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Luteolin decreases the pathogenicity of Aeromonas hydrophila via inhibiting the 
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ABSTRACT
Aeromonas hydrophila (A. hydrophila) can cause a number of diseases in both human and animals. 
A. hydrophila-related infections in aquaculture cause severe economic losses every year through-
out the world. The emergence of antibiotic resistance that is due to the abuse of antibiotics has 
limited the application of antibiotics. Thus, novel approaches are needed to combat with treat-
ment failure of antibiotics caused by resistant bacterial strains. Aerolysin plays a critical role in the 
pathogenesis of A. hydrophila and has been considered as a novel target for developing drugs 
based on anti-virulence strategies. Here, we reported that luteolin, a natural product with no anti- 
A. hydrophila activity, could reduce aerolysin-induced hemolysis by inhibiting aerolysin activity. 
The binding mode was simulated by molecular docking and dynamics simulation. Then the main 
binding sites were confirmed by fluorescence quenching assays. We found that luteolin could 
hindered the formation of functional heptamer of aerolysin according to the results of the 
oligomerization assay. Moreover, luteolin could protect A549 cells from aerolysin mediated cell 
death and increase the survival rate of A. hydrophila-infected channel catfish. These findings 
suggest a novel approach to developing drugs fighting against A. hydrophila, and luteolin can 
be a promising drug candidate for treatment of A. hydrophila-associated infections.
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Introduction

Aeromonas hydrophila (A. hydrophila) is a freshwater- 
dwelling zoonotic bacterium, which can cause infec-
tions in aquatic animals, terrestrial animals, and 
human [1]. The bacterium can be isolated from aquatic 
environment, drinking water, , and even wastewater 
[2]. Diseases caused by pathogenic A. hydrophila in 
freshwater fish species result in millions of dollars of 
economic losses worldwide, which has affected the 
healthy development of freshwater aquaculture [1]. 
A. hydrophila was first reported as a human pathogen 
in 1968 [3]. Since then, incidence of infections caused 
by pathogenic A. hydrophila has been on the rise 
because the bacterium can transmit to human through 
fish, water, or seafood exposed to A. hydrophila [4]. 
Thus, A. hydrophila has become an emerging food-
borne pathogen to human, and which associated with 
various infectious diseases from slight skin infections to 
life-threatened bacteremia [5,6]. The use of antibiotics 
is the main approach of controlling diseases caused by 
bacterial pathogens since which were introduced into 

aquaculture industry. However, antibiotic resistance 
has emerged because of the overuse of antibiotics, 
which has limited the application of antibiotics in fight-
ing bacterial infections in aquaculture [7]. Treatment 
failure by antibiotics has led to call for novel drugs or 
strategies against resistant A. hydrophila infections.

A. hydrophila harbors a number of virulence factors 
and toxins, including enterotoxin, cytotoxin, and toxins 
with hemolytic activities, which contribute to the patho-
genesis of the bacterium [8]. Aerolysin, purified from 
A. hydrophila, is a well-characterized pore-forming toxin 
with multiple activities, such as hemolytic, enterotoxic 
and cytotoxic activities [9]. Aerolysin is secreted as 
a soluble precursor (named proaerolysin) into superna-
tant and has no biological activity [10]. Maturation of 
proaerolysin to aerolysin with activity must cleave the 
flexible loop of 43-residue at C-terminus by furin, tryp-
sin, or other proteases [11]. Aerolysin can insert into 
target cell membrane after forming heptamer with 
a transmembrane pore [12,13]. The channel pore of the 
heptamer disrupts the membrane permeability barrier of 
cells and results in cell death [14]. Aerolysin has become 
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a virulence marker of A. hydrophila because of the 
importance of the toxin [15]. Therefore, agents with 
anti- aerolysin activity might be useful for developing 
anti-A. hydrophila drugs.

Luteolin (Figure 1(a)), a natural flavonoid compound, 
has been isolated from a number of herbal medicine includ-
ing Perilla frutescens, Dendranthema indicum and Lonicera 
japonica Thunb. Luteolin exhibits a certain amount of 
biological activities, such as anticancer, anti-inflammatory, 
antioxidant and neuroprotective effects [16]. In the present 
study, we found that luteolin could significantly reduce the 
pathogenesis of A. hydrophila by decreasing the activity of 
aerolysin. The mechanism of inhibitory effect was deter-
mined by molecular dynamics simulations and confirmed 
by fluorescence quenching assay.

Materials and methods

Micro-organism and reagents

A. hydrophila strain XS-91-4-1, isolated from diseased 
Hypophthalmichthys molitrix, was kindly supplied by 

Prof. Aihua Li at the Institute of Hydrobiology, 
Chinese Academy of Sciences. Luteolin was obtained 
from National Institutes for Food and Drug Control 
(Beijing, China), and enrofloxacin was obtained from 
Dr. Ehrenstorfer GmbH (Augsburg, Germany). Both 
drugs were dissolved in DMSO to prepare stock solu-
tions at concentrations of 40,960 μg/mL.

Determination of minimal inhibitory concentrations

Broth micro-dilution method was used to determine 
the minimal inhibitory concentrations (MICs) under 
the instructions of Clinical and Laboratory Standards 
Institute (CLSI) [17]. Drugs were diluted by 2-fold 
methods with MHB medium to obtain concentrations 
from 512 μg/mL to 2 μg/mL for luteolin, while from 
32 μg/mL to 0.125 μg/mL for enrofloxacin. Following 
addition of 5 × 105 CFU/mL bacterial suspensions to 
each well, the plates were incubated for 18–20 h at 28° 
C. MIC values were determined with respect to mea-
surement of the first well with no bacterial growth.

Figure 1. Luteolin decreased the AerA-mediated hemolytic activity. (a), structure of luteolin; (b), growth curves of XS-91-4-1 co- 
cultured with luteolin at concentrations ranging from 0 to 8 μg/mL; (c), growth curves at concentrations ranging from 16 to 512 μg/ 
mL; (d), luteolin decrease the hemolysis of supernatants of A. hydrophila; E, hemolytic activity of purified AerA with a series of 
luteolin. Data presented in Figure 1(d and e) were the mean value ± standard divisions (SD) of three independent assays. *, p < 0.05 
and **, p < 0.01 when compared with the 0.1% Triton X-100 group.
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Growth curves

Bacterial culture was cultured in 100 mL fresh BHI 
medium at 28°C until the optical density at 600 nm 
(OD600nm) reached to 0.3. Then, the culture was ali-
quoted into 12 100-ml flasks and luteolin at indicated 
concentrations (ranging from 0 to 512 μg/mL) was 
added to each flask. The mixtures were further incu-
bated for 5 h at 28°C. The impact of luteolin on 
A. hydrophila was monitored by recording the 
OD600nm values by a spectrophotometer every 30 min.

Hemolytic activity assays

Impact of luteolin on hemolytic activities was deter-
mined by purified aerolysin (AerA) and bacterial super-
natants co-cultured with indicated concentrations of 
luteolin according to previous studies [18,19]. For 
hemolytic activity of bacterial supernatants, the super-
natants were centrifuged when the OD600nm reached 1.5 
of A. hydrophila co-cultured with luteolin. Then, 
100 μL of trypsin-treated supernatant and 25 μL of 
sheep erythrocyte were added into 875 μL of hemolytic 
buffer to obtain the reaction system. For activity of 
purified AerA, the hemolysis system at a 1 mL volume 
was composed of 5 μg/mL AerA, 5 × 106 defibrinated 
sheep red blood cells and indicated concentrations of 
luteolin in hemolytic buffer, then the reaction system 
was incubated at 37°C for 15 min. The activities of 
hemolysis in different groups were evaluated by values 
of OD543nm. Cells treated with 0.1% Triton X-100 
served as the 100% hemolysis group.

Immunoblotting for aerolysin

Bacterial supernatants were collected by centrifugation 
when the OD600nm of co-cultures of A. hydrophila and 
luteolin was 1.5. Proteins in the supernatants were 
transferred onto a PVDF membrane following sodium 
dodecyl sulfate (SDS)-polyacrylamide (12%) gel electro-
phoresis. The protein levels were determined by ECL 
detection regents after the membrane was blocked with 
slim milk and reacted with antibodies.

Molecular docking

Molecular docking assay was performed using MOE 
v2018.0101 [20]. The 2D structure of luteolin was pre-
pared by molecule and protein was built module in 
MOE, while energy minimization method was used to 
converting 3D structure of luteolin. The X-ray structure 
of AerA was obtained from Protein Data Bank (PDB 
ID: 1PRE). Luteolin was chosen as ligand and protein 

as receptor. The binding site for molecular docking was 
identified by Site Finder module in MOE, the surrender 
residues are: ASN178, ASP311, VAL312, SER313, 
TYR314, PHE343, VAL344, ILE345, GLY346, 
PRO347, TYR348, LYS349, SER353, SER354, ILE355, 
ARG356, LEU393, ARG394 PRO395, VAL396, and 
ARG397. The AMBER10: EHT force field and 
Reaction Field (R-field) implicit solvation model were 
selected before docking. The docking process adopted 
a flexible “induced fit” mode, the side chain of the 
amino acid binding pocket could be optimized and 
adjusted according to the ligand conformation, and 
the weight of restraining side chain rotation was set to 
10. The binding mode of protein and molecule were 
first sorted by the London dG scoring function, and the 
first 20 conformations were reevaluated by further 
energy optimization and GBVI/WSA dG method. The 
best combination mode in the final ranking was chosen 
and all-atom, explicit water molecular dynamics simu-
lation was performed.

Molecular dynamics (MD) simulation

The MD simulation was used to optimize the structure 
of the compound obtained by docking luteolin and 
AerA. The MMFF94x force field was selected to gen-
erate luteolin parameters [21]. The hydrogen atom of 
luteolin was optimized by Gaussian09 software package 
under HF/6-31 g*. And HF/6-31 g* was used to calcu-
late the charge, and then the restrained electrostatic 
potential (RESP) fitting method was used to fit the 
electrostatic potential [22,23]. The sodium/chloride 
counterion was added to the complex to neutralize 
the system and solvated it in the rectangular water 
box of TIP3P to form a 10 Å solvent layer between 
the edge of the water box and the surface of the solute.

AMBER16 was used for performing MD simulations 
[24]. Covalent bonds involving hydrogen atoms were 
limited by the AMBER GAFF, FF14SB force fields and 
the SHAKE algorithm with 2 fs time step. Long-range 
electrostatic interactions were handled by the Particle 
mesh Ewald (PME) method. Before the heating step, 
two minimization steps were carried out for each solva-
tion system. In the case where all heavy atoms were 
constrained by 50 kcal/(mol·Å2), the smallest first 4000 
cycles were performed, while solvent molecules and 
hydrogen atoms moved freely. Then, unconstrained 
minimization was performed, including 2,000 steepest 
descent minimum cycles and 2,000 conjugate gradient 
minimization cycles. The entire system was heated 
from 0 K to 300 K at a constant volume at 50 ps 
using Langevin kinetics firstly and then equilibrate at 
a constant pressure of 1 atm for 400 ps. A 10 kcal/ 
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(mol·Å2) weak constraint was set up to constrain all 
heavy atoms in the heating step. In the production step, 
the NPT (constant composition, pressure, and tempera-
ture) set was simulated with periodic boundary 
dynamics of the entire system at 1 atmosphere and 
a constant pressure of 300 K. In the production phase, 
a 100 ns simulation was performed. The MM-GBSA 
method was used to determine the binding-free energy 
of the complex.

Mutagenesis of the proaerolysin (pAerA)protein

The plasmids encoding D7A-pAerA and D311A-pAerA 
were conducted according to our previous study [18]. 
Primer pairs used for D7A-pAerA were 5ʹ- GAGCC 
CGTCTATCCAGCGCAGCTGCGCCTGTTCTC-3ʹ 
(forward) and 5ʹ- GAGAACAGGCGCAGCTGCGCT 
GGATAGACGGGCTC (reverse). Primer pairs used 
for D311A-pAerA were 5ʹ- CTATGAATTCAAAGCCG 
CGGTCAGCTATGACCTGAC-3ʹ (forward) and 5ʹ- 
GTCAGGTCATAGCTGACCGCGGCTTTGAATTCA-
TAG (reverse). Plasmids were transformed into BL21 
(DE3) competent cells and were overexpressed by 
induction of IPTG. After purification, the mutations 
were mixed with trypsin to obtain the activity. After 
stopping the reaction by trypsin/chymotrypsin inhibi-
tor, proteins were stored at −80°C until use.

Analysis of the binding energy of WT-AerA and its 
mutants

As reported previously, the fluorescence quenching 
assays were carried out to evaluate the binding constants 
of luteolin to AerA and its mutants [25,26]. Briefly, 
a 3 mL solution of AerA (1 μM) was titrated by successive 
additions of aliquot amount of luteolin stock solution to 
obtain final concentrations of luteolin ranging from 2 μM 
to 64 μM. For fluorescence spectrofluorimetry determi-
nation, the excitation and emission wavelength was set to 
280-nm with a 5-nm band-passand 345-nm with a 10- 
nm band-pass, respectively. The data were analyzed by 
Stern-Volmer and van’t Hoff equations.

Inhibition of forming heptamer

Heptamer was induced according to a previous study 
[27]. Briefly, proaerolysin was digested by trypsin at 
room temperature for 10 min to obtain activated aero-
lysin. Then, the same mol ratio of AerA and luteolin as 
used in hemolytic assay was used to create a mixture 
with the storage buffer to a total volume of 20 μL. The 
mixtures were incubated at 37°C for15 min, and 1 μL of 
1 M Hepes was added to the reaction systems to induce 

oligomerization. The mixtures were further incubated 
at 4°C for 1 h and loaded onto an 8% SDS-PAGE gel 
for electrophoresis. The ratio of heptamer and mono-
mer was calculated by Image Lab (Bio-Rad, USA) and 
statistical significance was analyzed.

Influence of luteolin on cell viability

Human lung epithelial (A549) cells were cultured in 
DMEM with 10% fetal bovine serum at 37°C with 5% 
CO2 in a humidified incubator. After digested by 
trypsin, cells at a density of 1.5 × 105 were seeded 
into each well of a 96-well plate. Then, AerA and 
luteolin at indicated concentrations were added to 
each well and incubated for 24 h. Lactate dehydro-
genase (LDH) release and live/dead cell staining were 
used to assess cell viability after different treatments. 
LDH activities were determined by cell supernatants 
with different treatments on a microplate reader 
(Bio-Rad, USA). Images of cells stained by live/dead 
regents were captured by a fluorescence microscope 
(Olympus, Japan).

Experimental therapeutics

Animal studies were carried out under the guidance of 
the Animal Welfare and Research Ethics Committee of 
Yangtze River Fisheries Research Institute (Permit No. 
2,019,052,203). Channel catfish (200 ± 10 g) were 
divided into 3 groups and each group contained 10 
fish. Before infection, fish were maintained in 100-L 
glass aquaria tanks for 15 days. Bacterial culture was 
centrifuged to obtain the bacterial cells when the bac-
terium reached to logarithmic growth phase in BHI 
medium at 28°C. The concentration of bacterial cells 
was then adjusted to approximately 1.5 × 108 CFU/mL 
after washed with sterile PBS for 3 times. Fish were 
injected with 100 μL of bacterial suspension intraper-
itoneally to establish the infection model. Then, fish in 
treated group were given 50 mg/mL luteolin 6 h post- 
infection at 12-h intervals for a total of 6 doses. Fish in 
the positive group were exposed to the bacterium and 
administered with sterile PBS, while in the negative 
group were administered with sterile PBS only. The 
survival rate of each group was recorded and the 
experimental setup was monitored for 8 days. For his-
tological examination of kidney, 5 fish in each group 
were sacrificed, then kidneys were removed and fixed 
in 10% formalin immediately. These tissues were 
embedded in paraffin wax and stained with hematox-
ylin-eosin for light microscopy.
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Statistical analysis

The significance of the results of hemolytic activity and 
LDH release assays was analyzed by independent 
Student’s t-test. Mortality data were calculated by the 
Kaplan-Meier analysis, and the significance were com-
pared by log-rank test. A p value less than 0.05 was 
considered to be statistically significant.

Results

Luteolin decrease the hemolysis of AerA

The MIC value of luteolin against A. hydrophila XS- 
91-4-1 was higher than 256 μg/mL, while enrofloxa-
cin was 4 μg/mL. The growth curves showed that the 
growth of the strain was inhibited at concentrations 
higher than 128 μg/mL (Figure 1(c)), but no influ-
ence was observed at concentrations ranging from 0 
to 128 μg/mL luteolin (Figure 1(b and Figure 1c)). 
These results demonstrated that luteolin showed no 
inhibitory effect on bacterial growth under our 
experimental concentrations. But we found that 
luteolin could significantly decrease the hemolytic 
activity of bacterial supernatant when co-cultured 
with A. hydrophila at indicated concentrations 
(Figure 1(c)). The results inferred that luteolin 
could inhibit the expression or activity of AerA in 
the supernatants. Western-blot assay was carried out 
to determine the influence of luteolin on the produc-
tion of AerA in supernatants. We found that luteolin 
had no evident effect on the amount of AerA (Figure 
2). Then the hemolytic assays were performed using 
purified AerA. As shown in Figure 1(d), luteolin 
could reduce the hemolytic activity of AerA directly. 
The percentage of hemolysis was reduced to 
11.25 ± 3.66% when added with 8 μg/mL luteolin 
(Figure 1(d)). These results illustrated that luteolin 
could decrease the activity of AerA without affecting 
the growth of A. hydrophila.

Molecular dynamics results

The stable complex of luteolin and AerA was estab-
lished by all-atom, explicit water MD simulations. As 
shown in Figure 3, the root means square deviation 
(RMSD) of the backbone atoms of AerA is less than 
8.0 angstrom and that of Luteolin is less than 2.5 
angstrom, and the system achieves equilibrium within 
the simulation time (no drastic fluctuation occur on the 
value of RMSD), which suggest that the force field and 
simulation protocol are adequate. Moreover, system 
balance was observed within simulation time. These 
findings indicated that adequate force field and simula-
tion protocol could be provided. The final stable com-
plex of luteolin with AerA was shown in Figure 4. 
Hydrogen bonds were provided by the oxygen atoms 
of hydroxyl groups in benzopyran and benzene ring of 
luteolin, of which form hydrogen bonds with oxygen 
atom of Asp7, Thr87, and Asp 311, respectively.

As shown in Table 1, the MM-GBSA assay was per-
formed to determine the binding energy (∆Gtotal) of luteo-
lin with AerA. ∆Gtotal represent the contribution to the 
binding free energy. ∆Evdw and ∆Eele represent the VdW 
and electrostatic interactions contributions. ∆Gpolar and 
∆Gnonpolar represent the polar and nonpolar solvation 
energy contributions. As shown in Table 1, the main 
contributor of luteolin-AerA binding was ∆Eelec, indicat-
ing that the binding was managed by electrostatic inter-
actions to large extent. ∆Gpolar was positive and 
unfavorable for the binding, while ∆Gnonpolar was negative 
and favorable. The binding-free energy of luteolin-AerA 
complex was calculated to be −11.82 kcal/mol. Energy 
composition analysis suggested that residues Asp7, 
Asp311, Thr87, and Asn37 were the main binding resi-
dues of the complex binding energy (Figure 5).

Figure 2. Detection of pAerA levels in bacterial supernatants 
with different concentrations of luteolin by Western-blot. Figure 3. System flexibility analysis of complex luteolin with AerA.
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Mechanism of luteolin against AerA activity

The main binding sites of AerA-luteolin complex have 
been predicted by molecular dynamics. The fluores-
cence quenching and oligomerization assays were per-
formed to calculate the binding constants (KA) and the 
number of binding sites (n). As shown in Table 2, the 
KA of WT-AerA, Asp7A-AerA and Asp311A-AerA 
mixed with luteolin were calculated, which confirmed 
the results of molecular dynamics. Furthermore, we 
found that indicated concentrations of luteolin could 
reduce the amount of heptamer by oligomerization 
assay in a dose-dependent manner (Figure 6). 
Moreover, we found that the ratio of heptamer and 
monomer was significantly reduced when WT-AerA 

incubated with luteolin at a mol ratio higher than 1:50 
(Supplemental Figure 1). The results revealed that 
luteolin could reduce the hemolysis of AerA by hinder-
ing the formation of heptamer, Asp7 and Asp311 were 
confirmed to be the main binding sites of luteolin with 
AerA.

Luteolin decreases AerA induced the cell injury

According to previous study, AerA could lead to cell 
injury of a number of mammalian cells [28]. Our pre-
vious studies indicated that A549 and Vero cells could be 
used as target cells to evaluate the effects of natural 
compounds to AerA induced cell injury [18,19]. As 
shown in Figure 7(a), untreated cells were shown 
green, indicating that cells were live. AerA treated cells 
showed the increase of red fluorophore (Figure 7(b)), 
indicating a large increase of dead cells. However, cells 
added with AerA and then 2 μg/mL luteolin showed 
a significant decrease in cell death (Figure 7(c)). In 
addition, the extent of cell injury induced by AerA 
after treatment with luteolin was determined. As 

Figure 4. AerA complex with luteolin. (a) Binding mode of AerA with luteolin; (b) The predicted binding model of luteolin on the 
pocket of AerA; (c) a ribbon representation of the AerA-luteolin complex; (d) The 3D binding mode of AerA with luteolin.

Table 1. Binding energy of luteolin-AerA complex calculated by 
MM-GBSA method.

Contribution Energy (kcal/mol)

∆Evdw −21.86 ± 0.35
∆Eele −25.63 ± 0.75
∆Gpolar 39.01 ± 0.61
∆Gnonpolar −3.34 ± 0.03
∆Gtotal −11.82 ± 0.33
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expected, luteolin could significantly attenuate cell injury 
at concentrations higher than 1 μg/mL (Figure 7(d)). 
Taken together, these results revealed that luteolin 

might provide a protective effect against A. hydrophila 
infections.

Luteolin increase the suvival of A. hydrophila 
infected channel catfish

According to the results of in vitro assays, luteolin 
can decrease the activity of AerA by blocking the 
formation of heptamer and decrease AerA induced 
cell injury, indicating that luteolin can be identified 

Figure 5. Decomposition of binding energy of the ranked top 9 residues in the complex.

Table 2. Relationship of the values of binding energy (ΔGbind) 
and binding constants (KA).

WT-AerA D7A D311A

ΔGbind (kcal/mol) −11.82 −2.28 −2.19
KA(1 × 104)L ‧ mol−1 14.10 12.40 8.80
n 1.0157 0.9984 0.9838

Figure 6. Influence of luteolin on the heptamer formation of AerA. Coomassie blue staining was used to detect the amount of 
heptamer after separated by SDS-PAGE. Lane 1, WT-AerA; Lane 2, WT-AerA with luteolin (1:50, mol/mol); Lane 3, WT-AerA with 
luteolin (1:100, mol/mol); Lane 4, WT-AerA with luteolin (1:150); Lane 5, WT-AerA with luteolin (1:200); Lane 6, WT-AerA with luteolin 
(1:250); Lane 7, WT-AerA with luteolin (1:300).
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as a potent drug against A. hydrophila infections in 
fish and other animals. As shown in Figure 8, deaths 
occurred in 24 h post-infection, the survival rate in 
the positive group was exhibited to 10%, while 80% 
in luteolin treated group after a luteolin course of 3 
days. All fish injected with sterile PBS survived for 
8 days (Figure 8). Moreover, kidneys were obtained 
to evaluate the injury caused by A. hydrophila infec-
tion. Kidneys in the positive group showed hyaline 
degeneration and necrosis (Figure 9A1, black arrow) 
in renal tubular epithelia; Bleeding (Figure 9A2, 
blue arrow) and macrophages infiltration (Figure 
9A1, red arrow) were observed in renal interstitial. 
The findings indicated that fish in the positive 
group exhibited severe renal injury. However, kid-
ney in the luteolin treated group showed macro-
phages infiltration in renal interstitial only (Figure 
9(b), red arrow), indicating that the renal injury was 
repaired. Kidney in the negative group showed 
slightly macrophages infiltration in renal interstitial 
(Figure 9(c), red arrow). Taken together, these 
results demonstrated that luteolin could decrease 
the renal injuries in kidneys of channel catfish 
infected with A. hydrophila.

Discussion

It is known that freshwater aquaculture plays an impor-
tant role in global food security [29]. Fish has become 
one of the most important sources of protein in China 
and perhaps other countries [30]. Therefore, China has 

Figure 7. Luteolin reduced AerA mediated cell injury. A live/dead regent was used to stain A549 cells with different treatments. Live 
cells were stained with green, while death cells were red, fluorescence were shot by a fluorescence microscope. A, negative control 
(cells without any treatment); B, positive control (AerA treated cells); C, cells added with AerA plus 2 μg/mL luteolin; D, A549 cells 
LDH release after treatment with AerA and indicated concentrations of luteolin. Data were presented as mean value ± SD of three 
independent experiments. *, p < 0.05 and **, p < 0.01 when compared with the positive group.

Figure 8. Luteolin increase the survival rate of channel catfish 
post infection. Infected fish were treated with luteolin or sterile 
PBS 6 hs post infection, and deaths were recorded for 8 days. 
The survival rate of fish treated with luteolin was significantly 
increased compared with positive control group (p = 0.009).
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been the largest producer and consumer of aquaculture 
in the world, counting for approximately 60% of the 
global productions [31]. However, the expansion of 
breeding scale results in the emergence of fish diseases 
and other problems [32]. Among of which, bacterial 
infections have become the main obstruction to fresh-
water farming [33]. Epidemic disease caused by 
A. hydrophila has been reported, which may result in 
millions of dollars’ economic losses worldwide [34]. 
Antibiotics have been extensively used in aquaculture 
for preventing or treating bacterial infections, including 
A. hydrophila infections [35]. Although the discovery 
and application of antibiotics decreased the loses 
caused by bacterial infections, several problems includ-
ing antibiotic resistance and pollution have been 
observed [36]. Moreover, the emergence of antibiotic 
resistance leads to treatment failure. Therefore, solu-
tions are urgently demanded for dissolving the growing 
number of infectious diseases caused by antibiotic- 
resistant bacterial pathogens [37].

Pore-forming toxins (PFTs), secreted by a large 
number of important bacterium, have been found that 
contributing to the virulence of bacterium [38]. PFTs 
are unique targets for identifying drugs battling with 

resistant bacterial pathogen infections because the pre-
sence of PFTs is nearly universal [38]. Qiu et al. 
demonstrated that baicalin could reduce the activity of 
α-hemolysin of Staphylococcus aureus (S. aureus) 
through binding to α-toxin and hindering the forma-
tion of functional heptamer, which resulted in the 
decrease of pathogenicity of S. aureus to mice [39]. 
Myricetin, a natural flavonoid compound, has been 
reported to be a candidate for the treatment of 
Streptococcus suis by abolishing the activity of suilysin 
via inhibiting oligomer formation [40]. Lu et al. found 
that betulin attenuated the virulence of Listeria mono-
cytogenes in a mice infection model by suppressing the 
oligomerization process of listeriolysin O (LLO) [41]. 
Taken together, these findings demonstrated that PFTs 
could be promising targets developing novel drugs 
against bacterial infections. Previous studies have 
shown that tannic acid and rosmarinic acid can inhibit 
the hemolytic activity of A. hydrophila by inhibiting the 
quorum sensing system, resulting in the reduction of 
bacterial pathogenesis [42,43]. Moreover, 
T. Chakraborty et al. found that the 50% lethal dose 
of A. hydrophila strain deleted AerA was much higher 
than the wild type strain [44]. These findings indicated 

Figure 9. Luteolin alleviated the renal injuries mediated by A. hydrophila infection. A1 and A2 were kidney from positive group, 
hyaline degeneration and necrosis (A1, black arrow), Bleeding (A2, blue arrow) and macrophages infiltration (A1, red arrow) were 
observed; B represented kidney from luteolin treated group, macrophages infiltration (B, red arrow) was observed; while C was 
kidney from negative group, macrophages infiltration (C, red arrow) was observed.
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that AerA is critical for the virulence of A. hydrophila. 
Thus, AerA has been employed as a target identifying 
anti-A. hydrophila drugs.

The purpose of traditional antibiotics is to kill the 
bacteria or to suppress the bacterial growth by inhibit-
ing their essential functions [45]. Although the modes 
of actions have been proven to be highly effective, the 
selective pressure has led to the emergence of antibiotic 
resistance [45]. Thus, compounds without anti- 
bacterial activities have been used for screening drugs 
to avoid the induction of resistance. Here we demon-
strated that luteolin, had no influence on bacterial 
growth under our experimental concentrations, could 
decrease the hemolytic activity of AerA. Difference with 
our previous studies on thymol and magnolol, luteolin 
could directly neutralize the activity of AerA rather 
than affecting the production of AerA [19,46]. 
Moreover, indolo[3,2-b] quinolones have been identi-
fied as good candidates for anti-virulence drugs by 
inhibiting the activity of AerA like hemolysin of 
A. sobria. However, the mechanism and major binding 
sites were not determined by the authors [47]. 
Molecular dynamics (MD) simulations, a promising 
tool for drug identification, have been widely applied 
to determine the binding modes and binding energies 
of ligand–target interactions. Moreover, the increasing 
knowledge of structure and pore assembly of AerA 
makes it possible to clarify the mechanism of luteolin 
against the activity of AerA [48,49]. Our previous study 
confirmed that Arg356, Pro347 and Asn 37 were major 
binding sites of morin-AerA complex [18]. Here, we 
found that Asp7 and Asp311 were major sites when 
determined by the same methods with morin. Although 
the binding sites were different, the two drugs shared 
the same mode of action by hindering the formation of 
heptamer. Previous study showed that the conforma-
tion of AerA would change in the process of forming 
heptamer, including the rotation of domain 1 and 
movement of domain 4 with respect to domain 3 
[50]. Taken our results together, these findings indi-
cated that the binding of luteolin to AerA limited the 
movement of Asp7 and Asp 311 residues in conforma-
tion, which resulted in the barrier of forming heptamer. 
Of which might be the mechanism of luteolin inhibit-
ing formation of heptamer. To obtain the results of 
oligomerization assay, the concentration of AerA used 
in the study was increased to 1 mg/mL, about 200-fold 
higher than the luteolin used in hemolytic activity 
assay. Thus, the mol ratio of luteolin and AerA was 
used to determine the concentration of luteolin in 
oligomerization assay. As expected, the production of 
heptamer was decreased following the addition of 
luteolin. Different with previous studies, Asp7 and 

Asp311 did not involve in the formation of heptamer 
directly (Supplemental Figure 2), we found that both 
the mutants could form heptamer in the absence of 
luteolin. However, there were still a certain amount of 
heptamer of the mutants in the presence of luteolin 
compared with WT-AerA plus luteolin (Supplemental 
Figure 2). The results indicated that AerA mutated 
Asp7 or Asp311 led to a decrease of binding ability.

A previous study showed that luteolin could serve as 
a potent anti-virulent agent against Vibrio harveyi 
mediated infections by inhibiting the quorum sensing 
system [51]. Qiu et al. found that luteolin could reduce 
the product of α-toxin of S. aureus by inhibiting the agr 
locus [52]. Wang et al. reported that luteolin could reduce 
the LLO activity by binding to the hly mRNA coding 
region directly and their results demonstrated that luteo-
lin could be used as a lead compound against Listeria 
monocytogenes infections [53]. These findings indicated 
that luteolin might be a novel agent against bacterial 
infections targeting the virulence. To the best of our 
knowledge, the present study is the first report of luteolin 
on the pathogenicity of A. hydrophila. Overall, a new 
approach was developed in identifying drugs by inhibit-
ing the activity of PFTs. Moreover, luteolin is a promising 
candidate against A. hydrophila-mediated infections.
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