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Baicalin mitigated Mycoplasma GEE

gallisepticum-induced structural damage

and attenuated oxidative stress and apoptosis
in chicken thymus through the Nrf2/HO-1
defence pathway
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Abstract

The thymus is a primary lymphoid organ and plays a critical role in the immune response against infectious agents.
Baicalin is a naturally derived flavonoid famous for its pharmacological properties, but the preventive effects of baica-
lin against immune impairment remain unclear. We examined this effect in the context of Mycoplasma gallisepticum
(MG) infection-induced structural damage in the chicken thymus. Histopathological examination showed that the
compact arrangement of cells in the thymus was lost in the MG-infected group. Inflammatory cell infiltration and
nuclear debris accumulated, and the boundary between the cortex and medulla was not clearly visible. The mRNA
and protein expression of apoptosis-related genes were significantly increased in the MG-infected group compared
to the control group and the baicalin group. The number of positively stained nuclei in the terminal deoxynucleotidyl
transferase-mediated dUTP nick end labelling (TUNEL) assay were increased in the MG-infected group. In addition,
electron microscopic examination showed chromatin condensation, mitochondrial swelling and apoptotic vesicles in
the MG-infected group. However, baicalin treatment significantly alleviated the oxidative stress and apoptosis induced
by MG infection. Importantly, the abnormal morphology was partially ameliorated by baicalin treatment. Compared
to the MG-infected group, the baicalin-treated group showed significantly reduced expression of apoptosis-related
genes at both the mRNA and protein levels. Meanwhile, the nuclear factor erythroid 2-related factor 2 (Nrf2) signal-
ling pathway and downstream genes were significantly upregulated by baicalin to counteract MG-induced oxida-
tive stress and apoptosis in the thymocytes of chickens. In summary, these findings suggest that baicalin treatment
efficiently attenuated oxidative stress and apoptosis by activating the Nrf2 signalling pathway and could protect the
thymus from MG infection-mediated structural and functional damage.

*Correspondence: ishfagmuhammad@neau.edu.cn

! Heilongjiang Key Laboratory for Animal Disease Control

and Pharmaceutical Development College of Veterinary Medicine,
Northeast Agricultural University, 600 Changjiang Road, Xiangfang
District, Harbin 150030, China

Full list of author information is available at the end of the article

© The Author(s) 2019. This article is distributed under the terms of the Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium,
provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license,

and indicate if changes were made. The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/
publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.


http://orcid.org/0000-0003-1376-8986
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13567-019-0703-6&domain=pdf

Li et al. Vet Res (2019) 50:83

Introduction

Mycoplasma gallisepticum (MG) are wall-less prokary-
otic microorganisms that belong to the family Mycoplas-
mataceae and class Mollicutes [1]. MG is the primary
aetiologic agent of infectious sinusitis in game birds, tur-
keys, passerine birds and pigeons of all ages and chronic
respiratory disease in chickens [2]. This pathogen is
highly virulent and causes major economic losses in the
poultry industry worldwide. It has been reported that
MG infection causes immune dysregulation in poultry
[3], but the underlying mechanism is still unclear. It has
been previously demonstrated that MG infection causes
atrophy in chicken lymphoid organs such as the thymus,
bursa and spleen [4]. Studies on the thymus are especially
important in infectious disease immunology because
the thymus is a primary lymphoid organ and a site for
the maturation of T cells that finally colonize secondary
lymphoid organs to fight against invading pathogens [5].
Theoretically, thymic injury can cause immune impair-
ment and results in serious consequences associated with
the development of an immature immune system, which
are associated with tissue homeostasis [6]. Fascinatingly,
birds lacking a thymus are unable to clear MG infection,
and increased lesions were observed in these birds com-
pared to normal birds [7]. These findings showed that a
fully functional humoural and cellular immune system is
essential to eliminate MG infections. However, the effect
of MG infection on thymus function is still elusive and
needs to be studied.

Previous studies demonstrated that MG infection
causes respiratory distress and chronic infection mainly
by the colonization of the host cells [8]. Moreover, per-
sistent and increased oxidative stress induced immune
impairment through cellular DNA damage and bio-
molecule fragmentation [9-11]. The complex interac-
tion between cells inflammatory cytokines/chemokines
is associated with disease outcome. However, immu-
noregulatory and inflammatory cytokines are involved
in the stimulation of leukocytes, in which promotes
bacterial clearance [12]. The dysregulation of these mol-
ecules, including but not limited to interleukin-6 (IL-6),
IL-1B, IL-8, IL-10, gamma interferon (IFN-y), and tumor
necrosis factor alpha (TNF-a), has been found to play a
critical role in mycoplasma disease pathogenesis [8]. In
addition, MG produces oxidative stress, which further
exacerbates the inflammatory response, and both oxida-
tive stress and inflammation are crucial factors that can
induce apoptosis [2—4]. For instance, it was suggested
earlier that the severity of clinical disease is proportional
to the level of apoptosis [13]. However, further research
is needed to investigate the mechanism of MG-induced
oxidative stress and apoptosis in the thymus of chickens.
Previous reports demonstrated that autophagy plays a
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critical role in the cell homeostasis mechanism associ-
ated with many pathological and physiological conditions
[14]. Autophagy protects cells from invading pathogens
and clears invading microbes [15]. Our previous study
showed that MG induced autophagy through the ERK
signalling pathway in a process mediated by toll-like
receptor 2 (TLR2) in RAW?264.7 cells [16]. Hence, the
induction of autophagy by natural or chemical drugs
could be a promising strategy to prevent MG infection.

Baicalin is derived from the plant Scutellaria bai-
calensis Georgi belonging to the family Lamiaceae. 1t is
famous in many countries, including the Russian Fed-
eration, European countries and several East Asian
countries, for its potential pharmacological properties
[17]. The chemopreventive properties of baicalin have
been attributed to its multifold pharmacological effects,
including anti-tumour effect, anti-inflammation effect,
apoptosis modulation, autophagy induction, cell cycle
arrest, metastasis suppression and oxidative stress inhi-
bition [18]. Recently, studies reported that baicalin can
upregulate the transcription factor nuclear factor eryth-
roid 2-related factor 2 (Nrf2) signalling pathway [19, 20].
Nrf2 was reported to be responsible for cytoprotection
and to stimulate a number of antioxidant and detoxify-
ing enzymes, including NAD(P)H:quinone oxidoreduc-
tase-1 (NQO-1), glutathione S-transferase (GST) and
heme-oxygenase-1 (HO-1) [21]. However, the protective
role of baicalin against MG infection-mediated oxida-
tive stress and apoptosis in the chicken thymus has not
been reported. The main objectives of the present study
were to investigate the protective properties of baica-
lin against MG-induced oxidative stress and apoptosis
in the chicken thymus. We noted that baicalin is associ-
ated with Nrf2 upregulation at the molecular level and
activated antioxidant enzymes. The complex interplay
among oxidative stress, inflammation-related cytokines,
apoptosis and the Nrf2 signalling pathway was the major
mediator of baicalin-mediated protection.

Materials and methods

Reagents and chemicals

Baicalin (purity >98.0%) was provided by Huifeng Ani-
mal Health Co., Ltd. (Harbin, Heilongjiang, China). The
detection kits for antioxidant parameters CAT, SOD,
MDA, GSH and y-GT were purchased from the Nanjing
Jiancheng Institute of Biotechnology (Nanjing, China).
TRIzol reagent was obtained from Life Science Technolo-
gies Corporation (Cal., USA). Gibco BRL (Gaithersburg,
MD, USA) provided foetal bovine serum (FBS). Eosin,
and haematoxylin dye was purchased from Nanjing
Chemical Reagent Factory (Nanjing, China). Isopropanol,
methanol, glycine, ethanol (99.0) and chloroform were
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provided by Kermel Chemical Reagent Company (Tian-
jin, China).

Growth of MG strain R,,,

MG strain R}, was obtained from Harbin Veterinary
Research Institute (Heilongjiang, China), Chinese Acad-
emy of Agricultural Sciences. Modified Hayflick medium,
consisting of 0.1% nicotinamide adenine dinucleotide
(NAD), 0.05% penicillin, 20% FBS, 0.05% thallium acetate
and 10% freshly prepared yeast extract, was used to cul-
ture MG as described in a previous study [16]. A change
in colour from phenol red to orange was observed when
MG reached the mid-exponential phase.

Experimental animals and treatments

Healthy white leghorn chickens (1 day old) were obtained
from Chia Chau chicken farm (Harbin, China). Chickens
were adapted to experimental conditions before starting
experiments. Ad libitum feed and fresh drinking water
were provided to chickens. The experimental groups
included the (A) control group (B) MG-infected group
(C) baicalin group (450 mg/kg) and (D) MG-treated bai-
calin group (450 mg/kg). A previously published method
[22] was used to challenge chickens with MG strain R,
at a density of 1x 10° CCU/mL. Baicalin treatment was
started after 3 days of MG infection and given orally [23]
once per day for seven consecutive days. Chickens were
sacrificed after 7 days of baicalin treatment, and thymus
samples were collected for further analyses.

Determination of antioxidant activities

CAT, SOD, MDA, y-GT and GSH-Px enzyme activi-
ties were measured in thymus tissues according to the
manufacturer’s instructions (Jiancheng Bioengineering
Institute, Nanjing, China). Fresh samples were prepared
in ninefold physiological saline at 4 °C and centrifuged
(1000 x g) for 10 min. The supernatant was collected and
used to examine the above enzyme activities.

Cytokine activities assay

Thymus samples were first homogenized in physiologi-
cal saline solution and centrifuged for 10 min at 1000 x
g. The supernatant was collected, and TNF-a, IL-6, IL-1f
and IL-8 enzyme activities were determined by ELISA
according to the manufacturer’s instructions. A blank
control and duplicate samples were run on an iMA-
RKTM microplate reader (Bio-Rad Co., Ltd. Shanghai,
China).

Histopathological and ultrastructural observations

Thymus samples were prepared for histopathological
examination as described previously [24]. In brief, sam-
ples were fixed in 10% neutral formalin and processed
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in graded ethanol. The specimens were then processed
for paraffin wax, cut into sections and mounted on glass
slides. Next, the slides were stained with eosin and hae-
matoxylin dye and observed under a light microscope
(Nikon E100, Tokyo, Japan). Ultrastructural examina-
tion was carried out as described previously [25], with a
few modifications. Briefly, thymus samples were fixed in
2.5% glutaraldehyde and rinsed twice in 0.2 M phosphate
buffer (pH=7.2) for 15 min. Afterwards, the specimens
were fixed in 1% osmium tetroxide for 1 h, dehydrated
in graded ethanol and embedded in epoxy resin. Follow-
ing staining with uranyl acetate, ultrathin sections were
then observed under a transmission electron microscope
(GEM-1200ES, JEOL Ltd., Tokyo, Japan).

Terminal deoxynucleotidyl transferase-mediated dUTP
nick end labelling (TUNEL) assay

The apoptotic cells in the thymus tissues of all experimen-
tal groups were detected by terminal deoxynucleotidyl
transferase-mediated dUTP nick end labelling (TUNEL)
assay. Thymus samples were first fixed in 4% formalin,
processed in graded ethanol for dehydration and embed-
ded in paraffin wax. The embedded specimens were then
cut into very small sections and mounted on glass slides,
and the apoptotic cells were detected by a TUNEL assay
kit (Roche Diagnostics GmbH, Mannheim, USA) accord-
ing to the instructions of the kit. Endogenous peroxidase
activity was inhibited by hydrogen peroxide following
treatment with proteinase K. The slides were incubated
in the terminal TdT/nucleotide mixture for 1 h at 37 °C.
Afterwards, diaminobenzidine and horseradish peroxi-
dase were used to label nuclei, haematoxylin was used
for counterstaining, and the slides were observed under a
microscope (80i, Nikon Eclipse, Tokyo, Japan).

RNA extraction and quantitative real-time polymerase
chain reaction (QRT-PCR)

Total RNA was isolated from chicken thymus samples
from each experimental group using TRIzol reagent. The
purity and concentration of the RNA were determined
spectrophotometrically by a NanoDrop (Thermo Scien-
tific, Carlsbad, USA) at 260/280 nm [26]. The RNA sam-
ples were converted into first strand cDNA using a cDNA
synthesis kit (Cat. # RR047A, Takara, Dalian, China)
according to the manufacturer’s instructions. One micro-
gram of total RNA was treated with gDNA eraser (42 °C
for 2 min) to remove genomic DNA from the samples.
Then, the samples (20 pL) were reverse transcribed at
37 °C for 15 min and 85 °C for 5 s in a gradient thermocy-
cler machine (Goettingen, Germany). qRT-PCR was car-
ried out with a kit in a 20 pL reaction volume in a Roche
LightCycler instrument (Shanghai, China) according to
the manufacturer’s instructions (Cat. # RR820A Takara,
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China). The amplification conditions are as follows. The
initial denaturation was carried out at 95 °C for 30 s, fol-
lowed by 2-step PCR (40 cycles: 95 °C for 5 s, and 60 °C
for 45 s) and dissociation. The gene-specific primers are
shown in Table 1. The B-actin gene was used as an inter-
nal reference gene. The data were analysed by the Livak
and Schmittgen method [27].

Western blotting

Western blotting was performed based on a previous
procedure with some modifications [28]. In brief, pro-
tein samples were separated with SDS-PAGE (8-12%)
and transferred to PVDF membranes (Pall Corporation,
USA). After blocking the membranes with 5% skim milk
for 1 h at room temperature, the membranes were washed
three times with TBST and incubated with primary anti-
bodies, including Nrf2 (1:500, Bioss Antibodies Inc. Bei-
jing, China), HO-1 (1:800, Bioss Antibodies Inc. Beijing),
Caspase-3 (1:500, Wanleibio Co., Shanghai, China), Cas-
pase-9 (1:1000, Wanleibio Co.), Bcl2-associated X pro-
tein (Bax) (1:500, Wanleibio Co.), Cytochrome-C (1:800,
Wanleibio Co.), B cell lymphoma-2 (Bcl-2) (1:500, Wan-
leibio Co.) and B-actin (1:1000, Bioss Antibodies Inc.
Beijing), overnight at 4 °C. The membranes were washed
an additional three times with TBST and incubated
with secondary goat anti-rabbit (1:3000, Bioss Antibod-
ies Inc. Beijing) or anti-mouse (1:3000, Bioss Antibodies
Inc. Beijing) horseradish peroxidase-conjugated IgG. The
membranes were then visualized with enhanced chemi-
luminescence (ECL, Biosharp Life Sciences, China) rea-
gent after washing three times with TBST for 10 min
each time. B-actin was used as a loading control antibody.

Statistical analysis

Statistical significance (p <0.05) was determined by one-
way ANOVA among groups using the software statistical
package for social sciences (SPSS, version 21.0). Graph-
Pad Prism version 6.0 was used to draw all the graphs.
The heatmap was made with heatmap illustrator software
(Heml, version 1.0.3.7).

Results

Effect of baicalin on antioxidant activities

The activities of antioxidants, including SOD, GSH-
Px, CAT, MDA and y-GT, (Figure 1) were examined
in thymus samples of chickens from all experimental
groups. CAT, SOD and GSH-Px activities were signifi-
cantly (p<0.05) decreased in the MG-infected group
compared to the control group and the baicalin group.
Meanwhile, MDA and y-GT activities were signifi-
cantly (»<0.05) increased in the MG-infected group.
However, baicalin treatment significantly (p<0.05)
alleviated the alteration in SOD, CAT, MDA and y-GT
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activities, but not the alteration in GSH-Px activity,
which did not show a significant increase (p>0.05) in
the MG-treated baicalin group compared to the MG-
infection group. These findings showed that baicalin
has the potential to alleviate oxidative stress in the thy-
mus tissues of chickens. In addition, compared to the
control condition, baicalin treatment alone had no sig-
nificant effect on SOD, GSH-Px, CAT, MDA and y-GT
activities.

Histopathological and ultrastructural observations

To clarify the protective effects of baicalin against MG
infection-induced damage in the thymus, histopatho-
logical and ultrastructural observations were per-
formed. Histopathological results (Figure 2) revealed
increased nuclear debris, inflammatory cell infiltrates,
and a few vacuoles in the thymocytes of chickens from
the MG-infected group compared to those from the
control group and baicalin group. In contrast, cells
from the control group showed normal morphology,
fewer vacuoles and compactly arranged cells. Ultras-
tructural examination (Figure 3) also showed normal
morphology of cells in the control group but revealed
many apoptotic features, such as chromatin conden-
sation, mitochondrial swelling and cell damage, in the
MG-infected group. However, the above abnormal
morphological signs partially disappeared with baicalin
treatment. These findings suggested that baicalin could
protect structural integrity and inhibit MG infection-
induced immune impairment in chicken thymus.

Effect of baicalin on cytokine activities

MG infection induced oxidative stress in the chicken
thymus, which acts as a second messenger to inter-
rupt cytokines. The dysregulation of cytokine activities
caused immune impairment during MG infection [3].
ELISA was used to measure cytokine activities (Fig-
ure 4) to determine MG-induced alterations and the
effect of baicalin on these activities in the thymus of
chickens. Compared to the control group and the bai-
calin group, the MG-infected group showed increased
TNF-a (p<0.05), IL-6 (»>0.05), IL-1f (p»>0.05) and
IL-8 (p>0.05) activities. Meanwhile, baicalin treat-
ment significantly restored the MG-induced increase
in TNF-a (p <0.05) enzyme activity, but the IL-6, IL-1p
and IL-8 levels were not significantly different (p >0.05)
between the MG-treated baicalin group and the MG-
infected group. Additionally, compared to the control
condition, baicalin treatment alone had no significant
effect on the activities of TNF-«, IL-6, IL-1p and IL-8.
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Table 1 List of primers used for qRT-PCR

S. No. Gene name Primers (from 5’ to 3) Product length

1 TLR2-A Forward 5/-TCGCTCCAACACCTTCGCATTC 181
Reverse 5'-GATTGTCACCGTCGATCCTCAGC

2 TLR2-B Forward 5/-TCCTCATCCTGGTGGTCGTTGG 88
Reverse 5'-GGCTTCCGCTTGGCTTGGAG

3 TLR4 Forward 5/-TTCGGTTGGTGGACCTGAATCTTG 114
Reverse 5'-ACAGCTTCTCAGCAGGCAATTCC

4 NLRP3 Forward 5/-GCTCCTTGCGTGCTCTAAGACC 150
Reverse 5'-TTGTGCTTCCAGATGCCGTCAG

5 IL-10 Forward 5/-CAGCACCAGTCATCAGCAGAGC 94
Reverse 5'-GCAGGTGAAGAAGCGGTGACAG

6 IL-18 Forward 5-AGATGATGAGCTGGAATGCGATGC 97
Reverse 5'-ATCTGGACGAACCACAAGCAACTG

7 PTGE Forward 5"-GCCTTCTACAGCACGATCCTGATC 80
Reverse 5/-GCCTTCTTCCTGAGCCTCACTTG

8 ALOX5 Forward 5/-GCGGTTCACAATAGCCATCAACAC 139
Reverse 5'-GCTGTAGGTCAGGTCCTTCATTGC

9 ALOX15B Forward 5-GTGAAGGAGCGGACAGTGAAGTG 95
Reverse 5'-AACCAGGCATCCTCCAGGAAGAG

10 LOXHD1 Forward 5"-CACAGACAAGACCTTCCGCTTCC 123
Reverse 5-GCAGTCCGTTCCTTCAGTTCCAG

11 IFN-y Forward 5-TTCCTGATGGCGTGAAGAAGGTG 129
Reverse 5-TCGGAGGATCCACCAGCTTCTG

12 GSDMA Forward 5'-AGCCTCACAGAAGCCATCTCCTAC 196
Reverse 5-GCTGCTGCTGCTCGCTGAAG

13 GSDME Forward 5'-GCTGCGTGCCTGCTCTGATC 88
Reverse 5-GCTCAGTGCCAAGGTGCCATC

14 TRAF2 Forward 5-CGTGGTGATGAAAGGACCCA 100
Reverse 5-AATGATGTGCTCCCGGTTGT

15 TNF-R1 Forward 5'-CCTGTCTGTCTTCCCTGTCC 120
Reverse 5-GGTGCATGGGGTCTTTTCTA

16 TRADD Forward 5'-CTAGAGCCCAAAGGAAGTCGAT 100
Reverse 5-TGGCTGCTTCTCTGTGACAT

17 FADD Forward 5'-GGGGTAAAGAGGCTGAACTCTTA 163
Reverse 5-TGAGTCCTATTGCACTGCTGTC

18 Nrf2 Forward 5'-GATGTCACCCTGCCCTTAGA-3! 124
Reverse 5-TCGTTCCATTTGTTCCTTCTG-3/

19 GPX-1 Forward 5’-AAGTGCTGCTGGTGGTCAACG 155
Reverse 5-GTTGGTGGCGTTCTCCTGGTG

20 GPX-3 Forward 5'-GTGGCAGAGGAGTTCGGCAAC 151
Reverse 5-TCTTGACAGTGGCGATGTTGGC

21 PRDX6 Forward 5'-GCATCCGCTTCCACGACTTCC 200
Reverse 5'-GGCGTTGATGTCCTTGCTCCAG

22 MAP1LC3 Forward 5/-GCTGCCAGTGCTGGACAAGAC 189
Reverse 5-TCCTCATCCTTCTCCTGCTCGTAG

23 Beclin-1 Forward 5'-ACCGCAAGATTGTGGCTGAAGAC 163
Reverse 5-TGAGCATAACGCATCTGGTTCTCC

24 mTOR Forward 5'-AACCACTGCTCGCCACAATGC 120
Reverse 5'-CATAGGATCGCCACACGGATTAGC

25 HO-1 Forward 5/-TCATTGGCAAGAAGCATCCAGAGC-3/ 176
Reverse 5-GAACTTGGTGGCGTTGGAGACTC-3/

26 NF-kB Forward 5/-CACATGGTGGTGACCGCCAATAG-3! 194
Reverse 5'-GTGCCATCGTATGTAGTGCTGTCC-3’

27 TNF-a Forward 5/-TGATCGTGACACGTCTCTGC-3! 88
Reverse 5'-CAACCAGCTATGCACCCCAG-3/

28 IL-6 Forward 5/-TTCACCGTGTGCGAGAACAGC-3/ 80

Reverse 5'-CAGCCGTCCTCCTCCGTCAC-3/




Li et al. Vet Res (2019) 50:83

Table 1 (continued)
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S. No. Gene name Primers (from 5’ to 3) Product length
29 IL-18 Forward 5'-AGCAGCCTCAGCGAAGAGACC-3/ 90
Reverse 5'-GTCCACTGTGGTGTGCTCAGAATC-3/
30 Bax Forward 5/-ACTCTGCTGCTGCTCTCCTCTC-3/ 174
Reverse 5'-ATCCACGCAGTGCCAGATGTAATC-3/
31 Caspase-3 Forward 5/-TACCGGACTGTCATCTCGTTCAGG-3/ 166
Reverse 5'-ACTGCTTCGCTTGCTGTGATCTTC-3/
32 Caspase-8 Forward 5/-GGAAGCAGTGCCAGAACTCAGAAG-3/ 174
Reverse 5-TTGTTGTGGTCCATGCACCGATAG-3/
33 Caspase-9 Forward 5'-CCGAAGGAGCAAGCACGACAG-3! 121
Reverse 5/-CATCTAGCATGTCAGCCAGGTCAC-3/
34 P53 Forward 5'-GGAGATGGAACCATTGCTGGAACC-3/ 113
Reverse 5'-GCTCCTGCCAGTTGCTGTGATC-3!
35 Bcl2 Forward 5-GAGTTCGGCGGCGTGATGTG-3/ 92
Reverse 5-TTCAGGTACTCGGTCATCCAGGTG-3’
36 Cytochrome C Forward 5'-CCTAATCGCCGTGGCCTTCTTAAC-3/ 163
Reverse 5'-GGAGGAGGTAGATGGTCGGATTGG-3/
37 NQO1 Forward 5'-TCGCCGAGCAGAAGAAGATTGAAG-3/ 191
Reverse 5-GGTGGTGAGTGACAGCATGGC-3/
38 GSTA2 Forward 5-GGAGTCAATCCGGTGGCTGTTAG-3/ 163
Reverse 5'-GGCTCTGCTCTGCACCATCTTC-3/
39 ATG5 Forward 5'-GGACGCATACCAACCTGCTT 200
Reverse 5-TGCCATTTCAGTGGCGTACC
40 Dynein Forward 5'-CGTTGCCAGCGTTACACCTATCC 163
Reverse 5'-GCCAGGACTGCCACCAACAC
41 F-actin Forward 5'-ACCTGGATTGGAGAGGATGTCAGC 160
Reverse 5'-CGGCCTTCTTCAGCTCGTTCTTG
42 a-Tubulin Forward 5'-GCGGCACGGCAAGTACATGG 94
Reverse 5-CTTGGTCTTGATGGTGGCGATGG
43 TGFB1 Forward 5'-GCCGACACGCAGTACACCAAG 168
Reverse 5'-GCAGGCACGGACCACCATATTG
44 B-actin Forward 5'-CAACACAGTGCTGTCTGGTGGTAC-3’ 199
Reverse 5'-CTCCTGCTTGCTGATCCACATCTG-3/
The mRNA expression profile of genes involved
in apoptosis, autophagy, inflammatory response
= G- treated baicali group and defence péthways in the thymus of chickens ‘
1000+ m= Baicalin group A heatmap (Figure 5) shows the mRNA expression pro-
s16.2] == MG-infection group file of genes involved in different signalling pathways,
) 100] # , == Controlgroup including autophagy, apoptosis, death receptor signal-
o # ling, inflammation and the Nrf2 defence pathway, in the
S 31.6 . . Lo
g . thymus tissues of chickens. The results revealed signifi-
31 # # # # cant changes in the mRNA expression profiles of these
® e - genes in the MG-infected group relative to the control
§ 13 o group. However, baicalin treatment restored the changes
0.34 in the mRNA expression of these genes to some extent. A
detailed description of the apoptosis and Nrf2 pathways

CAT MDA SOD GSH-Px v-GT

Figure 1 Effect of baicalin and MG infection on chicken thymus
antioxidant activities. Antioxidant activities are displayed in

this figure. The experimental groups included the control group,
MG-infected group, Baicalin group (450 mg/kg) and MG-treated
baicalin group (450 mg/kg). *p < 0.05 vs. the control group, and

*p < 0.05 vs. the MG-infection group. The results are expressed as the
mean4SD (h=3).

is given below.

Baicalin inhibited MG-induced apoptosis in the thymus
tissues of chickens

Apoptosis plays a crucial role in the selection of T cells
in the thymus. Figures 6A and B show the mRNA and
protein expression profiles of apoptosis-related genes.
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# TR, f s ol B
Figure 2 Histopathological analysis of chicken thymus.
Histopathological examination of the thymus specimens of four
experimental groups is shown in this figure (scale bar=20 mm). The
experimental groups were the A control group, B MG-infected group,
C baicalin group (450 mg/kg), and D MG-treated baicalin group

(450 mg/kg). The photomicrographs showed obvious reticular cells
(red arrows), lymphocyte exudation (white arrows) and cell necrotic

debris (yellow arrows).

The mRNA expression levels of Cytochrome-C, p53,
Bax, Caspase-8, Caspase-3 and Caspase-9 were signifi-
cantly (p<0.05) enhanced in the MG-infected group,
while the anti-apoptotic gene Bcl-2 was significantly
(p<0.05) reduced in the MG-infected group compared
to the control group. In addition, caspase-9 and Bax pro-
tein expression were significantly (p<0.05) enhanced in
the MG-infected group. However, the increases in Cas-
pase-3 and Cytochrome-C protein expression were not
statistically significant (p>0.05) in the MG-infected
group compared to the control group. In contrast, Bcl2
protein levels were significantly (p<0.05) reduced in
the MG-infected group compared to the control group.
Meanwhile, a significant (p < 0.05) reduction was noted in
the mRNA expression of Cytochrome-C, p53, Bax, Cas-
pase-8, Caspase-3 and Caspase-9 with baicalin interven-
tion. Bcl2 mRNA expression was significantly (p <0.05)
enhanced in the MG-treated baicalin group and baicalin
group compared to the MG-infected group. In addition,
baicalin significantly (p <0.05) alleviated the alteration in
the protein expression of the caspase-9, Bax, Caspase-3
and Bcl2 genes, but not that of Cytochrome-C (p>0.05).
Here, we also examined apoptotic cells using a TUNEL
assay (Figure 7) to determine the protective role of bai-
calin against MG-induced apoptosis in thymus tissues.

Figure 3 Ultrastructural analysis of chicken thymus. Transmission
electron microscopic examination of thymus samples from the

four experimental groups is shown in this figure (scale bar=2 pum).
The experimental groups were the A control group, B MG-infected
group, C baicalin group (450 mg/kg) and D MG-treated baicalin
group (450 mg/kg). Clear signs of apoptosis were observed, including
mitochondrial swelling (black arrows), membrane deformation (blue
arrows) and broken mitochondrial cristae (yellow arrows).

Bl MG-treated baicalin group

601 Hl Baicalin group
T 50 B MG-infection group
%1 Hl Control group
£ 404
1’3
2
2 307
©
©
3 E
g 20
g
5 10

TNF-a IL-1b IL-6 IL-8

Figure 4 Effect of baicalin and MG infection on
Pro-inflammatory cytokine activities. Pro-inflammatory cytokine
activities are shown in this figure. The experimental groups included
the control group, MG-infected group, baicalin group (450 mg/kg)
and MG-treated baicalin group (450 mg/kg). *p <0.05 vs. the control
group, and #p<0.05 vs. the MG-infection group. The results are
expressed as the mean£SD (n=3).

A significant increase in apoptotic cells (positive-stained
brown nuclei) was noted in the MG-infected group com-
pared to the control group and the baicalin group. How-
ever, baicalin treatment effectively decreased the number
of positively stained nuclei in the MG-treated baicalin
group relative to the MG-infected group. These find-
ings demonstrated that baicalin efficiently attenuated
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apoptosis and could prevent immune impairment in the
thymus tissues of chickens during MG infection.

Effect of MG infection and baicalin on the expression

of the Nrf2/HO-1 pathway

The Nrf2/HO-1 signalling pathway protects cells from
oxidative damage and toxic insults. The mRNA and pro-
tein expression levels of the transcription factor Nrf2 and
its downstream genes were examined in all experimental
groups (Figure 8). Compared to the control condition,
MG infection slightly increased (p >0.05) the mRNA (Fig-
ure 8A) and protein expression level (Figure 8B) of Nrf2
and its downstream genes. Intriguingly, both the protein
and mRNA expression levels of Nrf2 and its downstream
genes were significantly (p<0.05) increased in the MG-
treated baicalin group compared to the control group
and MG-infection group.

Discussion

Previous studies demonstrated that MG infection causes
significant economic losses to the poultry industry due
to reduced egg quality and egg production, decreased
carcass quality and increased susceptibility to other dis-
eases [1]. Once infected, the birds become a carrier of
this pathogen and remain infected for a long time [2].
Therefore, it is often difficult to eradicate this infec-
tion by culling entire flocks. Our data revealed that MG
infection induced oxidative stress in the thymus of white
leghorn chickens. Histological sections showed inflam-
matory cell infiltration with abnormal morphology in
the MG-infected group. In addition, transmission elec-
tron microscopy results demonstrated that the structural
integrity of the thymus was deteriorated and that signs of
apoptosis were visible. These findings provide evidence
that MG induces apoptosis in the chicken thymus. These
findings are in agreement with previous studies [4] that
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microscopic lesions, including mild to moderate conges-
tion and lymphocyte depletion, were prominent in the
thymus of chickens infected with MG. The thymus serves
a critical role in the defence mechanism of the body, pro-
viding protection and surveillance against various path-
ogens [29]. However, until now, MG-induced immune
dysregulation in the thymus has not been reported. In
the present study, MG induced apoptosis in the thymo-
cytes of chickens. The possible cause of apoptosis is the
oxidative stress produced by MG infection, which acts
as a second messenger for apoptotic cell signalling and
leads to lymphocyte depletion in the thymus. Thus, it
is speculated that MG-induced immune impairment in
chicken thymus could be due to oxidative stress dam-
age and excessive apoptosis. Previous reports showed

that oxidative stress could induce apoptosis from both
mitochondrial dependent and independent pathways
[30]. Additionally, oxidative stress resulted in various
modifications in lipid molecules associated with dam-
age molecular patterns leading to sterile inflammation.
The molecular mechanisms of the relationship between
oxidative stress and inflammation were summarized in
a review [31]. Intriguingly, apoptosis is induced through
pro-inflammatory mediators such as TNF-a, which plays
a multifunctional role; TNF-a can also bind to the death
receptor (TNF receptor 1, TNF-R1) and may directly
activate apoptosis through the stimulation of caspases
[32]. In the present study, a significant increase in TNF-a
activity was noted in the MG-infected group. Moreo-
ver, the mRNA expression of the death receptor was
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Figure 7 Detection of apoptosis by TUNEL assay. Apoptosis was analysed by TUNEL assay in all experime
Brown-stained nuclei (apoptotic cells) were observed in chicken thymus. The experimental groups included the A control group, B MG-infected
group, C baicalin group (450 mg/kg) and D MG-treated baicalin group (450 mg/kg).
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obviously increased in the MG-infected group. These
findings are in line with the above studies showing that
oxidative stress and TNF-a are possible factors that may
be involved in apoptosis and inflammation in chicken
thymus. However, additional studies are needed to clarify
the mechanism that relates apoptosis, inflammation and
oxidative stress in chicken thymus during MG infection.
Baicalin has been reported to be a potent antioxidant,
anti-inflammatory, antibacterial, anti-viral and anti-
cancer agent [33]. The protective effects of baicalin are
associated with its wide range of therapeutic properties,
and baicalin can modulate various signalling pathways
involved in vital body functions [18, 34]. In the present
study, baicalin efficiently alleviated oxidative stress in
thymus tissues, as evidenced by antioxidant activities.
In addition, pro-inflammatory cytokine activities were
decreased in the MG-treated baicalin group relative to
the MG-infected group. These results are similar to pre-
vious studies showing that baicalin acts as a potential
antioxidant and anti-inflammatory agent [20, 35, 36].
Moreover, Yang et al. demonstrated that baicalin pro-
moted regulatory T cell differentiation and can be used

for the treatment of autoimmune and inflammatory
diseases [37]. In another study, baicalin inhibited the
apoptosis of CD3" T cells in the thymus of mice with
polymicrobial sepsis [38]. Our data showed that baicalin
significantly reduced MG-induced apoptosis in thymus
tissues. It is worth mentioning that treatment with baica-
lin alone had no significant effect on the level of apopto-
sis in the thymus of chickens. However, additional studies
are needed to investigate the effect of baicalin on the role
of apoptosis in normal thymocyte differentiation in vivo.
In addition to apoptosis, autophagy plays a crucial role in
innate immunity and in defending against invading path-
ogens by presenting degraded molecules extracellularly
and/or directly degrading bacterial proteins [15, 39]. A
previous study demonstrated that autophagy clears Pseu-
domonas aeruginosa infection by alveolar macrophages
[14]. Zhu et al. showed that baicalin inhibited influenza
A virus H3N2-induced autophagy, which may contrib-
ute to its anti-viral activity [40]. In contrast, the present
data revealed that baicalin activated the MG infection-
mediated inhibition of autophagy. The mRNA expression
of autophagy-related genes was significantly upregulated
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Figure 8 Effect of baicalin and MG infection on the Nrf2 pathway. This figure shows the effect of the four experimental treatments on
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*p<0.05 vs. the control group, and *p < 0.05 vs. the MG-infected group. The results are expressed as the mean £SD (n=3).

in the baicalin-treated group relative to the MG-infec-
tion group. Thus, it is speculated that autophagy may be
a potential marker for the preparation and development
of novel drugs against bacterial infections. In addition to
targeting autophagy, the transcription factor Nrf2 regu-
lates numerous cytoprotective genes, which are of inter-
est to scientists and are key targets of many therapeutic
agents in various ailments [20]. In the present study,
the mRNA and protein expression levels of Nrf2 and its
downstream genes were significantly increased in the
MG-treated baicalin group compared to the MG-infected
group. These results revealed that baicalin prevents oxi-
dative stress and apoptosis in part due to its effect on the
Nrf2 defence pathway. Nevertheless, additional studies

are needed to determine the regulatory mechanism of
baicalin on the Nrf2 pathway and apoptosis. In addition,
a better understanding of the crosstalk among Nrf2, oxi-
dative stress generation and apoptosis-related mecha-
nisms is needed to lay a foundation for the prevention of
MG infection.

In conclusion, baicalin potentially inhibited oxidative
stress, pro-inflammatory cytokine activities and apopto-
sis and maintained the structural integrity of thymus tis-
sues. The present study provides novel insights into the
antibacterial activities of baicalin, which may be helpful
in the future to investigate the relationship between mul-
tiple signalling pathways and herbal drugs against bacte-
rial infection.
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