicken colibacillosis, characterized by multiple organ lesions with airsacculitis and associated pericarditis,
perihepatitis and peritonitis, initially develops in the respiratory tract and air sacs and then takes the form
of sepsis, causing considerable mortality in poultry(Wernicki, Nowaczek, & Urban-Chmiel, 2017). Previous
studies have reported that the air-exchange regions of the lung and the airsacs are important sites of entry of
E. coli into the bloodstream of birds during the initial stages of infection and that resistance to phagocytosis
may be an important mechanism in the development of the disease (Dho-Moulin & Fairbrother, 1999).
Therefore, controlling the bacterial infection in lung and airsacs may be a pivotal method to protect against
colibacillosis. Therefore, we established the model of colibacillosis by intratracheal inoculation with 2×109

CFU APEC-O78 to mimic the natural infection process.

The gut microbiome, which consists of trillions of bacterial, viral, and fungal microorganisms, is a com-
plex ecosystem that can mediate the interaction of the host and their environment(Blum, 2017). Growing
evidences have shown that gut microbiota is closely related to health and various diseases including neu-
ropsychiatric disorders (Cenit, Sanz, & Codoner-Franch, 2017), inflammatory bowel disease (Frank et al.,
2007), Type 1 Diabetes(Dedrick et al., 2020), atherosclerosis (D. Y. Li & Tang, 2017) and acute respira-
tory distress syndrome(Mukherjee & Hanidziar, 2018). Especially, the beneficial role of the gut microbiota
through “gut-lung axis” during pulmonary bacterial infections has been explored in some researches (Dumas,
Bernard, et al., 2018). Therefore, we conjectured that gut microbiota also played an important role in chicken
colibacillosis, an avian respiratory disease. To explore the effects of gut microbiota during colibacillosis, we
pretreated chicken with Abx for two weeks to deplete the microbiota(Dumas, Corral, et al., 2018). Two days
later, the colibacillosis was induced and relevant indicators were examined. The experimental results indica-
ted that infected with APEC induced significantly pathological damages of heart, spleen, liver, kidney, and
lung especially, increased the inflammatory cytokines secretion and gene expression in lung tissues. Import-
antly, these changes were more severity in gut microbiota-depleted chickens when compared to the control
chickens. The air-blood barrier is essential to maintain the homeostasis of the lung microenvironment (L. Y.
Zhang et al., 2016). In the present study, the air-blood barrier integrity was markedly impaired showing by
increased protein in BALF and decreased expression of tight junction induced by APEC when gut microbiota
was depleted. Collectively, these results demonstrated that gut microbiota may contribute to protect against
the chicken colibacillosis.

Baicalin, a main component of scutellaria baicalensisGeorgi, , possesses extensive pharmacological activi-
ties, such as antioxidant, anti-apoptotic, anti-excitotoxicity and anti-inflammatory(Liang, Huang, & Chen,
2017). In previous study, we have proved that protective effects of baicalin against APEC-induced lung in-
flammation in chicken colibacillosis. However, the underlying mechanisms remains to be explored. Recently,
there is accumulating evidence have reported the potential interactions between the gut microbiota and
herbal medicines. These interactions mainly includes that gut microbiota can “digest” herbal medicines into
absorbale active small molecules by enzymatically transforming, vice versa, herbal medicines can influence
the composition and metabolite of gut microbiota(An et al., 2019; Weersma, Zhernakova, & Fu, 2020). As
previously reported, codonopsis pilosula polysaccharide can be digested by gut microbiota to exert its phar-
macological effect. Meanwhile, codonopsis pilosula polysaccharide can promote abundance of the beneficial
gut microbiota and inhibit the colonization by pathogens(Jing et al., 2018). Whether baicalin has a same
mechanism in the protection of chicken colibacillosis was still elusive.

Based on this, we firstly compared the pharmacological effect of baicalin in healthy chickens and microbiota-
depleted chicken after infected by APEC to decipher the influence of gut microbiota on baicalin. The results
showed that the effect of baicalin on ameliorating the air-blood permeability, inflammatory responses, lung
bacterial loads and tissues damages were significantly diminished when gut microbiota was depleted. As we
can see, the bacterial loads of lung tissue, BALF protein, production and gene expression of pro-inflammatory
cytokines and histological lesion were distinctly elevated, and the expression of tight junction were markedly
reduced incomparision with BAI+APEC group and BAI+Abx+APEC group. This phenomenon may imply
that gut microbiota plays a pivotal role during the process of baicalin exerting pharmacological effects in
colibacillosis. Refer to the previous literature(Jung, Jang, Hong, Hana, & Kim, 2012b), we supposed that bai-
calin may need to be metabolized by gut microbiota to play its therapeutic effect during chicken colibacillosis.
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However, the specific mechanism still needs to be deeply explored. Furthermore, we explored the influence
of baicalin on gut microbiota in APEC-induced colibacillosis. The results showed that infection with APEC
significantly increased the gut bacterial diversity and richness, and increased the relative abundance of Rumi-
nococcaceae UCG-014 ,Ruminococaceae unclassified , andClostridiales vadinBB60 group unclassified , while
these changes were reversed by pretreatment with baicalin.Ruminococcaceae family contains a large number
of gut-associated butyrate producing bacteria, and they were positive association with total milk intake in
piglets(Morissette, Talbot, Beaulieu, & Lessard, 2018). However, other studies suggestedRuminococcaceae
was associated with the development of children with chronic pancreatitis(W. Wang et al., 2020). In additi-
on, studies revelated that Clostridiales was associates with the development of inflammatory bowel diseases
(IBD), and was negatively associated with the levels of SCFAs(Saitoh et al., 2015). Furthermore, we also
found that treatment with baicalin increased the relative abundance of intestinimonas , which was associated
with the production of SCFAs (Shomorony et al., 2020). These results suggested that gut microbiota and its
metabolites may be play an important role in the pharmacological effects of baicalin on chicken colibacillosis.

In order to investigate the whether the changes of gut metabolites could provide further insight into specific
gut microbiota-related changes and aimed to explore a new perspective targeting gut metabolism to find
biomarkers of chickens colibacillosis and reveal the mechanism of the protective role of baicalin on chicken co-
libacillosis. We analyzed the gut metabolites in chickens from different treatment groups. The results showed
that there are significant differences in metabolic composition among CON, APEC, BAI, and BAI+APEC
group chickens. Combined analysis of gut microbiota and metabolites indicated that increased of concen-
tration of Xanthine, Deoxyinosine, 21-Hydroxypregnenolone, Serotonin, 3,4-Dihydroxyhydrocinnamic acid,
8,9-DiHETrE, Dihydrofolic acid, and Corticosterone may be associated with the development of colibacillosis
induced by APEC in chicken. Xanthine is a plant alkaloid which acts as an intermediate product on the pa-
thway of purine degradation. It also serves as scaffold for various natural and synthetically derived bioactive
molecules (Singh, Patra, & Patra, 2018). Deoxyinosine is an abnormal nucleoside and has hypoxanthine as
its base moiety (Yoneshima et al., 2016). Studies indicated that exogenous deoxyinosine can be utilized to
meet the carbon and energy requirements of growing cells (Carta et al., 2001). 21-Hydroxypregnenolone
play an important role in steroid hormone biosynthesis, which does well in helping with memorization,
anti-fatigue, and refreshing the neural system (C. Shao et al., 2018). However, other studies showed that
21-Hydroxypregnenolonemay be key biomarkers of hypothalamic-pituitary-adrenal (HPA) axis abnormalities
in patients with chronic fatigue syndrome (CFS)(C. Z. Shao et al., 2017). Serotonin, synthesized mainly by
enterochromaffin cells (ECs), is an important gut neuroendocrine factor which have ability to regulate gut
motility (Ge et al., 2017). Previous studies demonstrated that fecal pellets facilitate serotonin release from
enterochromaffin cells by regulating the activation of local mucosal reflexes and stretch reflexes of colonic
migrating motor complex to facilitate propulsion (Ge et al., 2017; Heredia, Dickson, Bayguinov, Hennig, &
Smith, 2009). Others studies also showed that treatment with prebiotics and probiotics have antidepressive
effects by regulating the Serotonin metabolism(H. Li, Wang, Huang, Li, & Zhang, 2019). Oxylipins, namely
8,9-DiHETrE, has been showed that it was associated with development of Alzhemer’s disease risk, type 2
diabetes cardiovascular disease, cerebrovascular events, and acute coronary syndrome (ACS) (Morris et al.,
2019; Solati & Ravandi, 2019). Dihydrofolic acid can be converted into tetrahydrofolic acid, and tetrahy-
drofolic acid is activated to 5,10-methylenetetrahydrofolic acid by the action of serine hydroxymethylase
(B. X. Zhang, Qi, & Cai, 2020). Corticosterone, a stress hormone, the main glucocorticoids released from
hypothalamus-pitutary-adrenal (HPA) axis. Recently studies indicated that Corticosterone was elevated in
mice that received mild stress at a neurobiological level(Fuentes-Verdugo et al., 2020), and others showed
that Corticosterone impairs the recall of strong contextual fear memory after reactivation in the ovariectomi-
zed rat model of menopause (Kashefi et al., 2020). Importantly, BAI not only significantly reduced the levels
of 21-Hydroxypregnenolone, Serotonin, 8,9-DiHETrE, Dihydrofolic acid, and Dihydrocortisol in the gut, but
also increased the abundance ofBlautia and Fournierella and the associated metabolites 2-oxoarginine in
the chickens suffered colibacillosis. Studies showed that arginine/proline metabolic pathway compounds 2-
Oxoarginine, a guanidino metabolite of arginine, were negatively associated with the glioma risk (Huang et
al., 2017). Others also suggested that 2-Oxoarginine may play an important role to chelate Mo and reduce
its toxicity(Xu et al., 2018). In addition, Intestinimonas and its positively associates metabolites Gentamicin
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C1a, Selenodiglutathione, L-Arabinose, Serotonin, Norfloxacin, 2-Oxoarginine, Epinephrine, and Xanthine
were increased in the gut of chicken that treated with BAI compared to the CON chicken. Gentamicin C1a
is considered as a precursor to the synthesis of etimicin (Wei et al., 2019). Selenodiglutathione is a primary
Se metabolite conjugated to two glutathione moieties, and it increase intracellular Se accumulation and is
more toxic than selenous acid (Fisher et al., 2016; Tobe et al., 2017). L-arabinose, a kind of plant-specific
five-carbon aldose, is a naturally occurring constituent of plant polysaccharides, and often extracted from ve-
getable gum, corn straw or beet(Feher, Gal, Feher, Barta, & Reczey, 2015; Kotake, Yamanashi, Imaizumi, &
Tsumuraya, 2016; Moremi, Jansen Van Rensburg, & La Grange, 2020). Recently, L-Arabinose has been used
as a food additive, nutritional supplement, and have many pharmacological activities, including inhibited
intestinal sucrose activity and triglyceride in blood serum and fat accumulation, increased insulin resistance,
promoted the proliferation of probiotics, increased the synthesis and production of organic acids and SCFAs,
as well as ameliorates colitis and metabolic syndrome by regulating gut microbiota in mice(Kaats et al.,
2011; Y. Li et al., 2019; Osaki, Kimura, Sugimoto, Hizukuri, & Iritani, 2001; Seri et al., 1996; Zhao et al.,
2019). Norfloxacin, a fluoroquinolone antibiotic, has an activity and enhances a regulatory T cell-mediated
inflammatory response properties(Juanola et al., 2016). These results suggested the protective effect of bai-
calin on chickens colibacillosis induced by APEC was not only associated with regulating gut metabolites,
such as 21-Hydroxypregnenolone, Serotonin, 8,9-DiHETrE, Dihydrofolic acid, and Dihydrocortisol, induced
by APEC, but may also associated the production of new gut metabolites by the gut microbiota metabolizing
baicalin.

In conclusion, the present study showed that gut microbiota plays an important role in the development
of colibacillosis and the protective effect of baicalin on chickens colibacillosis. Moreover, increases the
abundance of Clostridiales vadinBB60 group andRuminococcaceae UCG 014 , as well as the levels of 21-
Hydroxypregnenolone, Serotonin, 8,9-DiHETrE, Dihydrofolic acid, and Dihydrocortisol may be serve as the
biomarkers of chicken colibacillosis. In addition, the pharmacological effects of baicalin on chicken coliba-
cillosis may be not only by inhibiting the increase the specific gut microbiota and metabolites induced by
APEC, but also by regulating the new metabolites produced by fermentation of baicalin by gut microbiota.
However, these results need to be further verified by more experiments.
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