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Abstract
Background Glaesserella parasuis (G. parasuis) is one of the most important porcine pathogens causing Glässer’s 
disease, and QseBC two-component system (TCS) is associated with various behaviors of G. parasuis. Our preliminary 
tests confirmed that plant-derived compounds cinnamaldehyde (CAL) and hesperitin (HES) exhibited promising 
antimicrobial activity against G. parasuis. Here, we further investigate the antimicrobial effects of CAL and HES on G. 
parasuis and the underlying mechanisms.

Results We observed that CAL and HES affected the morphology and physiology of G. parasuis based on the 
biofilm biomass, confocal laser scanning microscope (CLSM) assay, scanning electron microscope (SEM) assay, and 
conductivity determination as well as intracellular iron level measurement either used alone or in combination. 
Moreover, CAL and HES can inhibit QseBC TCS of G. parasuis by down-regulating the QseBC related genes and 
quenching the QseC protein based on quantitative reverse transcription polymerase chain reaction (qRT-PCR) and 
molecular docking and fluorescence quenching assay. In vivo study further evident that CAL and HES exhibited 
significant antimicrobial and anti-inflammatory activity on G. parasuis-infected mice.

Conclusions These findings suggested that CAL and HES can exert antibacterial activity on resistant G. parasuis by 
targeting QseBC, and they may serve as the promising antimicrobial agents for the treatment of G. parasuis infection.
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Background
Glaesserella parasuis (G. parasuis) is a commensal bac-
terium in the upper respiratory tract of pigs that has 
increasingly received attention for causing Glässer’s dis-
ease, which mainly characterized by fibrinous arthritis, 
polyserositis, meningitis and some common symptoms 
of pneumonia [1, 2]. For the last few years, G. parasuis 
has become one of the major causes of nursery morbid-
ity and mortality in swine herds around the world [3, 4], 
leading to considerable economic losses to swine breed-
ing and food industry [5]. Two-component system (TCS) 
exists in both prokaryotes and eukaryotes, and it is typi-
cally composed with histidine kinase and response regu-
lator. TCS mainly regulate the expression of numerous 
genes and adaptability of cells to environmental variation 
[6]. QseBC is a widely distributed TCS in a wide range of 
bacteria, and it usually plays a pivotal role in the regula-
tion of multiple bacterial behaviors, such as pathogenic-
ity, virulence, biofilm formation and quorum sensing [7]. 
QseC, a transmembrane protein with histidine kinase 
activity, becomes activated upon sensing signals from 
the host and bacteria [8]. Then, it phosphorylates the 
response regulator QseB, which acts as a transcription 
factor to regulate the expression of relevant virulence 
genes. In G. parasuis, QseC was associated with biofilm 
formation, stress response, epinephrine sensing and iron 
utilization [9]. Therefore, QseBC should be a promising 
target to develop antimicrobial agents for the treatment 
of G. parasuis infection. Nowadays, the most widely 
accepted treatment for G. parasuis infection is antibi-
otics, whereas the inevitable side effect of antibiotics is 
the emergence of multidrug resistant isolates, which has 
become a major concern for global public health owing 
to its limited therapeutic options. In response to the 
antimicrobial resistance, QseBC inhibitors can be timely 
screened and used as an alternative anti-infective agents.

In recent years, lots of effective and safe natural bioac-
tive products have gained much attention due to their 
antibacterial and anti-inflammatory properties [10]. Our 
preliminary tests confirmed that cinnamaldehyde (CAL) 
and hesperitin (HES) exhibited promising antimicrobial 
activity against G. parasuis in vitro after we screened 
dozens of natural bioactive products. CAL (3-phenyl-
2-propenal) is the most abundant bioactive component 
of cinnamon oil from some plants of the genus Cinnamo-
mum, and it possess anticancer, antifungal, anti-inflam-
matory and a broad spectrum of antimicrobial properties 
[11–14]. Meanwhile, CAL is also recognized as a safe 
material and permitted in food applications by the United 
States Food and Drug Administration [15]. Additionally, 
flavonoid compounds have drawn the attention as their 
antioxidant, anti-inflammatory, anticholesterolemic, 
antimicrobial, and anti-atherosclerotic activities [16]. 
HES is a flavonoid existing in citrus fruits, such as orange 

peel and grapefruit, and it have a wide range of phar-
macological actions, including anti-inflammatory, anti-
oxidant, antiviral, and anticancer properties according 
to earlier research [17–20]. So far, the effectiveness and 
precise mechanisms of CAL and HES against G. parasuis 
remain to be elucidated, and no reports have addressed 
the combination of aldehyde and flavonoid compounds 
on G. parasuis. Hence, the current study aimed to inves-
tigate the antimicrobial activities and the underlying 
mechanisms of CAL and HES against G. parasuis either 
used alone or in combination both in vitro and in vivo.

Materials and methods
Bacteria strain, culture conditions, reagents and animals
Four G. parasuis strains were kindly presented by China 
Institute of Veterinary Drug Control (Beijing, China), 
and finally one G. parasuis strain with moderate biofilm-
forming ability was finally used in this study. G. parasuis 
was generally grown in Tryptice Soy Broth (TSB) and 
Tryptice Soy Agar (TSA) (Hopebio Co., Qingdao, China). 
CAL and HES were purchased from Yuanye Bio-Tech-
nology Co., Ltd. (HPLC, purity ≥ 98%, Shanghai, China). 
They were dissolved in dimethyl sulfoxide (DMSO) and 
sterilized through a 0.22  μm polytetrafluoroethylene 
syringe filter, and finally obtained 512 µg/mL stock solu-
tion. The twelve antibiotics (ampicillin, ceftazidime, cef-
triaxone, ceftizoxime, meropenem, amikacin, kanamycin, 
tetracycline, doxycycline, tylvalosin, thiamphenicol, flo-
rfenicol) used in this study were purchased from Dalian 
Meilun Biotechnology Ltd (Dalian, China; purity > 98%). 
The BALB/c mice (6–8 weeks old, female, approximately 
20 g) were purchased from Chengdu Dossy Experimen-
tal Animals Co., Ltd. (Xi’an, China), and kept for 7 days 
before the experiments. All animal experiments were 
approved and carried out according to the guidelines of 
the Animals Ethics Committee of Northwest A&F Uni-
versity (2021052).

In vitro susceptibility testing
G. parasuis was cultured in TSB with 5% fetal bovine 
serum (FBS) and 0.0025% nicotinamide adenine dinu-
cleotide (NAD). After overnight incubation at 37 °C, the 
broth microdilution method was used to determine the 
minimum inhibitory concentration (MIC) of G. parasuis 
according to CLSI M07-A9 [21]. Currently, there is no 
agreed method and clinical breakpoints for most antimi-
crobials available for broth microdilution susceptibility 
testing of G. parasuis in CLSI [22]. According to previous 
studies in China, the MICs of gamithromycin, tildipiro-
sin and danofloxacin for G. parasuis ranged from 0.008 
to 128  µg/mL, 0.125–32  µg/mL, and 0.008–128  µg/mL, 
respectively [23–25]. Quality control strain Escherichia 
coli (E. coli) ATCC 25,922 was obtained from China Insti-
tute of Veterinary Drugs Control (Beijing, China). TSB 
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broth containing 0.1% DMSO was used as the solvent 
control to exclude the influence of the solvent. Further-
more, the checkerboard assay was implemented to deter-
mine the MICs of pairwise agents, and then calculate the 
fractional inhibitory concentration index (FICI). The FICI 
was interpreted as follows: synergistic effect, FICI ≤ 0.5; 
partial synergistic effect, 0.5 < FICI ≤ 0.75; additive effect, 
0.75 < FICI ≤ 1.0; indifferent effect, 1 < FICI ≤ 4.0; antago-
nism, FICI > 4.0 [26].

Time-kill assay
In order to investigate the antimicrobial effect of the 
CAL and HES on G. parasuis, the time-kill assay was 
employed. G. parasuis strain was incubated at 37  °C for 
18  h, and then CAL or HES were inoculated into 0.5 
McFarland turbidity standard to obtain final concentra-
tions of 1/8 MIC, 1/4 MIC, 1/2 MIC, MIC and 2 MIC, 
and incubated at 37 °C for 24 h. The final concentration 
of DMSO was no more than 0.1% in this test and subse-
quent tests. The assay was performed in triplicate.

Biofilm biomass assessment
In vitro biofilm formation ability was determined using 
crystal violet staining as described previously with some 
modifications [9]. Briefly, G. parasuis was incubated for 
18 h at 37  °C, and then added 500 µL of 0.5 McFarland 
standard G. parasuis culture and equivalent volume of 
CAL or HES solution to a 24-well plate to obtain final 
concentrations of 1/8 MIC, 1/4 MIC, 1/2 MIC, MIC and 
2 MIC. The plate was washed with sterile phosphate-
buffered saline (PBS) (pH 7.2–7.4) after incubation at 
37  °C for 48  h, subsequently fixed with methanol for 
30  min, stained with 500 µL of 0.1% crystal violet for 
5 min, and washed with PBS again, respectively. After air-
drying, 200 µL 33% acetic acid (v/v) was added to dissolve 
the dye solution, and measure the absorbance at 570 nm. 
Assays were performed in triplicate.

Effect of CAL and HES on secreted polymeric substances 
during G. parasuis biofilm formation
The effect of CAL and HES on extracellular polysaccha-
ride production of G. parasuis was determined accord-
ing to a previous study with a few modifications [27]. The 
biofilm culturing, as well as CAL and HES adding meth-
ods were the same as aforementioned procedures. Extra-
cellular DNA (eDNA) was extracted using TIANamp 
Bacteria DNA Kit (Tiangen Biotech Co. Ltd., Beijing, 
China), then analyzed for UV absorption intensity at 
260  nm. The extracellular protein was determined with 
BCA Protein Assay Kit (Thermo Scientific™, Rockford, IL, 
USA), and the bovine serum albumin as a standard. Each 
assay was performed in triplicate.

Conductivity determination
Different concentrations of CAL and HES (1/8 MIC, 1/4 
MIC, 1/2 MIC, MIC and 2 MIC) were prepared to evalu-
ate the effects of CAL or HES on membrane permeability 
of G. parasuis, and 0.5 McFarland turbidity standard with 
0.1% DMSO and TSB broth were used as the positive 
control and negative control, respectively. The bacterial 
suspension was placed in a constant temperature shaker 
at 37 °C for 16 h, and the timing began from the constant 
temperature shake. Then the conductivity of the bacterial 
solution was measured using supernatant conductivity 
(TCD1, Leici, Shanghai, China). All measurements were 
performed in triplicate.

Scanning electron microscope (SEM) assay
Damage to membrane permeability and morphology of 
G. parasuis was evaluated with scanning electron micros-
copy (SEM) as previously described with some modifica-
tions [28]. Briefly, G. parasuis was incubated as described 
above with 1/8 MIC, 1/4 MIC, 1/2 MIC and MIC of CAL 
and HES, respectively. The bacteria suspension and ster-
ile silicon wafers (5  mm × 5  mm) were simultaneously 
added to a 24-well plate. Subsequently, the samples were 
gently washed thrice with 0.1 M PBS solution, and added 
2.5% glutaraldehyde to fix overnight. Gradual dehydra-
tion was performed by exposing the samples to increas-
ing percentages of ethanol twice at 30%, twice at 50%, 
once at 70%, once at 90%, and twice at 100% for a dura-
tion of 10 min each time. Finally, the samples were dried 
in a critical point dryer using CO2 and coated with a layer 
of gold-palladium, and then observed under SEM (Nano 
SEM-450, FEI Company, Hillsboro, OR, USA).

Live/dead bacteria staining assay
Live/dead bacterial staining assays were carried out using 
a confocal laser scanning microscope (CLSM, A1+/ 
A1R+, Nikon, Tokyo, Japan) to confirm the antibacte-
rial activities of CAL and HES. All tests were carried out 
according to the relevant instructions of the Live/dead 
Bacterial Staining Kit (EX3000, Solarbio, Beijing Solar-
bio Science & Technology Co., Ltd). The living bacteria 
were colored green, and the dead bacteria were colored 
red [29].

Intracellular total and ferrous iron level measurement
G. parasuis was incubated for 18 h at 37 °C, 5 mL of 0.5 
McFarland turbidity standard with varying concentra-
tions of CAL (1/4 MIC), HES (1/4 MIC), and combi-
nation of CAL and HES (1/8 MIC and 1/8 MIC ) was 
incubated at 37 °C for 18 h. The Total Iron Colorimetric 
Assay Kit (E-BC-K139-M, Elabscience, USA) and Ferrous 
Iron Colorimetric Assay Kit (E-BC-K881-M, Elabscience, 
USA) were used to quantify the content of intracellular 
total and ferrous iron.
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Expression levels of QseBC related genes
The expression levels of QseBC related genes were evalu-
ated by quantitative reverse transcription polymerase 
chain reaction (qRT-PCR). Briefly, G. parasuis was incu-
bated as described above with 1/8 MIC, 1/4 MIC, and 1/2 
MIC concentrations of CAL or HES, the untreated bacte-
rial suspension was used as negative control. Total RNA 
was extracted with Trizol reagents, and quantified using 
NanoDrop2000 spectrophotometer (Thermo Fisher Sci-
entific, Waltham, MA, USA). Reverse transcription from 
RNA to cDNA was performed using Takara PrimeScript™ 
RT Reagent Kit (Takara, Beijing, China). Furthermore, 
qRT-PCR analysis was conducted utilizing PrimeScript™ 
One Step RT-PCR Kit (Takara, Dalian, China). 16SrRNA 
was chosen as housekeeping gene to normalize gene 
expression data. The PCR amplification protocol was as 
follows: 95  °C for 5 min, followed by 40 cycles of 95  °C 
for 30 s, 60 °C for 15 s and 72 °C for 30 s. The primers are 
listed in Table S1.

Molecular Docking
Molecular docking study was executed to examine the 
binding pattern between QseBC and CAL and HES. The 
three-dimensional (3D) structures of QseBC, CAL (Pub-
Chem CID: 637511) and HES (PubChem CID: 72281) 
were obtained through the SWISS-MODEL ( h t t p  s : /  / s w i  s 
s  m o d  e l .  e x p a  s y  . o r g /) and PubChem database, respectively. 
ERRAT and Ramachandran plot were used to evaluate 
the rationality of protein model  (   h t t p s : / / s a v e s . m b i . u c l a . e 
d u /     ) . The Autodock Tools 1.5.6 package was used to gen-
erate docking input files. Additionally, pymol software 
was used to visualize the docking results.

Interaction of CAL and HES with QseC protein
In order to further investigate the mechanism and energy 
transfer of interaction between CAL/HES and QseC pro-
tein, the quenching effect of CAL and HES with QseC 
protein was investigated by fluorescence spectroscopy 
[30]. Firstly, QseC protein expression was performed in 
E. coli strain BL21 (DE3), and BL21 containing plasmid 
pET32a-QseC (primers are listed in Table S1) was inoc-
ulated in LB broth containing 50  mg/mL of kanamycin. 
Then, the bacteria solutions were induced with isopropyl-
β-d-thiogalactoside (IPTG), lysed by sonication on ice, 
applied to His Trap column and purified with a Ni2+-
column. Finally, the QseC protein was eluted with gradi-
ent imidazole solution and verified by Sodium dodecyl 
sulfate polyacrylamide gel electrophoresis (SDS-PAGE). 
The purified QseC protein was dissolved with HEPES 
buffer (pH 7.4), and obtained 100  µg/mL of solution. 
CAL or HES stock solution was diluted to serial twofold 
dilutions from 1 µg/mL to 1 mg/mL, and 1.5 mL of dif-
ferent concentrations of CAL/HES and isopyknic QseC 
were added to a cuvette, respectively. The evenly mixed 

solution was incubated at room temperature for 10 min, 
and subsequently scanned on the RF-6000 Spectrofluoro-
photometer (Shimadzu, Kyoto, Japan) and the fluorescent 
intensity at 250 nm was determined. The DMSO solution 
and QseC solution were used as blank controls. Excita-
tion and emission wavelength were 500  nm and 200–
700  nm, respectively. Finally, the binding constant (Ka) 
and number of binding site (n) were calculated according 
to Stern-Volmer equation, respectively.

lg[(F0-F)/F] = lgKa + n lg[Q].
F0 and F were the fluorescence intensity without and 

with CAL and HES, respectively, and [Q] is the concen-
tration of CAL and HES under each fluorescence inten-
sity, unit is µmol/mL.

Protective effect of CAL and HES on G. parasuis infection
After acclimation, the female BALB/c mice were ran-
domly divided into the following 9 groups with 6 mice 
per group: CAL treatment groups (30  mg/kg, 60  mg/
kg and 120  mg/kg), HES treatment groups (30  mg/kg, 
60 mg/kg and 120 mg/kg), combination of CAL and HES 
group (30 mg/kg + 30 mg/kg), infection group and control 
group. CAL and HES were dissolved with 0.5% Carboxy-
methylcellulose sodium (CMC-Na) by gavage for 7 days, 
and infected with 3 × 109 CFU of bacterial suspension 
6 h after the last dose. The mice of infection group were 
infected with 3 × 109 CFU of G. parasuis and 0.5% CMC-
Na, while the mice of control group only received 0.5% 
CMC-Na. For survival analysis, the mice were admin-
istered intraperitoneally with CAL (60  mg/kg), HES 
(60  mg/kg), or combination of CAL and HES (30  mg/
kg + 30 mg/kg), respectively, and 2 h later, each mice was 
infected with 6 × 109 CFU of G. parasuis. Then, mice 
were monitored daily for signs of morbidity and death. 
At 96 h postinfection, the survived mice were euthanized 
with pentobarbital (100  mg/kg, intraperitoneal injec-
tion) according to American Veterinary Medical Associa-
tion (AVMA) Guidelines for the Euthanasia of Animals 
(2020), the left lung tissue was fixed with 4% paraformal-
dehyde, and embedded in paraffin. The 4  μm sections 
were stained with hematoxylin and eosin (H&E) for his-
topathological analysis. For lung bacterial load analysis, 
part of right lung tissue was taken for homogenization 
and CFU determination. For inflammatory factor detec-
tion, qRT-PCR was applied to evaluate the expression 
levels of TNF-α, IL-1β and IL-6. GADPH was employed 
as a housekeeping gene. The primers are listed in Table 
S2.

Statistical analysis
Each study was repeated three times independently. Sta-
tistical comparison between groups was analyzed using 
Student’s t test or one-way analysis of variance (ANOVA) 
using SPSS v.13.0, and survival curve was analyzed using 

https://swissmodel.expasy.org/
https://swissmodel.expasy.org/
https://saves.mbi.ucla.edu/
https://saves.mbi.ucla.edu/
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log-rank test. Significant differences among groups were 
analyzed by one-way ANOVA, followed by Tukey’s HSD 
post hoc test using SPSS v.13.0. P < 0.05 were considered 
statistically significant.

Results
In vitro susceptibility testing
The MICs of CAL and HES against G. parasuis were both 
128 µg/mL. MICs of several antibiotics against G. para-
suis were demonstrated in Table  1. Collectively, these 
data indicated that G. parasuis was resistant to ampicillin 
(AMP), amikacin (AMK) and tylvalosin (TAT) with MICs 
were 32 µg/mL. In addition, the effect of CAL or HES in 
combination with AMP, AMK and TAT against G. para-
suis was displayed in Table 2. The results revealed that the 
combination of CAL with AMP, AMK or TAT showed 
partial synergistic effect with FICI ranging 0.531–0.562. 
Additionally, the combination of HES with AMP and 
AMK also showed the partial synergistic effects, while 

the combination of HES with TAT, and the combination 
of HES and CAL showed the significant synergistic effect.

Time-kill curves of CAL and HES
The time-kill curves of CAL and HES against G. para-
suis was shown in Fig.  1. Compared to the OD600 value 
of control, 1/8 MIC, 1/4 MIC, 1/2 MIC and MIC of 
CAL showed certain inhibitory effects on G. parasuis 
growth in a concentration-dependent manner (Fig.  1A). 
Although the 1/8 MIC of CAL experienced partial 
growth inhibition during the first14-h period, and the 
growth pattern was similar to the control group after 
14  h. However, G. parasuis exhibited significant inhibi-
tion of growth at1/4 MIC and 1/2 MIC of CAL. More-
over, the OD600 values of the MIC and 2 MIC groups 
were almost unchanged, it was further confirmed that 
CAL could effectively delay the growth of G. parasuis. As 
shown in Fig. 1B, the effects of 1/8 MIC, 1/4 MIC and 1/2 
MIC of HES on G. parasuis growth during the first 12 h 
were similar, and the growth curve of the 1/8 MIC group 
was similar to the control group after 12  h. Similarly, 
the MIC and 2 MIC of HES groups almost unchanged. 
Furthermore, there was nearly no difference in growth 
trends between the combination group and the control 
group (1/8 MIC of CAL and 1/8 MIC HES), with almost 
no inhibition (Fig. 1C). The OD600 values of these three 
groups (1/2 MIC of HES + 1/4 MIC of CAL, 1/2 MIC 
of HES + 1/8 MIC of CAL, 1/2 MIC of CAL + 1/4 MIC 
of HES) barely changed in 24  h, and the other groups 
showed different degrees of inhibition.

Effect of CAL and HES on biofilm formation and secreted 
polymeric substances
The effects of CAL and HES on G. parasuis biofilm for-
mation were demonstrated in Fig.  2. The OD570 values 
gradually increased with the incubation time and reached 
a peak at 48  h, followed by a gradual plateau. The pro-
cess of G. parasuis biofilm formation includes adhesion, 
formation of microcolonies, maturation and eventual dis-
persion of the biofilm in order to adjust to environmental 
changes, and reveals resemblance to “seed dispersal” [31]. 
As shown in the Fig. 2A-B, the concentration-dependent 
inhibition of G. parasuis biofilm formation was evident 
in the 1/2 MIC of CAL and HES when compared to the 

Table 1 MICs of antimicrobial agents against G. parasuis
Antibiotics MIC (µg/mL)

G. parasuis E. coli (ATCC 25922)
Ampicillin 32 1
Ceftazidime 8 1
Ceftriaxone 1 1
Ceftizoxime 1 1
Meropenem 2 0.5
Amikacin 32 1
Kanamycin 4 1
Tetracycline 1 1
Doxycycline 4 0.25
Tylvalosin 32 1
Thiamphenicol 4 1
Florfenicol 4 1

Table 2 FIC index of the combination of CAL and HES with AMP, 
AMK and TAT against G. parasuis
Antimicrobial agents FIC index

CAL HES
Ampicillin 0.531 0.531
Amikacin 0.562 0.531
Tylvalosin 0.531 0.375
CAL 0.375

Fig. 1 Time-kill curve of CAL and HES against G. parasuis. A, CAL; B, HES; C, combination of CAL and HES
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control OD570 values. The inhibition rate of 1/8 − 1/2 MIC 
of CAL group ranged from 6.18 to 38.47%. Notably, the 
inhibition ratio of 2 MIC of CAL on G. parasuis biofilm 
formation was 73.0%. The HES exhibited the inhibition 
rates ranging from 36.17 to 68.64% with a concentration 
of 1/8 − 1/2 MIC, and the inhibition ratio was 70.32% 
at 2 MIC. Moreover, the combination of HES and CAL 
demonstrated an inhibition efficiency varying between 
10.73% and 69.10% (Fig.  2C). The combination of 1/8 
MIC of CAL and 1/8 MIC HES group showed the mini-
mal inhibitory effect, while the 1/2 MIC of CAL and 1/4 
MIC of HES group showed the greatest inhibitory effect.

The secreted polymeric substances have been identified 
as having a significant inhibitory effect on biofilm forma-
tion (Fig. 3A-F). On the one hand, the inhibition rate of 
CAL, HES and combination group on the extracellular 
DNA were distributed in the range of 1.12-55.75%, 4.49-
77.98% and 5.15-56.84%, respectively. On the other hand, 
extracellular protein during G. parasuis biofilm forma-
tion in 1/8 − 2 MIC of CAL, 1/8 − 2 MIC of HES and com-
bination groups were inhibited with percentage ranging 
from 27.09 to 71.33%, 15.30–66.93%, and 16.90–65.04%, 
respectively.

Effect of CAL and HES on G. parasuis membrane
The extracellular relative electric conductivity can be 
used to determine whether the membrane permeabil-
ity of the bacterial cell is altered. The ion efflux from the 
bacterial body lead to an increase in the conductivity of 
the bacterial fluid once the bacterial cell membrane was 
damaged. The electric conductivity of G. parasuis treated 
by 1/8 MIC-2 MIC of CAL and HES were revealed in 
Fig. 4A and B, and the electric conductivity of 2 MIC of 
CAL and HES treated G. parasuis significantly increased 
25.43% and 9.64% compared with the control group, 
respectively. Besides, the electrical conductivity in the 
combination of 1/2 MIC of CAL and 1/4 MIC of HES 
group showed an increase of 15.22% compared with the 
control group (Fig. 4C).

The antibacterial activities of CAL and HES against G. 
parasuis were further characterized by SEM. As shown 
in Fig.  5, G. parasuis of control group were encapsu-
lated in thick biofilms, which aggregated and adhered 
to each other to protect the bacteria from adverse exter-
nal environment, and it is difficult to see the presence 
of individual bacteria cell. However, the biofilm became 
thinner, the adhesion ability of bacteria was significantly 

Fig. 2 The effect of CAL and HES on biofilm formation. A, CAL; B, HES; C, combination of CAL and HES; D, biofilm formation at different incubation times. 
Values denoted by varying lowercase letters signify a notable difference in every treatment (P < 0.05), whereas those with identical lowercase letters 
denote no significant difference (P > 0.05)
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decreased, and a few short rod-shaped bacteria could be 
observed on the surface as the G. parasuis were treated 
with1/8 MIC of CAL or HES. Besides, significant bio-
film disruption was observed, and the bacteria structure 

was no longer compact with individuals, the membrane 
integrity of G. parasuis cell was impaired, and the bare 
G. parasuis cells were scattered outside the biofilm in 1/4 
MIC of CAL or HES group. In 1/2 MIC of CAL or HES 

Fig. 4 The effect of CAL (A), HES (B), combination of CAL and HES (C) on electric conductivity with different concentrations. Values denoted by varying 
lowercase letters signify a notable difference in every treatment (P < 0.05), whereas those with identical lowercase letters denote no significant difference 
(P > 0.05)

 

Fig. 3 The effect of CAL and HES on the secreted polymeric substances during G. parasuis biofilm formation. A-C were the effect of CAL, HES and the 
combination of CAL and HES on extracellular DNA, respectively; D-F were the effect of CAL, HES and the combination of CAL and HES on extracellular 
protein. Values denoted by varying lowercase letters signify a notable difference in every treatment (P < 0.05), whereas those with identical lowercase 
letters denote no significant difference (P > 0.05)
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groups, only a small amount of biofilms were observed, 
a large proportion of G. parasuis which were exposed to 
CAL and HES appeared a high degree of malformation 
and damaging. Furthermore, the effects on the bacterial 
biofilms were further aggravated after treatment with 
MIC of CAL and HES, and some bacteria cells completely 

lost their normal shape and even ruptured, whereas 
untreated cells showed a regular rod-sharped structure 
with an intact cell membrane. Overall, the above results 
further indicated that the CAL and HES had potent anti-
bacterial activities in a concentration-dependent manner. 
It is noteworthy that the combination of CAL and HES 

Fig. 5 Morphological changes of G. parasuis treat with CAL and HES
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was more effective than the single use of CAL or HES at 
the same concentration.

To further investigate the impact of CAL and HES on 
bacterial membranes, CLSM employing NucGreen and 
EthD-III dyes was utilized to assess the bacterial cell 
membrane’s integrity [32]. As shown in Fig.  6, the con-
trol group was almost exclusively green fluorescent with 
intact cell membranes, appeared to agglomerate with 
clumped green fluorescence. Additionally, the cell mem-
brane of bacteria treated with CAL and HES was dam-
aged, which showed different degrees of red fluorescence. 
When G. parasuis subjected to MIC of CAL and HES 
groups, a significant amount of red fluorescence was 
observed, while only a small part of green fluorescence 

appeared sporadically. In combination of CAL and HES, 
1/4 MIC of CAL and 1/4 MIC of HES groups, the bac-
teria exhibited reduced red fluorescence, indicating that 
either alone or in combination of sub-MIC of CAL and 
HES caused damage to G. parasuis membrane.

Effects of CAL and HES on iron utilization in G. parasuis
The absorption of iron primarily happens via two main 
pathways [33]. Bacteria have the capability to import the 
ferric and ferrous iron via iron-binding siderophores, 
while the free ferrous ions could permeate the bacteria’s 
periplasm through porins, eventually being conveyed 
into the cytoplasm by a series of cytoplasmic proteins. 
As depicted in Fig.  7, with the treatment of CAL and 

Fig. 7 Effects of CAL and HES on iron utilization in G. parasuis.A, total iron; B, ferrous iron

 

Fig. 6 Live/Dead bacteria staining observation with or without CAL and HES treatment (Fluorescence microscope×100)
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HES, there was a reduction in intracellular iron levels, 
an increase in ferrous iron, and a higher percentage of 
ferrous iron compared to ferric iron. Obviously, the pro-
portion of ferrous iron decreased from 88.92 to 41.49%, 
and the proportion of ferric iron increased from 11.08 to 
58.51% in CAL group with 1/4 MIC. It implied that both 
CAL and HES might have influenced bacterial iron trans-
portation by targeting QseBC TCS.

Effect of CAL and HES on the expression of QseBC related 
genes
qRT-PCR analysis was conducted to assess the effects of 
CAL and HES on the expression of QseBC related genes, 
including β-lactam resistance (oppB), peptidoglycan bio-
synthesis (mraY and macB), biofilm formation (crp and 
lpxM), virulence (cdtA, cdtB and ompP2), bacterial che-
motaxis (rbsB) and bacterial flagellum (pilW). Generally, 
CAL and HES repressed the tested genes by 2- to 14-fold 
(Fig.  8A-F). Among of them, the expression of oppB 

decreased about 5-fold and 3-fold in 1/2 MIC of CAL and 
HES groups, respectively, while it decreased 11-fold in 
the combination of 1/8 MIC of HES and 1/4 MIC of CAL 
group. Additionally, the expression of mraY and macB 
decreased approximately 6-fold and 4-fold in the 1/2 MIC 
of CAL group, 6-fold and 14-fold in the 1/2 MIC of HES 
group, 3-fold and 2-fold in the combination of 1/8 MIC 
of HES and 1/4 MIC of CAL group, respectively. The crp 
and lpxM genes were down-regulated 8-fold and 5-fold 
in the 1/2 MIC of CAL group, 11-fold and 9-fold in the 
1/2 MIC of HES group, and 2-fold in the combination of 
1/4 MIC of HES and 1/8 MIC of CAL group, respectively. 
cdtA and cdtB were down-regulated 13-fold and 12-fold 
after 1/2 MIC of CAL treatment, 5-fold and 9-fold after 
the 1/2 MIC of HES treatment, 13-fold and 10-fold after 
the treatment with the combination of 1/4 MIC of CAL 
and 1/4 MIC of HES. Moreover, ompP2 decreased 7-fold 
and 8-fold in 1/2 MIC of CAL or HES group, and 8-fold 
in the combination of 1/4 MIC of HES and 1/8 MIC of 

Fig. 8 Effect of CAL and HES on the expression of QseBC related genes. A-B, effect of CAL on the expression of related genes. C-D, Effect of HES on the 
expression of related genes; E-F, Effect of combination of CAL and HES on the expression of related genes Control groups were set up as 1. Relative tran-
script levels of oppB, mraY, macB, crp, lpxM, cdtA, cdtB, ompP2, rbsB and pilW were represented as mean ± SD of at least three biological replicates. *P < 0.05, 
**P < 0.01, ***P < 0.001, ****P < 0.0001
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CAL group, respectively, and the expression level of rbsB 
decreased approximately 2-fold and 11-fold after treat-
ment with 1/2 MIC of CAL and 1/2 MIC of HES, 11-fold 
in the combination of 1/4 MIC of HES and 1/8 MIC of 
CAL group. Besides, pilW decreased about a 1.3-fold and 
5-fold in 1/2 MIC of CAL and HES group, and 5-fold in 
the combination of 1/4 MIC of HES and 1/8 MIC of CAL 
group, respectively.

Molecular modeling
As shown in Fig. S1, 3D protein model was constructed 
using SWISS-MODEL based on known protein model 
and the amino acid sequence alignment results of 
QseBC. ERRAT and Ramachandran plot were applied to 
evaluate the rationality of protein model. Overall, quality 
factor of QseBC calculated by ERRAT was 95.4 and 93.1, 
respectively. Residues in most favored regions of QseBC 
were 92.9% and 90.0%, respectively, implying that protein 
model is reliable. The binding energies of the docking 
are − 5.73  kcal/mol (QseB-CAL), -5.53  kcal/mol (QseC-
HES), -5.95  kcal/mol (QseB-HES) and − 5.73  kcal/mol 
(QseC-HES). LYS-177 of QseB, LYS-417 of QseC and 
cinnamaldehyde produce hydrogen bonding forces. VAL-
148, VAL-141 and ARG-139 produce hydrogen bonding 
forces with hesperetin; VAL-349, TRP-317 and GLN-385 
produce hydrogen bonding forces with hesperetin. The 
molecular modeling results emphasized that CAL and 
HES produced interaction forces with QseBC (Fig. S1 C).

Fluorescence quenching spectra of CAL and HES on QseC 
protein
QseC were successfully expressed in E. coli and puri-
fied. The result of SDS-PAGE was showed in Fig. S2. 
As is shown in Fig.  9, QseC has the maximum fluores-
cence emission at 250  nm, the addition of CAL regu-
larly reduced the fluorescence intensity of QseC at 
250 nm (Fig. 9A), it is indicated that there is an interac-
tion between CAL/HES and QseC protein, leading to 
the changes of certain amino acid residues that produce 
endogenous fluorescence in QseC, and the fluorescence 
intensity decreased in a concentration-dependent man-
ner. Moreover, a fitting curve was obtained according to 
the results to lg[Q] as lg[(F0-F)/F] (Fig. 9E), the Ka were 
4.23 × 104 L/moL and 9.28 × 105 L/moL, with the number 
of binding site (n) were 2.3816 and 2.9489, respectively, 
suggesting that CAL and HES had powerful abilities to 
quench the fluorescence of QseC at excitation and emis-
sion wavelengths.

Protective effect of CAL and HES on G. parasuis infection
An in vivo study was carried out to evaluate the pro-
tective effect of CAL and HES on G. parasuis infected 
mice. Figure 10A displayed the representative images of 
lung tissues and H&E staining of lung sections under the 

protection of CAL and HES. Control group indicated that 
lung was light pink with evenly alveolar cavity and elastic 
state. Inversely, severe bleeding occurred in lung of G. 
parasuis infected mice, and the lung tissue appeared dark 
red, which had a wide range of inflammatory cell infil-
tration in H&E staining section. Under the protection of 
the CAL or HES, lung congestion status was improved, 
and inflammatory cells infiltration was reduced in a dose 
dependent manner. Unsurprisingly, the 120  mg/mL of 
CAL or HES showed obvious protective effect, while the 
combination of CAL and HES (30 mg/kg + 30 mg/kg) has 
a better protective effect than high dose of single use of 
CAL or HES.

Furthermore, to examine the effect of CAL and HES on 
the survival rate of G. parasuis infected mice, CAL, HES, 
or the combination of CAL and HES were administered 
intraperitoneally 2  h prior to G. parasuis injection. As 
shown in Fig. 10B. All mice in the infected model group 
died within 20 h, and the survival rate of mice increased 
to 16.7% as the infected mice were treated with 60 mg/
kg of CAL or HES. It is noteworthy that the survival rate 
of infected mice reached to 33.3% after treatment with 
the combination of CAL and HES (30  mg/kg + 30  mg/
kg). Additionally, the lung bacterial load were showed 
in Fig.  10C. The bacterial load decreased from 9 × 109 
CFU (control group) to 1.6 × 105 CFU (CAL, 120  mg/
kg), 1.3 × 105 CFU (HES, 120  mg/kg) and 1.0 × 105 CFU 
(CAL + HES, 30 mg/kg + 30 mg/kg).

The effects of CAL and HES on the expression of 
IFN-γ, IL-6 and TNF-α, three important inflammatory 
factors associated with antimicrobial immunity, were 
shown in Fig. 10D-F, and Fig. 10G-I, respectively. Gener-
ally, the presence of IFN-γ, IL-6 and TNF-α was notably 
elevated by G. parasuis infection, whereas CAL and HES 
could dramatically reverse these changes. The expres-
sion of IFN-γ decreased approximately 5.4-fold, 4.4-fold 
and 4.1-fold in HES (120 mg/kg), CAL (120 mg/kg) and 
CAL + HES (30  mg/kg + 30  mg/kg) group, respectively. 
The expression of IL-6 showed about 5.5-fold decrease 
in HES (120 mg/kg) group, 5.2-fold in CAL (120 mg/kg) 
group, and 3.4-fold in CAL + HES (30  mg/kg + 30  mg/
kg) group. In addition, the TNF-α were down-regulated 
1.9-fold, 5.7-fold and 3.7-fold in HES (120 mg/kg), CAL 
(120  mg/kg) and CAL + HES (30  mg/kg + 30  mg/kg) 
group, respectively. These findings indicated that both 
CAL and HES exhibited marked anti-inflammatory activ-
ity against G. parasuis infection.

Discussion
G. parasuis is well-known for causing Glässer’s disease, 
and leading to enormous financial losses for the global 
pig industry. It usually plays a role in causing respira-
tory illnesses in pigs and exist as a symbiotic bacterium 
in the nasal passages of healthy pigs [3]. Meanwhile, G. 
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parasuis is frequently co-infected with porcine repro-
ductive and respiratory syndrome virus. It is noteworthy 
that G. parasuis serotype 5 is deemed highly virulent, 
capable of penetrating the respiratory tract’s epithelial 
barrier, potentially leading to serious lung infections [34]. 
For the past few years, the antimicrobial resistance of G. 
parasuis continually increased, and even the resistance 
rate to tetracycline, sulfa and fluoroquinolones exceeded 
80% [35, 36]. Therefore, it is necessary to develop alter-
native antimicrobial agents. Immunizations targeting 
G. parasuis are employed for infection prevention and 
control, yet their effectiveness is confined to bacterial 
isolates of a particular serotype. Additionally, antibiotics 
are commonly used to treat the G. parasuis infection in 
veterinary clinical practice, whereas the long-term inap-
propriate use escalates antibiotic resistance and residue 

levels [37, 38]. Hence, it is urgently needed to screen the 
alternative drugs with anti-bacterial and anti-inflamma-
tory properties, as well as obvious efficacy, high safety 
and less adverse reactions.

The regulation of QseBC TCS is crucial for the growth, 
metabolism, and proliferation of bacteria as it stringently 
regulates and controls the essential biological processes 
within the bacteria cells [7]. Li et al.. reported that inac-
tivating QseBC resulted in reduced ability of biofilm 
formation and heightened sensitivity to antibiotics [39]. 
Similarly, QseC played a vital role in controlling the 
iron homeostasis of G. parasuis [9]. Therefore, QseBC 
TCS is a promising target to develop broad-spectrum 
drugs to control microbial infections. Over the past few 
years, multiple studies focused on the QseBC inhibitors. 
2-AG antagonized the bacterial receptor QseC in enteric 

Fig. 9 The excitation and absorption spectra range from 235 to 700 nm (A, C); The fluorescence quenching charts for Stern-Volmer (B, D) for CAL and 
HES, respectively
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pathogens, which stimulated the activation of type three 
secretion systems linked to pathogens [40]. LED209 
was regarded as prodrug with a high specificity towards 
QseC in Salmonella enterica, which was damaged in 

the process of in vitro and infected mice with the func-
tion of the QseC [41]. However, the QseBC inhibitors 
for G. parasuis remain limited. We sought to identify 
the QseBC inhibitors based on the regulatory effects of 

Fig. 10 The protective effect of CAL and HES on G. parasuis infection. A, Representative images of lung tissues and H&E staining of lung sections; B, 
Survival rate of mice treated with CAL and HES; C, The infectious bacterial load in the lung of mice treated with CAL and HES; D-I, The expression levels of 
IFN-γ, IL-6 and TNF-α in G. parasuis infected mice with or without CAL and HES treatment. Values denoted by varying lowercase letters signify a notable 
difference in every treatment (P < 0.05), whereas those with identical lowercase letters denote no significant difference (P > 0.05)
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QseBC on the biofilm formation, virulence, antibiotic 
resistance, flagellar-mediated bacterial motility, resis-
tance to host immune response, iron metabolism in G. 
parasuis, and the regulation of QseBC related genes of G. 
parasuis.

CAL is a key ingredient in cinnamon essential oil 
with strong antimicrobial activity. Duan et al. indicated 
that the MICs of CAL for E. coli, Pseudomonas aeru-
ginosa and Staphylococcus aureus were all 0.25 µL/
mL, and 0.125 µL/mL for Salmonella enterica serovar 
Typhimurium [42].Typically, citrus bioflavonoids seem 
to be highly safe and devoid of adverse effects, such as 
HES and its glycoside forms. Choi et al. demonstrated 
that HES effectively inhibited the Bacillus cereus, E. coli 
and P. aeruginosa with MICs 125–500  µg/mL [19].Our 
results indicated that the MICs of CAL and HES were 
both 128  µg/mL for G. parasuis. Additionally, the com-
bination of CAL or HES with AMP and AMK showed 
partial synergistic effect. It is noteworthy that G parasuis 
is intrinsically resistant to macrolides, while our results 
indicated that the combination of TAT, a macrolide anti-
biotic, with CAL and HES showed partial synergistic 
effect and synergistic effect, respectively.

As shown in Fig.  2A-C, the concentration-dependent 
inhibitory effect of CAL and HES on G. parasuis bio-
film formation was evident. Additionally, the differ-
ent concentrations of CAL and HES also had obvious 
inhibitory effect on extracellular DNA and extracellular 
protein during G. parasuis biofilm formation (Fig.  3A-
F). Likewise, the results also indicated that CAL and 
HES showed obvious inhibitory effect on biofilm forma-
tion according to morphological changes of G. parasuis 
cells (Fig.  5). Biofilms contribute to the antibiotic resis-
tance by several mechanisms, and it initiates when sev-
eral bacterial cells adhered to a substrate. Subsequently, 
the bacteria release the extracellular polymeric substance 
(EPS), which constituted the extracellular matrix [43]. PS 
facilitates the breakdown of diverse substances outside 
the cell and increases the levels of enzymatic protections 
against antibiotics by hindering the dispersion of extra-
cellular enzymes [44]. Usually, biofilms are too large for 
neutrophils to ingest, yet they can endure and prolifer-
ate at elevated antibiotic levels. Gradually, biofilms serve 
as sanctuaries for multidrug resistant plasmids, and will 
further promote the transfer and proliferation of mul-
tidrug resistant isolates [45, 46]. We infer that QseBC 
should be a potential target of antimicrobial development 
against G. parasuis as QseBC can regulate the antibiotic 
resistance according to a previous study [7]. Moreover, 
different concentrations of CAL and HES also damaged 
the integrity of the bacterial cell membrane (Figs. 4 and 
6). He et al. found that QseBC participate in regulation 
of iron uptake in bacteria [9]. The proliferation of G. 
parasuis heavily relies on iron, and the host’s low iron 

availability supply is recognized as a key pressure for the 
pathogenic bacteria and a signal for the major alterations 
in cellular activities. In this study, we found CAL and 
HES might inhibit the conversion of ferrous ions to ferric 
ions by targeting QseBC, and further reducing the viru-
lence of G. parasuis (Fig. 7).

We further evaluated the expression levels of QseBC 
related genes via qRT-PCR (Fig. 8A-F). Among of them, 
β-lactam resistant related gene oppB (oligopeptide 
transporter permease) was associated with β-lactam 
resistance. mraY (Phospho-N-acetylmuramoyl-penta-
peptide-transferase) is a bacterial enzyme responsible 
for the formation of the first lipid intermediate of the 
cell wall peptidoglycan synthesis, and macB (penicillin-
binding protein lB) also plays a key role in bacterial cell 
wall synthesis. The cAMP receptor protein crp can mod-
ulate the virulence of a wide range of pathogenic bac-
teria, and involved in biofilm formation [47]. cdtA and 
cdtB are essential for the pathogenicity of G. parasuis 
as subunits of cytolethal distending toxin (CDT) [48]. 
Outer membrane protein P2 (ompP2) plays an impor-
tant role in the pathogenesis of G. parasuis infection as a 
micropore protein and the most abundant protein in the 
outer membrane of G. parasuis [49]. rbsB (D-ribose ABC 
transporter substrate rate-binding protein) has a signifi-
cant impact on bacterial chemotaxis, while pilW (type IV 
pilus biogenesis/stability protein) was related to bacte-
rial flagellum. According to our results, the expressions 
of above genes were down-regulated at different degrees 
after sub-MIC concentrations of CAL and HES treat-
ment. It is further certified that CAL and HES exerted 
the antimicrobial effect against G. parasuis by inhibiting 
the QseBC TCS.

Furthermore, molecular docking ranks as one of the 
most favored and effective in silico methods, which help 
forecast molecular interactions with biological entities 
[50]. We performed molecular docking of CAL/HES and 
QseBC proteins, and it is emphasized that CAL and HES 
produced strong interaction forces with QseBC (Fig. S1). 
Taken together, we supposed that CAL and HES might be 
inhibitors to target QseBC by inhibiting the expression 
of QseBC related genes, as well as interacted with pro-
teins. Fluorescence spectroscopy has been widely used to 
investigate the interactions of drugs and proteins. Mea-
suring of quenching of intrinsic fluorescence of proteins 
can be also applied to study binding affinity of CAL and 
HES to proteins. QseC, as upstream protein with histi-
dine kinase activity, could phosphorylate the response 
regulator QseB, so the detection of QseC interaction with 
compounds can reflect the interaction of CAL/HES and 
TCS. We evaluated the interaction between CAL/HES 
and QseC protein by fluorescence quenching method 
[51]. CAL and HES could induce the endogenous fluo-
rescence quenching of QseC under a mechanism of static 
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quenching. The binding constants were detected to be 
4.23 × 104 L/mol and 9.28 × 105 L/mol, and the binding 
site were about 2.3816 and 2.9489, respectively.

Usually, the expression of some inflammatory genes 
can be up-regulated after G. parasuis infection [38]. Our 
study showed that CAL and HES could effectively pro-
tect mice from G. parasuis infection (Fig.  10A-I). CAL 
and HES significantly reduced the mortality and lung 
bacterial load, improved lung congestion status of G. 
parasuis infected mice, and exhibited noticeable anti-
inflammatory activity by down-regulating the expression 
of IFN-γ, IL-6 and TNF-α. Notably, the combination of 
low dose of CAL and HES (30 mg/kg + 30 mg/kg) has bet-
ter protectiveness than the high dose of single drug, and 
it was in complete agreement with the results of in vitro 
experiment. CAL and HES are two compounds with sig-
nificantly different structures, while they can both affect 
the QseBC. The specific mechanism needs to be more 
thoroughly explored in the future study. The above find-
ings highlighted the promising therapeutic potential of 
CAL and HES as QseBC inhibitors for the treatment of 
G. parasuis infection. A limitation of this study was that 
we used the mouse model but not the swine model for 
preliminarily assessing the protective effect of CAL and 
HES against G. parasuis. The role and exact mechanism 
in swine needs to be further studied in the subsequent 
experiments. Another limitation of this study is that only 
one strain was assessed.

Conclusion
In conclusion, CAL and HES showed obvious antimi-
crobial activity against resistant G. parasuis either alone 
or in combination both in vitro and in vivo by several 
mechanisms. In vitro study indicated that CAL and HES 
might be QseBC inhibitors by inhibiting the expression 
of QseBC related genes, and interacting with the related 
proteins, and in vivo study indicated that CAL and HES 
exhibited noticeable antimicrobial and anti-inflammatory 
activity against G. parasuis infected mice. Our results 
highlighted the promise of CAL and HES as candidate 
drugs for the treatment of G. parasuis infection by regu-
lating the QseBC TCS.
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