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Background: Baicalin possesses potential anti-inflammatory, anti-tumor and anti-oxidant

activities. In the present study, we attempted to investigate the preventive effects of baicalin

against Mycoplasma gallisepticum (MG)-induced inflammation, apoptosis and energy meta-

bolism dysfunction in chicken lungs.

Methods: Experimental chickens were randomly divided into 1) control group, 2) MG

infection group, 3) MG-infected group treated with baicalin at a dose of 450 mg/kg and 4)

baicalin alone treated group (450 mg/kg). After 7 days of post-treatment, serum and lung

tissues were collected for different experimental analyses. The hallmarks of inflammation,

apoptosis and energy metabolism dysfunction were detected by histological and ultrastruc-

tural examination, qRT-PCR, Western blotting and terminal deoxynucleotidyl transferase-

mediated dUTP nick endlabeling (TUNEL) assay.

Results: The level of serum inflammatory markers were increased with MG infection.

Histological and ultrastructural analysis showed excessive inflammatory cells infiltrates, alveolar

wall thickening, hemorrhages, mitochondrial and nuclear damage, including mitochondrial

swelling and condensation of DNA in the lungs of chickens infected with MG. TUNEL assay

positive-stained nuclei were significantly increased in MG infection group. In addition, the

mRNA and protein expression level of energy metabolism-related genes and ATPase activities

were significantly reduced. Meanwhile, MG-induced morphological and ultrastructural changes

were partially disappeared with baicalin-treatment, and the level of serum inflammatory

markers were significantly reduced. It has been noted that baicalin significantly attenuated

MG-induced inflammation and apoptosis in the chicken lungs through the suppression of nuclear

factor-kappa B and reduced extensive positive-stained apoptotic nuclei. More importantly,

ATPase activities and mRNA and protein expression level of energy metabolism-related genes

were significantly improved with baicalin-treatment in the lungs of chickens infected with MG.

Conclusion: Conclusively, it has been suggested from these results that baicalin-treatment

efficiently prevented MG-induced inflammation, apoptosis and energy metabolism dysfunction

in the chicken lungs and provide basis for new therapeutic targets to control MG infection.
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Introduction
Mycoplasma gallisepticum (MG) is the simplest and smallest prokaryotic micro-

organism, an avian pathogen that causes chronic respiratory disease in chickens,

conjunctivitis in house finches and infectious sinusitis in turkeys.1,2 The infection is
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highly transmissible and results in significant economic

losses including reduction in egg production, hatchability,

weight gain and low carcass quality.3,4 MG infection

induces profound inflammatory responses in chicken

respiratory tract, including trachea, air sacs and lungs.5

Researchers reported that MG adheres and colonizes to

the surface of ciliated epithelial cells of the respiratory

tract.6 This interaction results in various cytopathic

changes such as rounding and exfoliation of non-ciliated

and ciliated epithelial cells, deciliation followed by lysis,

and the release of catarrhal exudate with mucofibrinous

plugs and mucus from goblet cells.7–9 Besides cytopathic

changes, profound inflammatory responses were produced

during MG infection accompanied with the infiltration of

lymphocytes and the release of chemokines and

cytokines.10,11 Although previous studies reported the che-

mokines and cytokines involved in MG-induced inflam-

matory responses,12,13 the complex relationship between

these chemokines and cytokines and inflammation-induced

damage in chicken’s respiratory tract is still elusive.

Sokolova et al (1998) demonstrated that Mycoplasma

infection sensitized host cells to apoptosis, accompanied

by morphological features of apoptosis, DNA fragmenta-

tion and inhibit proliferation.14 Mycoplasma hypopneumo-

niae was reported to induce apoptosis in porcine alveolar

macrophages via adhesion and stimulating proliferation.15

However, the detail molecular mechanism of MG-induced

apoptosis in chicken lungs is still unknown. In the present

study, we investigated MG infection-mediated apoptosis

accompanied by mitochondrial damage in the chicken

lungs. Previously, it has been demonstrated that MG is

partially parasitic in nature because it lacks some of the

metabolic enzymes for synthesizing nutrients and other

metabolic functions, and therefore derive nutrients from

host cells for their survival.6,16 Accumulating evidences

showed that pathogen infections may affect the energy

metabolism resulting in neutral, beneficial or detrimental

outcome for both the pathogen and the host cells.17 The

normal structure and function of cells could be impaired

due to reduced glucose metabolism and energy

production.18,19 To investigate the effect of MG infection

on energy metabolism in chicken lungs, we analyzed

energy metabolism-related enzymes such as succinate

dehydrogenase complex iron-sulfur subunit B (SDHB),

phosphofructokinase (PFK), pyruvate kinase (PK), aconi-

tase-2 (ACO2), hexokinase-1 (HK1), hexokinase-2 (HK2),

lactate dehydrogenase A (LDHA) and lactate dehydrogen-

ase B (LDHB). Nevertheless, these enzymes could be

potential therapeutic targets to prevent energy metabolism

dysfunction during MG infection.

Baicalin, a flavonoid compound possesses potential

therapeutic properties, including anti-microbial, anti-

inflammatory, anti-oxidant, anti-hepatotoxic and anti-

tumor properties.20,21 Baicalin has the ability to interact

with various signaling pathways.21 Researchers demon-

strated that baicalin alleviated inflammation through toll-

like receptor 2-nuclear factor-kappa B (NF-κB) signaling
pathway in several infection models.22,23 Similarly, our

previous study explained the preventive effects of baicalin

against MG infection-induced oxidative stress and apop-

tosis via the opposite modulation of nuclear factor ery-

throid 2-related factor 2 (Nrf2)/Heme oxygenase-1 (HO-1)

and NF-κB signaling pathway and restored mitochondrial

dynamics imbalance in the spleen of chickens.24 However,

the effects of baicalin on MG infection-mediated energy

metabolism dysfunction in the chicken lungs is still not

reported. The objectives of the present study were to

investigate the preventive effects of baicalin against

MG-induced energy metabolism dysfunction, inflamma-

tion and apoptosis in the lungs of chicken. The study

will help in exploring new therapeutic targets to control

and treat MG infection.

Materials And Methods
Ethical Statement
The present study was conducted under the approval of

Institutional Animal Care and Use Committee of Northeast

Agricultural University (Heilongjiang province, China)

(SYXK (Hei) 2012–2067) in accordance with Laboratory

animal-Guideline for ethical review of animal welfare

(GB/T 35,892–2018, National Standards of the People’s

Republic of China).

Bacterial Infection
MG strain (Rlow) was provided by Harbin Veterinary

Research Institute, Chinese Academy of Agricultural

Sciences (Heilongjiang, People’s Republic of China).

MG were cultured as mentioned in our previous study.25

In brief, 0.1% nicotinamide adenine dinucleotide, 10%

freshly prepared yeast extract, and 0.05% thallium acetate,

20% FBS and 0.05% penicillins were supplemented in

modified Hayflicks medium. A color change was observed

from phenol red to orange at mid-exponential phase of

MG. The density of MG was adjusted to 1×109 color

change unit per milliliter (CCU/mL) to challenge chickens.
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Chickens And Experimental Treatments
A total of 120 one-day-old white leghorn chickens were

provided by Chia Chau chicken farm (Heilongjiang,

People’s Republic of China). Chickens were adapted to

experimental conditions for 1 week, and provided ad libi-

tum feed and freshwater. Ten chickens were randomly

assigned into four experimental groups in three replicates

including (G1) control group, (G2) MG infection group,

Table 1 Primers Used In qRT-PCR

Target gene Primers (from 5′ to 3′) Length

iNOS Forward 5′- GAAGTGGTATGCTCTGCCTGCTG-3′

Reverse 5′- GTCTCGCACTCCAATCTCTGTTCC-3′

115

TNF-α Forward 5′- TGATCGTGACACGTCTCTGC-3′

Reverse 5′- CAACCAGCTATGCACCCCAG-3′

88

PTGE Forward 5′- GCCTTCTACAGCACGATCCTGATC

Forward 5′- GCCTTCTTCCTGAGCCTCACTTG

80

IL-6 Forward 5′- TTCACCGTGTGCGAGAACAGC-3′

Reverse 5′- CAGCCGTCCTCCTCCGTCAC-3′

80

IL-1β Forward 5′- AGCAGCCTCAGCGAAGAGACC-3′

Reverse 5′- GTCCACTGTGGTGTGCTCAGAATC-3′

90

NF-κB Forward 5′- CACATGGTGGTGACCGCCAATAG-3′

Reverse 5′- GTGCCATCGTATGTAGTGCTGTCC-3′

194

Cox-1 Forward 5′-CCTAATCGCCGTGGCCTTCTTAAC-3′

Reverse 5′-GGAGGAGGTAGATGGTCGGATTGG-3′

163

Cox-2 Forward 5′-ACCAGAACCGAATCGCAGCT-3′

Reverse 5′-CCAGCAACCCTACCAGCACT-3′

190

IFN-γ Forward 5′-TTCCTGATGGCGTGAAGAAGGTG-3′

Reverse 5′-TCGGAGGATCCACCAGCTTCTG-3′

129

PFK Forward 5′-GTGAGAGTTGGCATAACGGAAGGC-3′

Reverse 5′-CGCATCTGGTCAGCAATCTTCTCC-3′

191

PK Forward 5′-CTCAGCCAACTCTCCGTGATATGC-3′

Reverse 5′-TCCACTGCTTCCAAGAACGATGAC-3′

175

SDHB Forward 5′-TGGACGGACTCTATGAGTGCATCC-3′

Reverse 5′-TTGAAGTTGTGCCAGGCGTTCC-3′

167

LDHB Forward 5′-GCAGGTGTTCGTCAGCAAGAGG-3′

Reverse 5′-GGCAGGCCACTCAACTTCCATG-3′

176

LDHA Forward 5′-TGCCTGTCTGGAGCGGAGTG-3′

Reverse 5′-GTCCACCACCTGCTTGTGAACC-3′

116

HK2 Forward 5′-TGGAGGTGAAGCGGAGGATGAG-3′

Reverse 5′-GCACCAGCAGCACACGGAAG-3′

177

HK1 Forward 5′-TCATGGCTGTTGTGAACGATACCG-3′

Reverse 5′-GGTCAATGTGCCGCATCTCCTC-3′

132

ACO2 Forward 5′-CCTGTGGACAAGCTGAGCATCG-3′

Reverse 5′- CTGCGACTCGTTGAAGGTGTGG-3′

129

β-actin Forward 5′- CAACACAGTGCTGTCTGGTGGTAC-3′

Reverse 5′- CTCCTGCTTGCTGATCCACATCTG-3′

199
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(G3) MG-infected group treated with baicalin at a dose of

450 mg/kg and (G4) baicalin alone treated group

(450 mg/kg). Chickens were infected with MG Rlow

(1×109 CCU/mL) in the bilateral air sacs as mentioned in

our previous study.24 Baicalin (purity ≥98.0%, Huifeng

Animal Health Co., Ltd. Heilongjiang, People’s Republic

of China) was dissolved in distilled water (0.5 mL) and

given orally,23 once a day after 3 days of post-infection.

After 7 days of baicalin-treatment, chickens were sacri-

ficed by cardiac puncture and blood was collected follow-

ing euthanasia with sodium pentobarbital as mentioned

previously.26 Whole lung tissues including the right and

left lobe were collected from each experimental chicken.

The left lobe was washed in PBS to remove excess of

blood. Then, the lower side of the left lobe was processed

for HE staining and the upper side was stored at –80°C for

further experimental analyses.

Determination Of Serum Inflammatory

Markers
Serum was separated and collected from blood following

centrifugation at 1000× g for 10 mins. Tumor necrosis

factor-α (TNF-α), IL-6, IL-1β and IL-8 enzyme activities

were determined by ELISA on an iMARKTM microplate

reader (Bio-Rad Co., Ltd. Shanghai, People’s Republic of

China). All the samples were run in duplicate along with a

blank control to avoid inter assay variation.

Transmission Electron Microscopy
Lungs ultrastructural examination was carried out as

described previously.27 In brief, samples were first fixed

in 2.5% glutaraldehyde solution following 1% osmium

tetroxide (OsO4) and washed in 0.2 M phosphate buffer

(pH=7.2) for 15 mins. Then, the samples were passed

through a series of alcohol solution to remove the excess

Figure 1 Effect of MG and baicalin on serum inflammatory markers activities (as shown in panel (A) TNF-α, (B) IL-8, (C) IL-1β and (D) IL-8 activities). Whereas

experimental groups including (G1) control group (G2) MG infection group (G3) MG infection group treated with baicalin (450 mg/kg) and (G4) baicalin alone group. Bar

graph shows mean results±SD (n=3). The significance among groups were shown as *p<0.05 vs control group (G1), **p<0.05 vs MG infection group (G2) and #p<0.05 vs

baicalin treated group (G3).
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of water, stained with uranyl acetate and 0.2% lead citrate,

and examined for ultrastructural analysis under S-3400N

transmission electron microscope (HITACHI, Tokyo,

Japan).

Histopathological Examination
Histopathological examination was carried out as

described earlier,28 with some modifications. Briefly,

lungs samples were fixed in 10% formalin overnight,

dehydrated in a series of alcohol solution and embedded

in wax. After embedding, samples were cut into sections

(5 μm), stained with H&E and observed under light micro-

scope (Nikon E100, 40X magnification, Tokyo, Japan).

Detection Of Apoptosis By Terminal

Deoxynucleotidyl Transferase-Mediated

dUTP Nick Endlabeling (TUNEL) Assay
TUNEL assay was performed as described in our previous

study.24 In brief, lung tissues were first fixed in formalin and

passed through a series of ethanol solution. After

embedding in paraffin wax, the sections were cut and

mounted on glass slides. Apoptotic cells were detected by

a TUNEL assay detection kit (Beyotime biotechnology,

Jiangsu, People’s Republic of China) according to the man-

ufacturer’s instructions. Endogenous peroxidase activity

was inhibited by hydrogen peroxide, followed by treatment

with proteinase K. After the slides were incubated with

terminal TdT/nucleotide mixture at 37°C for 1 hr and then

rinsed in phosphate buffer solution. Diaminobenzidine and

horseradish peroxidase were applied to develop nuclear

labelling. Finally, the slides were counterstained with hema-

toxylin, examined under a fluorescence microscope

(Olympus, Tokyo, Japan), and the number of positive cells

was counted in three randomly selected sections in each

sample.

Determination Of ATPase Activities
ATPase’s activities including Mg++-ATPase, Na+-K+-

ATPase, Ca++-Mg++-ATPase and Ca++ATPase activities

were detected in lung tissues of all experimental groups

using a kit (Cat. no. A016-2, Jiancheng Institute of

Figure 2 The photomicrographs of lung tissues stained with hematoxylin and eosin (40× magnification, scale bar=20 mm) are shown in Figure 2 (n=3). Red arrows show

inflammatory cells infiltration and blue arrows show hemorrhagic spots in the lungs. Experimental groups including (A) control group, (B) MG infection group, (C) MG

infection group treated with baicalin (450 mg/kg) and (D) baicalin alone treated group (450 mg/kg).
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Biotechnology, Nanjing, People’s Republic of China)

according to the manufacturer’s instructions. The activities

of the Mg++-ATPase, Na+-K+-ATPase, Ca++-Mg++-ATPase

and Ca++ATPase activities were determined by quantifying

the level of the inorganic phosphorus (Pi) production from

the conversion of ATP to ADP at 660 nm using the

molybdenum blue spectrophotometric method as stated

previously.29 The inhibitors of all other types ATPase

were added to inhibit the hydrolysis of phosphate radicals

when testing one type of ATPase activity. The assay was

performed twice for each sample to avoid inter assay

variation.

Western Blotting
Radioimmunoprecipitation assay and a protease inhibitor

phenylmethyl sulfonyl fluoride were employed for the

extraction of protein as mentioned earlier.30 Equal amount

of proteins were loaded on SDS-PAGE (10–15%) for

separation and transferred to nitrocellulose membranes.

After blocking with 5% non-fat dry milk in TBST for

1 hr, the membranes were incubated with specific primary

antibodies for 12 hrs followed by three times washing in

TBST 10 mins each time. The membranes were then

incubated with secondary anti-rabbit or anti-mouse IgG

peroxidases for 1 hr at ambient temperature. Enhanced

chemiluminescence (ECL, Biosharp Life Sciences,

Anhui, People’s Republic of China) reagent was used to

visualize the bound immune complexes and analyzed by

Image J software (National Institute of Health, Bethesda,

Maryland).

RNA Isolation And Quantitative Real-Time

Polymerase Chain Reaction (qRT-PCR)
Total RNA was extracted by TRIzol reagent (catalog no.

15596-018, Thermo Fisher Scientific, Carlsbad, CA, USA)

from the lungs tissues of all experimental groups. The

quality of RNA was verified using a NanoDrop 2000c

spectrophotometer (Thermo Scientific, Carlsbad, CA,

USA) at 260/280 ratio.31 High-quality RNA was converted

into cDNA using Prime Script™ RT reagent Kit with

gDNA Eraser (Takara, Dalian, People’s Republic of

Figure 3 Effect of MG infection and baicalin on lungs examined by transmission electron microscopy (n=3). Blue arrow (nuclear membrane denaturation), yellow arrows

(mitochondrial vacuoles) and green arrows (condensation of chromatin material). Experimental groups including (A) control group, (B) MG infection group, (C) MG

infection group treated with baicalin (450 mg/kg) and (D) baicalin alone treated group (450 mg/kg).
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China). The reaction of qRT-PCR was performed using a kit

purchased from Takara, Dalian, People’s Republic of China

(catalog no. RR820A), cDNA and the primers (shown in

Table 1) for target genes in a Roche LightCycler instrument

(Shanghai, People’s Republic of China). The mRNA

expression of the target genes was analyzed by 2−△△Ct

method,32 following normalization with β-actin gene.

Statistical Analysis
The data were obtained from at least three independent

experiments (n=3). One way ANOVA was used to deter-

mine the statistical significance (p<0.05) among experi-

mental groups, followed by least square difference test

through the statistical package for social sciences (SPSS

window version 21.0, Chicago, IL, USA). GraphPad prism

software (window version 6.01, San Diego, CA, USA) was

used to make all the graphs and the data were expressed as

mean±SD.

Results
Effect Of MG And Baicalin On Serum

Inflammatory Markers
Serum inflammatory markers (Figure 1) were altered by

MG infection and baicalin intervention. Compared to con-

trol group and baicalin alone group, TNF-α and IL-1β
(p<0.05) enzyme activities were significantly increased in

MG infection group, while the increase in IL-8 and IL-6

enzyme activities was not statistically significant (p>0.05)

in MG infection group compared to control group and

baicalin alone group. Meanwhile, baicalin-treatment sig-

nificantly reduced MG-induced increase in TNF-α and

IL-1β (p<0.05) enzyme activities. However, it has been

Figure 4 Baicalin attenuated MG-induced increase in mRNA of inflammation-related genes (panel A-I) in chicken lungs. Whereas experimental groups including (G1) control

group, (G2) MG infection group, (G3) MG infection group treated with baicalin (450 mg/kg) and (G4) baicalin alone group. Bar graph shows mean results±SD (n=3). The

significance among groups were shown as *p<0.05 vs control group (G1), **p<0.05 vs MG infection group (G2) and #p<0.05 vs baicalin treated group (G3).
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noted that the decrease in IL-8 and IL-6 enzyme activities

was not statistically significant (p>0.05) with baicalin-

treatment compared to MG infection group.

Histological And Ultrastructural

Examination
Histological assessment (Figure 2) showed increased

inflammatory cells infiltrates and neutrophils, alveolar

wall thickening and hemorrhages in MG-infected group

(Figure 2B) compared to control group (Figure 2A)

and baicalin alone group (Figure 2D). However,

baicalin-treatment (Figure 2C) partially alleviated the

above abnormal morphological signs compared to MG-

infected group (Figure 2B). Additionally, ultrastructural

analysis (Figure 3) revealed signs of apoptosis including

mitochondrial swelling, chromatin condensation and mem-

brane disruption in MG-infected group (Figure 3B)

compared to control (Figure 3A) and baicalin alone group

(Figure 3D), while baicalin-treatment (Figure 3C) signifi-

cantly ameliorated apoptosis-like features in the lungs of

chickens compared to model group (Figure 3B).

Baicalin Attenuated Inflammation In Lungs

Tissues
Figures 4 and 5 represent the mRNA and protein expression

level of NF-κB and inflammation-related genes, respectively.

It has been noted that MG infection causes a significant

(p<0.05) increase in the mRNA of NF-κB, IL-6, IL-1β,
TNF-α, inducible nitric oxide synthase (iNOS) and cycloox-
ygenase-1 (Cox-1) mRNA expression compared to control

group and baicalin alone group, while the increase in inter-

feron gamma (IFN-γ), prostaglandin E synthase (PTGE) and

cyclooxygenase-2 (Cox-2) mRNA expression in MG infec-

tion group is not statistically significant (p>0.05) compared

Figure 5 Baicalin reduced protein expression level (panel A (blots) and B (bar graph)) of inflammation-related genes in chicken lungs. Whereas experimental groups including

(G1) control group, (G2) MG infection group, (G3) MG infection group treated with baicalin (450 mg/kg) and (G4) baicalin alone group. Bar graph shows mean results±SD (n=3).

The significance among groups were shown as *p<0.05 vs control group (G1), **p<0.05 vs MG infection group (G2) and #p<0.05 vs baicalin treated group (G3).
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to control group and baicalin alone group. In addition, a

significant (p<0.05) increase has been noted in NF-κB and

IL-1β protein expression level in MG infection group com-

pared to control group, except IL-6 (p>0.05). At the same

time, baicalin-treatment significantly (p<0.05) reduced the

mRNA expression of NF-κB, IL-6, IL-1β, TNF-α, iNOS and

Cox-1 gene compared to MG infection group, except IFN-γ,

PTGE and Cox-2 mRNA expression, where the reduction is

not statistically significant (p>0.05) compared to MG infec-

tion group. The protein expression levels of NF-κB, IL-1β

and IL-6 were also significantly (p<0.05) reduced with bai-

calin-treatment compared to MG infection group.

Suppression Of MG-Induced Apoptosis

By Baicalin
Apoptosis was examined in chicken lungs by TUNEL

assay (as shown in Figure 6). The number of

positive-stained nuclei was significantly (p<0.05)

increased in MG infection group (Figure 6G2) compared

to control (Figure 6G1) and baicalin alone group

(Figure 6G4) in chicken lungs. Intriguingly, these results

are in consistence with ultrastructural analysis that MG

infection induced apoptosis in chicken lungs. However,

baicalin intervention (Figure 6G3) significantly (p<0.05)

reduced positive-stained apoptotic nuclei in chicken lungs

compared to MG infection group (Figure 6G2).

Effect Of Baicalin And MG Infection On

ATPase Activities
ATPase activities (as shown in Figure 7) were assessed in all

experimental groups. It has been noted that Mg++-ATPase

(p<0.05), Ca++ATPase (p<0.05) and Ca++-Mg++-ATPase

(p<0.05) activities were significantly decreased in MG infec-

tion group compared to control group and baicalin alone

Figure 6 Baicalin attenuated apoptosis in chicken lungs examined by (A) TUNEL assay (scale=50 µm, n=3). Whereas experimental groups including (G1) control group,

(G2) MG infection group, (G3) MG infection group treated with baicalin (450 mg/kg) and (G4) baicalin alone group. (B) Bar graph shows mean results±SD (n=3). The

significance among groups were shown as *p<0.05 vs control group (G1), **p<0.05 vs MG infection group (G2).
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group. However, the decrease in Na+-K+-ATPase activity

was not statistically significant (p>0.05) in MG infection

group. Importantly, baicalin-treatment significantly

(p<0.05) restored MG-induced decrease in Mg++-ATPase,

Ca++ATPase and Ca++-Mg++-ATPase activities compared to

MG-infected group, except Na+-K+-ATPase (p>0.05)

activity.

Baicalin Restored MG Infection-Mediated

Alteration In Energy Metabolism Genes In

Chicken Lungs
The effect of MG infection and baicalin alone and/or in

combination were assessed at both mRNA (Figure 8) and

protein expression level (Figure 9). Compared to control

group and baicalin alone group, MG infection significantly

(p<0.05) downregulated the mRNA expression of PFK,

PK, ACO2, HK1, HK2 and LDHA gene, but the decrease

in mRNA expression of SDHB and LDHB gene was not

statistically significant as compared to control group and

baicalin alone group. In addition, the protein expression

level of PK, PFK, HK1 and HK2 was significantly

(p<0.05) reduced compared to control group, except

ACO2 (p>0.05). However, baicalin-treatment significantly

(p <0.05) restored the mRNA expression of PFK, PK,

ACO2, HK1, HK2 and LDHA compared to MG infection

group. It has been noted that MG-induced decrease in

mRNA expression of SDHB and LDHB gene was slightly

improved (p>0.05) with baicalin-treatment. In addition,

baicalin-treatment significantly (p<0.05) alleviated the

decrease in protein expression level of PK, PFK, HK1

and HK2 enzyme in chicken lungs compared to MG infec-

tion group, except ACO2 (p>0.05) protein level.

Discussion
Studies demonstrated that MG-infected chickens are more

susceptible to other infectious agents and leading to decrease

production both in meat and eggs.33 The present study aimed

to prevent the losses caused by MG infection. Our data

indicated that MG infection induced histopathological and

Figure 7 ATPase activities were measured at day 7 post-treatment in all experimental groups as shown in Figure 7. Panel (A) Mg++-ATPase, (B) Ca++-Mg++-ATPase, (C)

Na+-K+-ATPase and (D) Ca++ATPase activities. Whereas experimental groups including (G1) control group, (G2) MG infection group, (G3) MG infection group treated with

baicalin (450 mg/kg) and (G4) baicalin alone group. Bar graph shows mean results±SD (n=3). The significance among groups were shown as *p<0.05 vs control group (G1),

**p<0.05 vs MG infection group (G2).
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ultrastructural changes including increased inflammatory

cells infiltrates, cellular and DNA damage in chicken lungs.

In addition, the mRNA and protein expression results are in

consistence with histopathological results that MG infection

induced inflammation in chicken lungs. These findings are in

line with previous studies.11,12,16 Researchers demonstrated

that increased expression of cytokines was associated with

inflammatory responses and gross inflammatory lesions dur-

ing MG infection.34,35 Majumder et al (2016) explained that

lipid-associated membrane proteins in MG is the primary

cause of inflammation,16 while other researchers reported

that cytoadherence property of MG is responsible to induce

inflammation.7,36 The complex relationship among inflam-

matory chemokines and cytokines associated with lipid-asso-

ciated membrane proteins and cytoadherence needs to be

further investigated. Moreover, our data showed that MG

infection induced apoptosis in chicken lungs. Extensive

positive stained nuclei were examined in MG infection

group. The protein level of apoptosis-related genes was sig-

nificantly enhanced in the lungs of MG-infected chickens.

These results are in agreement with earlier reports that MG

infection sensitized host cells to apoptosis14 and impaired the

structural integrity of chicken mucosal tissues.7,37,38 Hence,

it could be speculated from these results that MG infection

associated inflammation and apoptosis could affect energy

metabolism in chicken lungs. Therefore, in the current study,

we investigated the effect of MG infection on energy meta-

bolism in chicken lungs.

Previous studies demonstrated various cell signaling

pathways including immune responses, cell inflammation

and cell transformation in connection with nitrogen, car-

bon and/or energy metabolism by shared enzymes signal-

ing pathways and/or transcriptional regulators.39–42 Earlier

studies mainly focused on host inflammatory responses,

Figure 8 Baicalin restored the mRNA expression level (A–H) of energy metabolism-related genes in chicken lungs. Whereas experimental groups including (G1) control

group, (G2) MG infection group, (G3) MG infection group treated with baicalin (450 mg/kg) and (G4) baicalin alone group. Bar graph shows mean results±SD (n=3). The

significance among groups were shown as *p<0.05 vs control group (G1), **p<0.05 vs MG infection group (G2) and #p< 0.05 vs baicalin treated group (G3).
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endosomal vesicle formation, cell survival, apoptosis and

autophagy,43,44 while the effect of bacterial infections on

energy metabolism and its underlying mechanism is rarely

reported,17 which played a pivotal role in elucidating bac-

terial pathogenesis. Our results showed that MG infection

causes a significant decrease in mRNA and protein expres-

sion level of energy metabolism-related genes, including

HK1, HK2, ACO2, PFK, SDHB and PK. Additionally,

ATPase activities were significantly reduced in the lungs

of chickens infected with MG. The reduction in ATPase

activities and mRNA and protein level of energy metabo-

lism-related genes could possibly be associated with

energy metabolism dysfunction in the chicken lungs.

These findings showed that MG infection could cause

energy metabolism dysfunction. Accumulating evidences

showed that bacterial infection impaired/weaken host

energy metabolism,45 and caused impairment in the nor-

mal homeostasis of the cells leading to the activation of

various cellular pathways associated with apoptosis,

inflammation and autophagy.46,47 However, it would be

enthralling to prevent energy metabolism dysfunction dur-

ing MG infection by natural or chemical means. In the

present study, the effect of baicalin on MG-induced energy

metabolism dysfunction was scrutinized.

Our previous study demonstrated that baicalin efficiently

inhibited oxidative stress and apoptosis through the opposite

modulation of Nrf2 and NF-κB pathway in the spleen of

chickens during MG infection.24 Gong et al. (2017)

reported that baicalin has excellent pharmacological proper-

ties associated with its ability to interact with numerous cell

Figure 9 Baicalin restored the protein expression level (A (blots) and B (bar graph)) of energy metabolism-related genes in chicken lungs. Whereas experimental groups

including (G1) control group, (G2) MG infection group, (G3) MG infection group treated with baicalin (450 mg/kg) and (G4) baicalin alone group. Bar graph shows mean results

±SD (n=3). The significance among groups were shown as *p<0.05 vs control group (G1), **p<0.05 vs MG infection group (G2) and #p<0.05 vs baicalin treated group (G3).
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signaling pathways.20 For instance, NF-κB may exacerbate

the inflammatory responses through the excessive produc-

tion of inflammatory mediators and could lead to immune

dysregulation,48 while baicalin-treatment suppressed lipopo-

lysaccharide-induced inflammation through the NF-κB sig-

naling pathway.23 Previously, Meng et al. (2013) studied the

preventive effects of baicalin against Mycoplasma pneumo-

nia infection.49 In the current study, we reported the effects

of baicalin against MG infection-mediated inflammation,

apoptosis and energy metabolism dysfunction.

Ultrastructural and histopathological examination revealed

that MG-induced inflammatory cells infiltrate and abnormal

morphological alterations were partially disappeared in the

lungs of chicken with baicalin-treatment. Inflammatory

markers and NF-κB were significantly suppressed at both

mRNA and protein level. In addition, baicalin intervention

reduced apoptosis in the chicken lungs. TUNEL assay

positive-stained nuclei and apoptosis-related protein expres-

sion levels were significantly reduced in MG-infected

chickens with baicalin-treatment. More importantly, baica-

lin improved ATPase enzyme activities in chicken lungs.

The level of energy metabolism-related genes was promoted

at both mRNA and protein expression level. From these

findings, it has been suggested that baicalin confers MG-

induced inflammation and apoptosis in the chicken lungs,

and could prevent energy metabolism dysfunction.

However, the complete molecular mechanism is still

unknown.

Conclusion
In conclusion, MG infection induced inflammation and

apoptosis in chicken lungs. ATPase activities and the

expression of energy metabolism-related genes were sig-

nificantly reduced in the lungs of MG-infected chickens,

while baicalin-treatment significantly ameliorated MG-

induced inflammation, apoptosis and energy metabolism

dysfunction in chicken lungs. Nevertheless, higher studies

are needed to scrutinize the inhibitory mechanisms of

baicalin and the complex relationship among energy meta-

bolism dysfunction, inflammatory responses and apoptosis

during MG infection.
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