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Purpose: This research aimed to investigate the antibacterial activity and potential mechan-
ism of luteolin against 7. pyogenes.

Materials and Methods: The broth microdilution method was used to determine the mini-
mum inhibitory concentrations (MICs) of luteolin against various 7. pyogenes strains. The
potential mechanism of action of luteolin was elucidated through testing and analysing the
luteolin-induced alterations of 7. pyogenes in several aspects, including cell wall, cell membrane,
protein expression, nucleic acid content, topoisomerase activity and energy metabolism.
Results: The MIC values of luteolin against various 7. pyogenes isolates and ATCC19411
were 78 pg/mL. The increased cell membrane permeability, destruction of cell wall integrity
and TEM images after exposure to luteolin showed that the cell wall and membrane were
damaged. The content of total protein and nucleic acid in 7. pyogenes decreased significantly
after treatment with luteolin (1/2 MIC) for 12, 24, and 36 h. Moreover, a hypochromic effect
was observed in the absorption spectrum of luteolin when deoxyribonucleic acid (DNA) was
added. In addition, after treatment with luteolin, a decrease in nicked or relaxed DNA
content, which was catalysed by 7. pyogenes-isolated DNA topoisomerase, was observed.
In addition, the adenosine triphosphate (ATP) content in cells and the activity of succinate
dehydrogenase (SDH) both decreased when 7. pyogenes was exposed to different concentra-
tions (1/4 MIC, 1/2 MIC, 1 MIC, 2 MIC) of luteolin for 1 h.

Conclusion: Luteolin showed distinct antibacterial activity against 7 pyogenes by multiple
actions, which mainly include destroying the integrity of the cell wall and cell membrane,
influencing the expression of proteins, inhibiting nucleic acid synthesis, and interfering with
energy metabolism.

Keywords: luteolin, Trueperella pyogenes, antibacterial activity, antibacterial mechanism

Introduction
T. pyogenes is a Gram-positive, rod-shaped, non-motile, non-spore-forming oppor-
tunistic pathogen with a broad range of virulence factors such as pyolisin (PLO),
neuraminidases (NanH), collagen-binding protein (CbpA), fimbriae (FimA).' > It is
commonly found on the skin, oropharynx, and in the upper respiratory, urogenital,
and gastrointestinal tracts of livestock, and causes different clinical manifestations
in domestic and wild animals.*® 7. pyogenes can cause various diseases, including
mastitis, endometritis, liver abscess, pneumonia, arthritis, and osteomyelitis, which
are related to suppurative infections. Diseases caused by this pathogen are espe-
cially important in cattle and swine, since they cause substantial economic losses.®’
Presently, antibiotic therapy continues to serve as the primary means to control
infections caused by bacteria. However, because of the long-term use of antibiotics,
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many bacteria have developed varying degrees of antibio-
tic resistance. By examining the antimicrobial susceptibil-
ity of T pyogenes isolated from domestic animals,
researchers have found that the isolates have developed
different degrees of resistance to some antimicrobial
agents. For example, compared with B-lactams which
T. pyogenes isolates are highly sensitive to, neomycin
(MICyy > 16 pg/mL), oxytetracycline (MICyg > 16 pg/
mL), sulfamethoxazole/trimethoprim (MICyy > 15.2/0.8
pg/mL), and tylosin (MICqy > 512 pg/mL) require higher
concentrations for inhibiting bacterial growth.”

In a study on the tetracycline susceptibility of
T. pyogenes isolated from dairy cattle with endometritis
in China, 68.7% and 62.5% of the isolates were found to
be resistant to tetracycline and doxycycline, respectively.®
In an antimicrobial susceptibility testing of 7. pyogenes
isolated from domestic and wild animals, a high percen-
tage of strains resistant to ciprofloxacin, enrofloxacin, and
tetracycline was noted, and the most tetracycline-resistant
and enrofloxacin-resistant strains were found to originate
from cattle.” As the antibiotic resistance in T. pyogenes
continues to increase in severity, it is extremely urgent to
identify and develop new antibacterial drugs.

Natural plant products play an important role in drug
discovery. Over the last 20 years, natural plant products
have been increasingly used in antibacterial activity
research to develop new antibacterial drugs. Many second-
ary metabolites produced by normal metabolic pathways
of plants have potential antibacterial activities such as
terpenes, alkaloids, flavonoids, and phenols. Natural com-
pounds could concurrently address more than one bacterial
target by enhancing membrane permeability, inhibiting the
synthesis of enzymes, or blocking biochemical reactions. '’

Luteolin (3,4,5,7-tetrahydroxyflavone) is a natural fla-
vonoid and one of the most abundant secondary metabo-
lites in plants. Luteolin is present in many medicinal plants
and vegetables such as chrysanthemum, honeysuckle,
thyme, broccoli, and cabbages.'''* Studies have shown
that luteolin has numerous pharmacological activities
including anticancer, anti-inflammatory, antioxidant, anti-
allergic, and antimicrobial.'*'®

Luteolin has attracted extensive attention due to its excel-
lent anticancer and anti-inflammatory activities. Luteolin
exerts its anti-inflammatory effects partly by regulating
inflammatory mediators and different cytokines, which inhibit
the signal transduction pathway.'** Luteolin could hamper
the progression of cancer through multiple mechanisms
including the suppression of kinases, regulation of cell cycle,

induction of apoptotic cell death, and reduction of transcrip-
tion factors.”>2® Many researchers have focused on the anti-
inflammatory and anti-tumour properties of luteolin; however,
only minor attention has been paid to its good antibacterial
activity. Nonetheless, luteolin has been demonstrated to exhi-
bit good antibacterial activity against Bacillus subtilis,
Staphylococcus aureus, Listeria monocytogenes, Escherichia
coli, and Pseudomonas fluorescens.'®*’ The antibacterial
mechanism of luteolin against Staphylococcus aureus involves
inhibiting the synthesis of nucleic acid and protein, impairing
bacterial cell membrane, inducing cell morphological altera-
tion and inhibiting biofilm formation.?”**

To date, only few reports exist on the antibacterial
activity of luteolin; however, no report has been published
on the antibacterial activity and mechanism of luteolin
against 7. pyogenes.'®*’2° Thus, we attempted to detect
the antibacterial activity of luteolin against 7. pyogenes
isolates and elucidate the mechanism of action of luteolin
by examining its effect on the cell wall and cell membrane,
protein, nucleic acid and energy metabolism of 7. pyogenes,
which could provide practical and scientific guidance for its
potential application as a new antibacterial drug.

Materials and Methods

Antimicrobial Agent and Bacterial Strains
Luteolin was purchased from Shanghai Pureone
Biotechnology Co., Ltd. (Shanghai, China) and the purity
of luteolin was 98%.

The reference 7. pyogenes strain, ATCC19411, was
purchased from the American Type Culture Collection
(USA). The T. pyogenes isolates (n = 17) were collected
from dairy cattle diagnosed with mastitis in Liaoning,
China, and identified by /6s rRNA gene sequencing. The
sequencing data have been submitted to DNA Data Bank
of Japan (DDBJ) with accession number LC523902,
LC523903, LC523904, LC523905, LC523906,
LC523907, LC523908 and LC523909. For the strains
with the identical sequence, we only uploaded the
sequence of one strain. The resistance phenotypes of
T pyogenes were showed in Table 1. All strains were
stored in 20% glycerol at —80 °C until use. The testing
strains were activated in Mueller—Hinton Agar (MHA,
AOBOX, Beijing, China) supplemented with 5% sterile
defibrinated sheep blood under microaerophilic conditions
(5% CO,) at 37 °C for 24—48 h and inoculated in Nutrient
Broth (NB, AOBOX, Beijing, China) supplemented with
8% fetal bovine serum (FBS, Gibco, USA) for culture.
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Table | The MICs of Luteolin Against T. pyogenes

Strains MICs (ug/mL) Resistance Phenotypes

ATCCI9411 | 78 SUL

TOO! 78 SUL

T002 78 SUL

TO003 78 CHL/OXY/SUL

T004 78 TIL/CLI/CIP/SUL

TO005 78 CIP/SUL

T006 78 CIP/SUL

T007 78 CIP/SUL

T008 78 CIP/ENR/SUL

TO009 78 ENR/SUL

TOIO 78 SUL

TOI1 78 SUL

TOI2 78 SUL

TOI3 78 OXY/CIP/ENR/SUL

TOI4 78 CHL/OXY/ERY/CLI/SUL

TOIS 78 CIP/SUL

TOl6 78 CHL/OXY/TET/TYL/ERY/TIL/
CLI/FLO/CIP/SUL

TOI17 78 CLI/SUL

Notes: The resistance phenotypes were based on our previous research results.
Abbreviations: CHL, chlortetracycline; OXY, oxytetracycline; TET, tetracycline;
TYL, tylosin; ERY, erythromycin; TIL, tilmicosin; CLI, clindamycin; FLO, florfenicol;
CIP, ciprofloxacin; ENR, enrofloxacin; SUL, Sulfadimethoxine.

Antibacterial Activity Assay

Determination of Minimum Inhibitory Concentration
(MIC)

The MICs wvalues of Iuteolin against 7. pyogenes
(ATCC19411 and 17 isolates) were determined using the
broth microdilution method according to Clinical
Laboratory and Standards (CLSI) guidelines.*® Briefly, the
bacterial suspension cultured to the logarithmic phase was
diluted to 0.5 Mcfarland Standard (approximately 1.5x10®
CFU/mL) and then diluted 150 times to 1x10° CFU/mL
using Mueller-Hinton Broth (MHB, AOBOX, Beijing,
China) containing 8% FBS. A 100-uL volume of serial
twofold dilutions of luteolin with MHB was dispensed in
U-bottom 96-well Microtiter plates (Corning, USA).
Subsequently, an equal volume of adjusted inoculum
(1x10° CFU/mL) was added to each well of the Microtiter
plates up to a final volume of 200 uL. After incubation for 24
h at 37 °C and 5% CO,, MIC was defined as the lowest
concentration of luteolin that prevented visible bacterial
growth. The determinations were performed in triplicate.

Determination of the Growth Curve
The effect of luteolin on the growth curve of T pyogenes
was evaluated according to the relevant literature, with

partial modifications.*'** One millilitre of 7. pyogenes
suspension (the strain used in this assay and the subse-
quent assays was ATCC19411) cultured to the logarithmic
growth phase (approximately 1 x 10® CFU/mL) and luteo-
lin (final concentrations, 1/2 MIC and 1/4 MIC) were
simultaneously added to 100 mL of NB medium contain-
ing 8% FBS. The sample that was not treated with luteolin
was employed as the control. The mixture was incubated
at 37 °C at a speed of 150 rpm and the absorption of the
bacterial suspension at 600 nm was measured after 2, 4, 8,
12, 16, 20, 24, 28, 32, 36, and 40 h of incubation. The
bacterial growth curve was plotted to analyse the effect of

luteolin on T. pyogenes growth.

Cell Wall Damage Assessment

Detection of Leakage of Alkaline Phosphatase (AKP)
To examine the effect of luteolin on the cell wall of
T. pyogenes, 1 mL of T. pyogenes suspension cultured to
the logarithmic phase (approximately 1 x 10® CFU/mL)
and luteolin (final concentration, 1/2 MIC) were added to
100 mL NB. Thereafter, the bacterial suspension was
incubated at 37 °C and 150 rpm for 4, 8, 12, 24, 36, 48,
and 72 h, respectively. The supernatant of the bacterial
suspension was obtained by centrifugation at 4000 rpm for
10 min at 4 °C. The AKP concentration in the supernatant
was determined using an alkaline phosphatase assay kit
(BioVision, USA).>*-*

Detection of Uptake of N-Phenyl-I-Naphthylamine
(NPN)

NPN, a type of hydrophobic fluorescent probe, was used to
evaluate the effect of luteolin on the cell wall permeability
of T pyogenes. The bacterial suspension cultured to the
logarithmic phase was centrifuged at 4000 rpm for 10 min
at 4 °C and washed twice with PBS (pH 7.4). After the
concentration of the bacterial suspension was adjusted to
ODgo nm = 0.2, it was mixed with different final concen-
trations of luteolin (0, 1/8 MIC, 1/4 MIC, 1/2 MIC, 1 MIC,
and 2 MIC, respectively) and incubated at 37 °C for 1
h. The bacterial cells were harvested and resuspended in
PBS (pH 7.4). Thereafter, 200 pL of the bacterial suspen-
sion and 10 mM of the NPN (Sigma-Aldrich, Shanghai,
China) solution were added to a 96-well plate (Corning,
USA). The fluorescence intensity was immediately mea-
sured with a multimode plate reader (VICTOR Nivo,
PerkinElmer, USA) at an excitation wavelength of 350

nm and an emission wavelength of 420 nm.*>-3°
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Cell Membrane Damage Assessment
Detection of Leakage of f-Galactosidase

Using 2-Nitrophenyl B-D-galactopyranoside (ONPG) as the
substrate, the release of cytoplasmic B-galactosidase from
T pyogenes into the culture medium was measured to deter-
mine the cell membrane permeability.>’® T. pyogenes cells
were cultured to the logarithmic phase in NB containing 2%
lactose and harvested. The bacterial cells were washed and
suspended in PBS (pH 7.4) until the ODgppnm value reached
0.2. Thereafter, different concentrations of luteolin (0, 1/4
MIC, and 1/2 MIC) and 1.5 mM of ONPG (final concentration;
Sigma-Aldrich) were added to the bacterial suspension, which
was incubated at 37 °C for 100 min. Every 10 min, the absor-
bance of the supernatant was recorded at 420 nm using
amultimode plate reader (VICTOR Nivo, PerkinElmer, USA).

Detection of Uptake of Propidium lodide (PI)

PI is often utilized as a DNA dye that can enter cells that
possess a damaged cell membrane; PI cannot enter cells
with an intact cell membrane. In brief, 7. pyogenes cul-
tured to the logarithmic phase were collected and resus-
pended in PBS (pH 7.4) after two rounds of washing. The
bacterial suspensions were incubated with luteolin (final
concentration, 1/2 MIC) at 37 °C for 1 h. Thereafter, 2.0
pg/mL of PI (final concentration; Sigma-Aldrich) was
added into the bacterial suspensions, which were main-
tained in a dark room for 30 min. Finally, the stained

bacterial suspensions were deposited onto glass slides,

covered with coverslips, and photographed with
a fluorescence microscope (LeicaDM1000, Leica,
Germany).***

Cell Membrane Potential Measurement

The membrane potential-sensitive dye, DiSC3(5) (AAT
Bioquest, USA), was used to determine the cell membrane
potential. The 7. pyogenes suspension cultured to the loga-
rithmic phase was centrifuged at 4000 rpm for 10 min at 4
°C, washed twice with buffer (5 mM HEPES, pH 7.2; 5
mM glucose), and resuspended in the same buffer solution
until the ODgponm value reached 0.2. The bacterial suspen-
sion was incubated with 4 pM DiSC3(5) in a dark room
for 1.5 h until DiSC3(5) was fully absorbed by the bac-
teria. Luteolin at final concentrations of 1/2 MIC, 1 MIC,
and 2 MIC was then added to the solution. Fluorescence
was monitored with a multimode plate reader (VICTOR
Nivo, PerkinElmer, USA) at an excitation wavelength of

622 nm and an emission wavelength of 670 nm.*"*?

Transmission Electron Microscopy (TEM)

Observation
T pyogenes cells cultured to the logarithmic phase were
diluted to form the bacterial suspension (approximately
1x10° CFU/mL) and treated with luteolin (final concentra-
tion, 1/2 MIC). The bacterial suspensions were incubated on
a shaker at 37 °C and 150 rpm for 12, 24, and 36 h,
respectively. The bacterial cells were harvested by centrifu-
gation at 3000 rpm for 10 min at 4 °C, washed thrice with
PBS. Then the specimens were fixed to the fibrous carbon
film and observed using TEM (HT-7700, Hitachi, Japan).
Furthermore, the ultrastructure of bacteria was ana-
lysed by ultramicrotomy observation. After the bacterial
cells were harvested and washed, the specimens were
subjected to fixation with 2.5% glutaraldehyde at 4 °C
overnight. The bacterial cells were then pre-embedded
with agar, washed thrice with PBS (10 min per wash)
and post-fixed with 1%
h. Thereafter, the cells were dehydrated with dehydrant
(50% ethanol, 75% ethanol, 80% acetone, 90% acetone,
95% acetone and twice at 100% acetone, each time for 15

osmium tetroxide for 1

min), and then embedded and soaked with epoxy 812.
Finally, the specimens were sectioned with an ultramicro-
tome, stained with uranyl acetate, and observed using
TEM (HT-7700, Hitachi, Japan).

Effect of Luteolin on Protein

Quantification of Total Cell Protein

The effect of luteolin on the total cell protein content of
T pyogenes was evaluated by the bicinchoninic acid (BCA)
method. Briefly, the T pyogenes cultured to the logarithmic
phase were diluted to form bacterial suspensions (approxi-
mately 1x10° CFU/mL) and mixed with luteolin (final con-
centration, 1/2 MIC); the bacterial suspensions that were not
treated with luteolin were employed as control. After bacterial
suspensions were incubated on a shaker at 37 °C and 150 rpm
for 12, 24, and 36 h respectively, bacterial cells were harvested,
washed, and resuspended in PBS (pH 7.4) until the ODgoonm
value reached 0.8. Thereafter, 10 mL of the bacterial suspen-
sions was centrifuged (4000 rpm, 4 °C, 10 min), and the
bacterial cells were fully mixed with 2 mL of bacterial protein
extraction reagent (Sigma-Aldrich) and 20 pL of phenylmetha-
nesulfonylfluoride (PMSF). The mixture was sonicated with
an ultrasonic breaker (VCX150, SONICS, USA), and centri-
fuged at 12,000 rpm for 10 min at 4 °C. The supernatant was

retained as it contained the total cell protein of the bacteria. The
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protein samples were quantified using the BCA protein assay
kit (Thermo Fisher, USA).

SDS-PAGE Analysis

Sodium dodecyl sulphate-polyacrylamide gel electrophor-
esis (SDS-PAGE) was used to analyse the changes in protein
expression.** > The method described in “Quantification of
total cell protein” was employed for the treatment of bacter-
ial samples. The total cell proteins were denatured at 100 °C
for 10 min and electrophoresed on a 5.0% stacking gel at 80
V for 30 min, and then a 10% resolving gel at 110 V for 70
min. The gel was stained with Coomassie brilliant blue
R-250 and decolorized until the protein bands were clear.
The image of the protein bands was obtained with a gel
imaging system (Azure Biosystems c300, USA).

Effect of Luteolin on Nucleic Acid

Quantification of Intracellular Nucleic Acid

T pyogenes cells cultured to the logarithmic phase were
diluted to form a bacterial suspension (approximately 1x10°
CFU/mL) and mixed with luteolin (final concentration, 1/4
MIC and 1/2 MIC). After incubating on a shaker at 37 °C and
150 rpm for 12, 24, and 36 h respectively, the bacterial cells
were harvested, washed, and resuspended in PBS (pH 7.4)
until the ODgggnm value reached 0.6. Thereafter, 200 pL of
the bacterial suspension was mixed with 600 pL of
2-(4-Amidinophenyl)-6-indolecarbamidine dihydrochloride
(DAPI) (Thermo Fisher) staining solution and incubated at
room temperature in the dark for 30 min. A 200-uL volume
of the bacterial suspension was then placed in a 96-well plate
and the fluorescence intensity was determined at 454 nm
after excitation at 364 nm. The bacterial cells stained by
DAPI were also harvested, washed, and resuspended in
PBS (pH 7.4). A 20-pL volume of the bacterial suspension
was then used to create slides, which were observed with

a fluorescence microscope (LeicaDM1000, Leica).**4

UV Spectroscopic Test of the Interaction Between
Luteolin and DNA

Luteolin (final concentration, 1/2 MIC) was fully mixed
with pBR322 DNA (1 pg/mL, TAKARA, Dalian, China)
and incubated at 37 °C for 30 min. The absorption spec-
trum, which ranged from 300 to 420 nm, was determined

by an ultraviolet spectrophotometer (U-3900/3900H,

Hitachi, Japan).***°

Determination of Topoisomerase Activity

The DNA topoisomerases (Topo I and Topo II) were extracted
from 7. pyogenes. After T pyogenes were cultured to the

logarithmic phase, they were centrifuged at 6000 rpm for 10
min at 4 °C to retrieve the bacterial cells, which were washed
twice with PBS (pH 7.4) and resuspended in TMN buffer (1
mM Tris-HCI pH 7.5, 1.5 mM MgCl,, 10 mM NaCl).
Thereafter, the bacterial suspension was centrifuged at
4000 rpm for 10 min at 4 °C and resuspended in crude enzyme
extract buffer (100 mM NaCl, 1 mM KH,PO,, 5 mM MgCl,, 5
mM EDTA, 0.5 mM phenylmethanesulfonylfluoride, 1 mM
dithiothreitol pH 6.4, 250 mM saccharose, 10% glycerol). The
bacterial suspension was cooled on ice for 30 min, and then
ultrasonicated at 80% strength for 10 s and then 30-s intervals,
achieving a total of 10 cycles. The cell suspension was then
centrifuged at 12,000 g for 10 min at 4 °C and the supernatant
was retained as the crude enzyme solution, ">

A 2.5-uL volume of DNA despiralization buffer I/II (200
mM Tris-HCI pH 7.5, 340 mM KCl, 40 mM MgCl,, 20 mM
dithiothreitol, 0.12 mg/mL Bovine Serum Albumin, 5 mM
EDTA, and an extra 4 mM ATP to serve as the DNA despir-
alization buffer II), 0.5 pg pBR322 DNA, 4.0 pL of the crude
enzyme solution, and different final concentrations (1/4 MIC,
1/2 MIC, 1 MIC, 2 MIC, 4 MIC and 8 MIC) of luteolin were
added to Eppendorf tubes. Thereafter, sterile water was added
to the mixture to obtain a final volume of 20 pL. After the
mixture was incubated at 37 °C for 30 min, 2 pL. 10% SDS and
1 pL 10 mg/mL proteinase K were added. Incubation was then
allowed to continue for 30 min at 37 °C. Finally, DNA samples
were electrophoresed on 1.0% agarose gel at a constant voltage
of 80 V for 40 min and analysed using a gel imaging system
(Azure Biosystems ¢300).%

Effect of Luteolin on Energy Metabolism
Quantification of Intracellular ATP

The ATP content of T pyogenes was determined with an
ATP assay kit (Sigma-Aldrich). Bacterial cells cultured to
the logarithmic phase were harvested, washed, and resus-
pended in PBS (pH 7.4) until the ODgoonm, value reached
1.0. Luteolin at final concentrations of 1/4 MIC, 1/2 MIC,
1 MIC, and 2 MIC was respectively added to 20 mL of the
prepared bacterial suspensions. The mixtures were then
incubated at 37 °C for 1 h. After the bacterial cells were
harvested, their ATP content was determined with an ATP

assay kit.>>>*

Determination of the SDH Activity

Succinate dehydrogenase (SDH) is a key enzyme in the
tricarboxylic acid cycle. To evaluate the effect of luteolin
on SDH in T. pyogenes, the activity of SDH in bacterial
detected. The method described in

cells was
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“Quantification of intracellular ATP” was employed to
treat the bacteria. The harvested bacterial cells were resus-
pended in 2 mL of PBS (pH 7.4) and ultrasonicated at
a strength of 30% for 15 min (interval 3 s). The super-
natant was then obtained by centrifugation at 7000 rpm for
5 min at 4 °C, and the activity of SDH was determined
using an SDH assay kit (Sigma-Aldrich).

Statistical Analysis

All assays were carried out in triplicate. The results are pre-
sented as mean + standard deviation (SD). Statistical analysis
was carried out using one-way of variance (ANOVA) on
SPSS Statistics V17.0 and GraphPad Prism 6.0. Statistical
significance was defined as *P < 0.05 and **P < 0.01.

Results
Antibacterial Activity of Luteolin

The results of luteolin’s antibacterial ability against
T. pyogenes are presented in Table 1. Although the tested
strains had different resistance phenotypes (see Table 1),
the MICs of luteolin against all tested strains were 78 pg/
mL. These data indicate that luteolin exerts significant
antibacterial ability.

We further analysed the effect of luteolin on the growth
curve of T. pyogenes. As shown in Figure 1, bacteria
started the logarithmic growth after 4 h of the lag phase
and could reach the maximum at 36 h in the control group,
which showed a normal and typical growth curve.
Compared with the control group, the growth of bacteria
in the luteolin-treated group was significantly inhibited.
The bacteria were found to start the logarithmic growth
after 8 h, which was 4 h delay in comparison with the
control group and grew slowly in this phase. Moreover, the
absorbance of bacteria in the experimental group was
consistently lower than that of the control group, thereby
indicating that luteolin can evidently inhibit the growth of
T. pyogenes.

Cell Wall Damage Assessment

AKP mainly exists between the cell wall and the cell
membrane in bacteria. AKP leak out of the cell if the
cell wall was damaged.** Therefore, the influence of luteo-
lin on the cell wall permeability can be indirectly revealed
by detecting the changes in extracellular AKP. As shown
in Figure 2A, compared with the control group, the extra-
cellular AKP content evidently increased after luteolin was
administered to 7. pyogenes for 4 h and continuously

1.0q

—e— Control
—— 1/4MIC Luteolin
1/2MIC Luteolin

0.8+

—

0 5 10 15 20 25 30 35 40
Time(h)

Figure | Effect of luteolin on the growth curve of T. pyogenes. Data are presented
as mean (+ SD) of three replicates.

increased with time. The experimental results indicate
that luteolin can destroy the integrity of the cell wall of
T. pyogenes and increase the extracellular AKP content.

The integrity of cell wall was further detected using
NPN. NPN is a hydrophobic probe, which remains
quenched in an aqueous solution but can emit strong
fluorescence in a hydrophobic environment. When the
outer wall is damaged, NPN can enter the hydrophobic
environment inside the cell membrane and emit strong
fluorescence.”> As shown in Figure 2B, luteolin caused
a significant increase in the fluorescence intensity of
NPN in a concentration-dependent manner. Such findings
indicate that the cell wall was at least partially disrupted,
causing NPN to enter the cell membrane.

Cell Membrane Damage Assessment
The destructive effect of luteolin on the cell membrane
was examined by ONPG. Generally, 3-galactosidase in the
cytoplasm cannot be detected unless the cell membrane is
destroyed. ONPG can be catalysed by p-galactosidase to
produce o-nitrophenol, which is absorbed at 420 nm.>°
A difference in the absorbance value was observed when
luteolin was added to the culture (Figure 3A). Evidently,
the absorbance value increased after luteolin treatment.
Moreover, the absorbance value in the 1/2 MIC luteolin
group was greater than that of the 1/4 MIC luteolin group,
indicating that luteolin could increase the permeability of
the cell membrane, and the greater the concentration of
luteolin, the greater the damage to the cell membrane.

PI is a nucleic acid intercalating agent that can release
red fluorescence after the insertion of a double-stranded
DNA. Although PI cannot pass through the living cell
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Figure 2 Effect of luteolin on the cell wall integrity of T. pyogenes. (A) Leakage of AKP from T. pyogenes after treatment with luteolin. Data are presented as mean (+ SD) of
three replicates (compared with the control, ¥ P < 0.01). (B) Fluorescence intensity of NPN after treatment with different concentrations of luteolin. Data are presented as

mean (£ SD) of three replicates.

membrane, it can penetrate the damaged cell membrane  demonstrated by the results in Figure 3B, compared with
and stain the nucleic acid.”” Therefore, PI was used in this 7. pyogenes that were not treated with luteolin, those

study to confirm the cell membrane integrity. As strains exposed to luteolin could emit strong red
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Figure 3 Effect of luteolin on the cell membrane of T. pyogenes. (A) Leakage of B-galactosidase from T. pyogenes after treatment with luteolin. Data are presented as mean (+
SD) of three replicates. (B) Fluorescence microscopy images of T. pyogenes in control group and luteolin treatment group. (C) Cell membrane potential variation of

T. pyogenes after treatment with luteolin. Data are presented as mean (+ SD) of three replicates.
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fluorescence. Such findings indicate that the integrity of
the cell membrane and wall was damaged and after PI
could pass through the cell wall and membrane.
Additionally, the effect of luteolin on membrane depolar-
ization was evaluated by monitoring the fluorescence inten-
sity change of the membrane-potential dependent probe,
DiSC3(5). The fluorescent probe is quenched in the cyto-
plasmic membrane. However, when an antimicrobial agent
disrupts the transmembrane electrostatic potential, the probe
dissociates into the medium and fluoresces strongly.”® An
increase in the fluorescence intensity indicates a reduction in
the membrane potential. Based on the results presented in
Figure 3C, adding luteolin induced a dramatic concentration-
dependent increase in fluorescence, which indicates that
luteolin could depolarize the cell membrane potential.

TEM Observation

To analyse the surface changes in the cells of 7. pyogenes
after luteolin treatment, we observed bacterial cells with
TEM. As shown in Figure 4A, the cell surface of the
control group was smooth and flat without any secretion,
while cells of the experimental group (Figure 4B-D) had
abundant secretion on their surface. The cell surface was
severely damaged and a partial wall was missing. Thus,
the results confirm that the cell membrane and wall are
partial targets of luteolin.

The ultrastructural changes in cells after treating
T. pyogenes with luteolin were further observed. Based
on the results presented in Figure 4E, 7. pyogenes cells
in the control group were plump, smooth, and compact
with a clear structure. However, many intracellular com-
ponents leaked out from the 7 pyogenes cells treated with
luteolin and the cell edges were rough (see Figure 4F-H).
In addition, the cells were severely deformed after luteolin
was administered to 7. pyogenes for 24 h. These results
reconfirm that luteolin can destroy the integrity of the
membrane and wall of 7. pyogenes.

Effect of Luteolin on Protein

Protein is the material basis of life and the main bearer of
life activities. Thus, it will have an important impact on
the physiological function of bacterial cells when there is
a change in protein content. Herein, we determined the
effect of luteolin on the protein of T pyogenes by the BCA
assay and SDS-PAGE. As shown in Figure 5A, after
luteolin was administered to 7. pyogenes for 12, 24, and
36 h, the total cell protein content decreased by 12.45%,
19.76%, and 19.85% respectively. This finding was also

confirmed by the SDS-PAGE profiles (Figure 5B) of the
total bacterial proteins. Many protein bands of 7. pyogenes
after luteolin treatment appeared significantly shallower
than those of the control group did. Notably, the protein
band (approximately 38 kDa) became thicker after treat-
ment with luteolin, which represented an up-regulation of
protein expression level.

Effect of Luteolin on Nucleic Acid

The changes of nucleic acid content were analysed using
DAPI. DAPI can penetrate living cell membranes and
produce a strong fluorescence signal when combined
with double-stranded DNA. As shown in Figure 6A, com-
pared with the control group, the nucleic acid content of
T. pyogenes decreased by 36.9%, 35.27%, and 38.65%
after treatment with the 1/4 MIC of luteolin, and 60.82%,
56.55%, and 56.04% after treatment with the 1/2 MIC of
luteolin for 12, 24, and 36 h, respectively. These findings
align with those depicted in the fluorescence microscopy
images of 7. pyogenes (Figure 6B). A strong blue fluores-
cence was emitted by the cells in the control group.
However, cells treated with luteolin for 12, 24, and 36
h displayed an extremely weak florescence signal, which
indicating the marked reduction in the nucleic acid content
of cells.

Next, the interaction between luteolin and DNA was
analysed. Ultraviolet-visible absorption spectroscopy is
often used to study the interaction mode between small
molecular compounds and DNA. When a compound binds
to DNA, the environment of its ligand changes, which
causes its electronic structure to be intercepted by DNA.
This binding also changes the compound’s absorption
wavelength and intensity in its absorption spectrum.> As
shown in Figure 7, when DNA was added to luteolin, the
hypochromic effect was demonstrated in its absorption
spectrum, and its absorption intensity was evidently
decreased. These findings suggest that luteolin may be
embedded into DNA, which can inhibit the replication
of DNA.

DNA topoisomerases are essential enzymes that med-
iate the topological adjustments required for DNA replica-
tion, transcription, recombination, repair, and chromatin
assembly.®” Topoisomerase I affects DNA topology by
passing a single DNA strand through a break in the oppos-
ing single strand through the use of an active site tyrosine
residue to cleave the DNA strand. Conversely, topoisome-
rase II creates double-stranded breaks by using similar
active site tyrosine residues, which allows the passing of
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Figure 4 TEM images of T. pyogenes. (A and E) Bacteria untreated with luteolin. (B and F) Bacteria treated with /2 MIC luteolin for 12 h. (C and G) Bacteria treated with
1/2 MIC luteolin for 24 h. (D and H) Bacteria treated with [/2 MIC luteolin for 36 h.
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Figure 5 Effect of luteolin on the expression of proteins in T. pyogenes. (A) Changes of total protein content after luteolin treatment. Data are presented as mean (+ SD) of
three replicates (compared with the control, ** P < 0.01). (B) SDS-PAGE profiles of total cell proteins. M: Molecular weight marker; |, 3 and 5: T. pyogenes of control group
cultured to 12, 24 and 36h, respectively; 2, 4 and 6: T. pyogenes treated with luteolin for 12, 24 and 36h, respectively.

another double-strand DNA segment.’ pBR322 DNA
mainly exists as a superhelix (Form I) that can be
unwound into the nicked or relaxed form (Form II). The
effect of luteolin on the activity of topoisomerase was
determined by enzyme-mediated supercoiled pBR322
DNA relaxation. Figure 8 showed that an increase in
luteolin concentration led to a gradual decline in the
amount of linear or nicked DNA, which demonstrated
that luteolin could inhibit the activity of topoisomerases
I and II. These results indicate that luteolin can inhibit the
activity of key enzymes in the process of nucleic acid
metabolism, which may be one of the reasons for the
decrease of nucleic acid content.

Effect of Luteolin on Energy Metabolism

ATP plays an important role in energy metabolism in
organisms. In fact, it functions as the direct energy source
of metabolism. Thus, if luteolin affects the energy meta-
bolism of 7. pyogenes, it may affect energy production in
bacteria. ATP is the direct energy supplier for the activities
of cells. Under normal physiological conditions, the ATP
content in cells is consistently in dynamic equilibrium.
The ATP content in bacterial cells reflects their energy
storage status. As shown in Figure 9A, when different
concentrations (1/4 MIC, 1/2 MIC, 1 MIC, 2 MIC) of
luteolin were administered to 7. pyogenes for 1 h, the
ATP content in cells decreased by 26.80%, 35.29%,
47.71%, and 57.44%, respectively. This finding aligns
with the effect of Litsea cubeba essential oil on MRSA,
which could

also reduce ATP content in cells.*®

Altogether, the results reveal that luteolin could interfere
with the energy metabolism of 7. pyogenes.

We further analysed the effect of luteolin on the key
enzyme activity in the energy metabolism. Under aerobic
conditions, pyruvic acid is completely oxidised to carbon
dioxide and water via the Krebs cycle, thereby serving as
the main energy source for bacterial life activities. SDH is
a key enzyme in the Krebs cycle. In addition, SDH is one
of the hubs that link oxidative phosphorylation to electron
transport. As a result, its activity is generally used to
evaluate the operation of the tricarboxylic acid cycle. In
the present study, we found that the activity of SDH
decreased by 9.30%, 22.86%, 52.52%, and 73.50% respec-
tively after 7. pyogenes were exposed to different concen-
trations (1/4 MIC, 1/2 MIC, 1 MIC, 2 MIC) of luteolin for
1 h. Such findings (Figure 9B) demonstrate that luteolin
can inhibit the activity of SDH in 7. pyogenes.

Discussion

In recent years, there has been a rising interest in the
discovery of new antibacterial compounds because of the
alarming increase in the rate of infections with multidrug
resistant bacteria. The evaluation of antibacterial activity
and research on the antibacterial mechanism of natural
plant products can provide theoretical and data support
for the development of new drugs against drug-resistant
bacteria. As a natural polyphenolic flavonoid compound,
luteolin exhibited significant antibacterial activity against
T. pyogenes in both sensitive and resistant strains (Table
1). Our previous research showed that the MICs of luteolin
coli (ATCC25922), Salmonella

against Escherichia
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Figure 6 Effect of luteolin on the nucleic acid content in T. pyogenes. (A) Changes of fluorescence intensity of nucleic acid after treatment with luteolin. Data are presented
as mean (£ SD) of three replicates (compared with the control, ** P < 0.01). (B) Fluorescence microscopy images of T. pyogenes after /2 MIC luteolin treatment for 12 h, 24

h and 36 h, respectively.

(C7731), and Streptococcus (ATCC49619) were 2500 pg/
mL, 1250 pg/mL, and 2500 pg/mL, respectively; these
values were remarkably weaker than the MIC of luteolin
against T pyogenes.”’ In addition, luteolin showed con-
centration-dependent activity based on the growth curve
(Figure 1). Therefore, luteolin has broad prospects as
a new drug for the treatment of 7. pyogenes infections.
Many natural products have exhibited antibacterial
activities by multiple mechanisms, including destroying
the integrity of cell walls and cell membranes, inhibiting

the expression of proteins, inhibiting the synthesis of

nucleic acids, and affecting the energy metabolism of
bacteria.>®> Hence, in this research, we attempted to
understand the mechanism of action of luteolin against
T pyogenes from the above four aspects.

The cell wall and membrane are important for sustaining
cell life because they are able to prevent the leakage of
intracellular components and function as a barrier.”* Our
results demonstrated that luteolin could lead to the leakage
of AKP, which is located between the cell wall and mem-
brane, by destroying the integrity of the cell wall (Figure 2A).

Moreover, the extracellular hydrophobic fluorescent probe
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NPN could penetrate the outer wall in a concentration-
dependent manner after luteolin treatment; as the concentra-
tion of luteolin increased, the damage to the integrity of the
cell wall increased (Figure 2B). In addition, luteolin could
increase the permeability of the cell membrane of
T pyogenes; therefore, small molecules such as f-
galactosidase can easily pass through the cell membrane
and continuously accumulate in the extracellular environ-
ment. The PI assay further demonstrated that luteolin can
destroy the integrity and barrier function of the cell mem-
brane of 7. pyogenes, resulting in extracellular substances
being able to pass through the cell membrane.

We further detected changes in cell membrane potential
after luteolin treatment with 7. pyogenes. As shown in
Figure 3C, the addition of luteolin depolarized the cell
membrane potential in a concentration-dependent manner.
A cascade of events occurred at the wall and membrane
upon luteolin treatment, resulting in the easy passage of
small molecules because of membrane destabilization.

>
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Figure 8 Effect of luteolin on topoisomerase | and Il of T. pyogenes. a: pBR322; b—h:
control and luteolin with different concentrations (1/4MIC,1/2MIIC, IMIC, 2MIC,
4MIC, 8MIC).

Furthermore, TEM observation revealed that luteolin
could disrupt the cell wall and membrane of 7. pyogenes
cells, resulting in the leakage of intracellular components.
Thus, the cell wall and membrane of 7. pyogenes may be
one of the targets of luteolin.

Protein is involved in a variety of biochemical reac-
tions for catalysis, protein synthesis and expression and
bacterial metabolism.** In our study, SDS-PAGE and con-
centration of total bacterial protein were assayed. The
results showed that Iuteolin can reduce the total cell pro-
tein content of 7. pyogenes, indicating that the expression
of some proteins in 7. pyogenes was inhibited by luteolin.
It is very interesting to note that the expression of some
proteins was upregulated and the expression of some pro-
teins was downregulated after luteolin treatment. The dis-
order of protein expression is bound to affect the normal
physiological metabolism of 7. pyogenes. In future studies,
proteomics and transcriptomics technology will be used to
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Figure 9 Effect of luteolin on energy metabolism of T. pyogenes. (A) Effect of luteolin on the ATP content in T. pyogenes. Data are presented as mean (* SD) of three
replicates (compared with the control, ** P < 0.01). (B) Effect of luteolin on the SDH activity in T. pyogenes. Data are presented as mean (+ SD) of three replicates (compared

with the control, ¥ P < 0.01).
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further explore the effect of luteolin on protein expression
in T pyogenes.

DNA, a genetic material with relative stability, facil-
itates protein synthesis and controls organism metabolism
and cell growth. Previous research has shown that luteolin
could inhibit the nucleic acid synthesis of Staphylococcus
aureus.”® In this study, luteolin showed the same effect and
inhibited the synthesis of nucleic acids in 7. pyogenes
(Figure 6A and B). The inhibition of nucleic acid synthesis
may also be one of the reasons that protein expression was
affected. To explore the reason why nucleic acid synthesis
was inhibited, we scanned the absorption spectrum of
luteolin and analysed the effect of luteolin on DNA topoi-
somerase activity. The results illustrated that luteolin could
inhibit the activity of topoisomerases I/Il and may be
embedded into DNA.

ATP plays an important role in energy metabolism. As
shown in Figure 9A, ATP content in cells decreased sig-
nificantly in a concentration-dependent manner after luteo-
lin treatment. This may be caused by ATP leakage or the
inhibition of key enzymes in the Krebs cycle, including
SDH (Figure 9B). Almost all life activities in cells require
energy, and the reduction in ATP content will definitely
inhibit the normal life activities of 7. pyogenes. Luteolin
may interfere with the energy metabolism of 7. pyogenes
through several pathways. In this research, we only pre-
liminarily detected several indicators related to energy
metabolism, and the mechanism by which luteolin affects
the energy metabolism of 7. pyogenes was not deeply
studied. In our future work, proteomics and transcrip-
tomics technology will be used to further research this
issue.

Compared with traditional antibiotics with a single tar-
get, luteolin has the advantage that it has multiple action
targets on 7. pyogenes, which is also the reason why
natural products do not easily produce drug resistance. In
general, this research has preliminarily clarified that luteo-
lin may exhibit anti-7. pyogenes activity by destroying the
integrity of the cell wall and cell membrane, affecting
protein expression, inhibiting nucleic acid synthesis, and
interfering with energy metabolism. However, the specific
mechanism of action of luteolin on 7. pyogenes remains to
be further studied in the future.

Conclusion

In the present study, luteolin was demonstrated to exhibit
significant antibacterial activity against 7. pyogenes by
disrupting the integrity of the cell membrane and cell

wall, resulting in the leakage of cell contents and damage
to the barrier function of the cell wall and membrane;
influencing the expression of protein and interfering with
the normal processes of 7. pyogenes; interfering with the
normal metabolism of nucleic acid, which may occur via
an interaction with DNA and inhibiting the activity of key
enzymes in nucleic acid metabolism; and reducing the
ATP content in cells.
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