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Objective: To explore the antimicrobial activities and related mechanisms of two lavandulylated flavo-
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Staphylococcus aureus.
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Bacterial morphology was observed by scanning electron microscopy. Membrane fluidity, membrane
potential, and membrane integrity were determined using the fluorescent probes Laurdan, DiSC3(5),
and propidium iodide, respectively. Adenosine triphosphate and reactive oxygen species levels were
determined using the adenosine triphosphate kit and reactive oxygen species Kit, respectively. The affin-
ity activity of sophoraflavanone G to the cell membrane was determined by isothermal titration
calorimetry assays.

Results: Sophoraflavanone G and kurarinone showed significant antibacterial activity and anti-multidrug
resistance properties. Mechanistic studies mainly showed that they could target the bacterial membrane
and cause the destruction of the membrane integrity and biosynthesis. They could inhibit cell wall syn-
thesis, induce hydrolysis and prevent bacteria from synthesizing biofilms. In addition, they can interfere
with the energy metabolism of methicillin-resistant Staphylococcus aureus and disrupt the normal phys-
iological activities of the bacteria. In vivo studies have shown that they can significantly improve wound
infection and promote wound healing.

Conclusion: Kurarinone and sophoraflavanone G showed promising antimicrobial properties against
methicillin-resistant Staphylococcus aureus, suggesting that they may be potential candidates for the
development of new antibiotic agents against multidrug-resistant bacteria.

© 2024 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Staphylococcus aureus is a prominent zoonotic pathogen and is
considered a major cause of nosocomial and community-
acquired infections [1]. Recent studies have shown that epidemic
strains have continued to emerge since the discovery of
methicillin-resistant Staphylococcus aureus (MRSA), which has
become a terrible threat in the clinic due to its high mortality
[2]. Although vancomycin, linezolid, daptomycin, tigecycline, icla-
prim, 5th-generation cephalosporins, and other new antibiotics
are widely used in the clinical treatment of drug-resistant bacterial
infections, with the increase of misuse, bacteria resistant to the
above agents have emerged in recent years [3-5]. Nowadays, the
treatment of multidrug-resistant bacteria is facing a crisis. There-
fore, novel effective antibacterial agents are urgently needed to
combat the growing problem of antimicrobial resistance.

Natural plants have always been a valuable source of drugs,
whether for the discovery of leading compounds or direct use as
therapeutic agents, such as traditional Chinese medicine, Indian
medicine, Persian medicine, and African medicine [6-8]. Plants
do not have an immune system like mammals, so they have
evolved to produce various active molecules to fight against micro-
bial invasion [9,10]. Recently, studies have found that active mole-
cules from Chinese herbal medicine have varying degrees of
antibacterial activity. In traditional Chinese medicine, there are
many cases of combating microbic infections: Coptis chinensis
Franch. can be used to treat cholera [11]. Artemisinin, an active
molecule isolated from Artemisia annua Linn., has saved the lives
of millions of people suffering from malaria [12,13]. Compared to
the existing antibiotics, antimicrobial compounds from traditional
Chinese medicine have better bactericidal activity and can reverse
multidrug resistance in bacteria [14,15]. For example, Scutellaria
baicalensis extracts may be effective against inflammation and Sal-
monella enteritidis infection [16]. Flavonoids and polyphenols in
Psoralea corylifolia and Glycyrrhiza show promising antibacterial
activity against pathogenic bacteria [17,18]. What’s more, the
active ingredients in Chinese herbal medicine also exert a synergis-
tic antibacterial effect with antibiotics and reduce the occurrence
of multidrug resistance [19,20].

The root of Sophora flavescens, also known as Kushen (Radix
Sophorae Flavescentis), is commonly used to treat skin diseases
and bacterial diarrhea in China and other Asian countries[21,22].
Previous studies have found that S. flavescens contains abundant
alkaloids and flavonoids, which showed excellent antibacterial
activity [23,24]. Sophoraflavanone G (SFG) and kurarinone (KE)
are two representative lavandulylated flavonoids with the highest
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content in S. flavescens. Both showed potent antibacterial activity
with a minimum inhibitory concentration (MIC) or fractional inhi-
bitory concentration (FIC) <10 pg/mL and have a synergistic effect
with common antibiotics [24-27]. They have been reported to
inhibit bacterial growth by reducing the fluidity of cell membranes
[28]. However, their specific mechanisms of action remain unclear.

In this study, to comprehensively elucidate the antibacterial
effect and related mechanism of SFG and KE on MRSA, the metabo-
lomics and proteomics profiles of MRSA treated with SFG or KE
were invested. Potential targets for SFG or KE on MRSA were iden-
tified and validated. Mechanistic studies revealed that both SFG
and KE exhibited potent antibacterial activity through a distinct
mode of action. Finally, the antibacterial activity of these two fla-
vonoids was further demonstrated in a mouse model of MRSA
wound infection. Our findings suggest that flavonoids with unique
lavandulyl structures may be an untapped resource for the discov-
ery of novel antimicrobial agents to address the growing preva-
lence of antimicrobial resistance.

Materials and methods
Chemicals and reagents

Sophoraflavanone G (purity > 98 %, CAS No. 97938-30-2, Cat.
No. B30760), kurarinone (purity > 98 %, CAS No. 34981-26-5,
Cat. No. B24034) and 3,3-dipropylthiadicarbocyanine iodide
[DiSC3(5), purity > 98 %, CAS No. 53213-94-8, Cat. No. S47975]
were provided by Yuanye Technology Co. Ltd (Tianjin, China). Glu-
taraldehyde (CAS No. 111-30-8, Cat. No. G105906) and propidium
iodide (CAS No. 25535-16-4, Cat. No. P266304) were purchased
from Shanghai Aladdin (Shanghai, China). Phosphatidylglycerol
(purity > 99 %, CAS No. 322647-44-9, Cat. No. 841148P),
phosphatidyl-ethanolamine (purity > 99 %, CAS No. 97281-52-2,
Cat. No. P6636), cardiolipin (purity > 97 %, CAS No. 383907-10-6,
Cat. No. C1649), trifluoroacetic acid (purity > 99 %, CAS No. 76-
05-1, Cat. No. 302031), formic acid (purity > 99 %, CAS No. 64-
18-6, Cat. No. F0507), iodoacetamide (purity > 99 %, CAS No.
144-48-9, Cat. No. 16125), dithiothreitol (purity > 99 %, CAS No.
16096-97-2, Cat. No. D9760), carbamide (purity > 99 %, CAS No.
57-13-6, Cat. No. U5378), protease inhibitor (Cat. No. P2714), ethy-
lene diamine tetraacetic acid (purity > 97 %, CAS No. 67-42-5, Cat.
No. E3889) and triethylammonium bicarbonate (purity > 99 %, CAS
No. 15751-58-9, Cat. No. T7408) were purchased from Sigma-
Aldrich (St. Louis, USA). The reactive oxygen species kit (Cat. No.
E004-1-1) and bacterial total RNA extraction kit (Cat. No. NO69)
were provided by Nanjing Jiancheng Bioengineering Institute
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(Nanjing, China). ATP assay kit (Cat. No. S0026) and BCA Protein
Assay Kit (Cat. No. P0012S) were obtained from Beyotime Biotech-
nology (Nanjing, China). cDNA synthesis kit (Cat. No. AH321-01)
and PCR fluorescence quantitative kit (Cat. No. AUQ-01) were pro-
vided by TransGen Biotech (Beijing, China). PCR primers were pro-
vided by Sangon Biotech (Shanghai, China). MRSA standard strain
USA300 (ATCC® BAA-1717), S. aureus ATCC 29213, and S. aureus
ATCC 25923 were purchased from the American type culture
collection.

Antibacterial and resistance development test

SFG or KE was dissolved in Mueller-Hinton broth (MHB) con-
taining 0.1 % dimethyl sulfoxide at a concentration of 62.5 pg/mL
and serially diluted twofold with MHB. The SFG or KE solutions
were then added to 100 pL of bacterial suspensions containing
1.0 x 10° CFU/mL bacterial cells. After incubation for 18 h, the MICs
of SFG and KE were evaluated by the microdilution broth method
[29]. The inhibition rate was calculated by measuring the ODggg
values. The minimum concentration of the tested drug that inhib-
ited 90 % bacterial growth was determined as MIC90.

The resistance development test was performed by a serial pas-
sage method as previously reported [30]. Penicillin and oxacillin
were used as the control drugs. On the first day, 100 pL of bacterial
suspensions (MRSA USA300) containing 1.0 x 10% CFU/mL bacte-
rial cells were inoculated into a 96-well microtiter plate with dif-
ferent concentrations of SFG, KE, or control drugs. After overnight
incubation, MIC90s were determined as described above. The
MRSA culture with sublethal concentrations (ODggg > 0.1) of the
tested drugs was diluted 1:1,000 in MHB and inoculated into a
96-well microtiter plate for the next MIC90 determination. The
experiment was repeated up to 20 serial passages.

Time-Killing curves analysis

The time-kill kinetics of SFG and KE against MRSA (USA300), S.
aureus ATCC 29213, and S. aureus ATCC 25923 were performed
according to a previously reported procedure [31]. Briefly, bacteria
were cultured in MHB at 37 °C overnight, then 50 pL of bacterial
inoculum (5.0 x 10° CFU/mL) was mixed with 50 puL of the solution
containing SFG or KE at different concentrations (1/2 x, 1 x, and
2 x MIC) in a 96-well microtiter plate and incubated 37 °C. At
selected time points (0 h,2 h,4 h, 6 h, 8 h, 12 h, 24 h), the culture
solution in each well was diluted with an appropriate multiple and
plated onto Luria-Bertani (LB) agar and then incubated at 37 °C
overnight. Colonies in each spot were counted and the time-
killing curves were constructed by plotting mean colony counts
(log CFU/ml, taking into account the dilution factors) versus time.

Biofilm inhibition assay

Antibiofilm activity was performed by crystal violet staining
assay [32]. MRSA (USA300) was incubated in MHB at 37 °C and
diluted to a final concentration of 1.0 x 10° CFU/mL. Bacteria were
inoculated into a 96-well microtiter plate and cultured for 24 h.
Bacterial cells were collected after centrifugation at 5000g for
5 min and rinsed twice with sterile PBS. Then 200 pL of MHB con-
taining different concentrations of SFG or KE (1/16 x, 1/8 x, 1/4 x,
and 1/2 x MIC) were mixed with bacteria and cultured at 37 °C for
18 h. The MHB without SFG or KE was used as a control. After incu-
bation, the culture was discarded and the bacteria were rinsed
with PBS. The bacteria were then stained with 0.1 % crystal violet
solution for 30 min. After staining, each well was rinsed three
times with sterile PBS and decolored with 95 % ethanol solution
for 30 min. The optical density was determined at 595 nm to cal-
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culate the relative percentage of absorbance compared to the
control.

Cell membrane integrity analysis

The effect of SFG or KE on MRSA membranes was tested by pro-
pidium iodide (PI) according to the previous reports [33]. SFG or KE
was added into the bacterial culture medium respectively at a final
concentration of 1/2 x, 1 x, 2, and 4 x MIC, and cultured for 2 h (37
°C, 180 rpm). Bacterial cells were collected after centrifugation at
5000g for 5 min and rinsed by sterile PBS. 10 pL PI solution (10
png/ mL) was added into the suspension and the solution was
placed at 37 °C for 30 min. The bacterial cells were collected after
centrifugation at 5000g for 5 min and the fluorescence was deter-
mined using an automatic microplate reader.

Antibacterial activity of the mixtures of SFG or KE with different
phospholipids

Phosphatidylglycerol (PG), phosphatidylethanolamine (PE), and
cardiolipin (CL) were each dissolved in 20 % DMSO respectively to
get an initial concentration of 64 pg/mL and then diluted twofold
to a final concentration of 1 pg/mL. The MIC90s of SFG or KE mixed
with different phospholipids (1 to 64 pg/mL) were determined by
the microdilution broth method described previously [29].

Membrane fluidity analysis

The effect of SFG or KE on the membrane fluidity of MRSA was
tested by the Laurdan fluorescence probe method [34]. SFG or KE
was added to the bacterial culture medium at a final concentration
of 1 x MIC and cultured for 2 h (37 °C, 180 rpm). The bacterial cells
were collected after centrifugation at 5000g for 5 min and rinsed
with sterile PBS. Then, 10 nmol/L laurdan solution was added
and the solution was placed in the dark at 37 °C for 30 min. After
centrifugation at 5000g for 5 min, fluorescence was determined
using an automated microplate reader.

Determination of membrane potential

The effect of SFG or KE on the membrane potential was deter-
mined by the DiSC3(5) fluorescent probe method according to
the previous reports [18]. SFG or KE was added to the bacterial cul-
ture medium at the final concentration of 1/2 %, 1 x, 2 x, and
4 x MIC, respectively, and then cultured for 2 h (37 °C, 180 rpm).
The bacterial cells were collected after centrifugation at 5000g
for 5 min and rinsed with sterile PBS. Then, 10 pL of 10 pg/mL
DiSC3(5) solution was added and the solution was placed in the
dark at 37 °C for 30 min. After centrifugation at 5000g for 5 min,
fluorescence was measured using an automatic microplate reader
at an excitation wavelength of 622 nm and an emission wave-
length of 670 nm.

Determination of ATP

SFG or KE was added to the bacterial culture medium at the
final concentration of 1/2 x, 1 x, 2 x, and 4 x MIC, respectively,
and then cultured for 2 h (37 °C, 180 rpm). The culture medium
was centrifuged at 5000g for 5 min. The bacterial cells were col-
lected after centrifugation at 5000g for 5 min and rinsed with ster-
ile PBS. The supernatant was then collected for the determination
of extracellular ATP levels. Meanwhile, the bacterial sediments
were lysed with lysozyme for the determination of intracellular
ATP levels [18]. ATP levels were determined using the ATP kit
according to the manufacturer’s instructions.
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Reactive oxygen species detection

The effect of SFG or KE on ROS production of MRSA was deter-
mined using the DCFH-DA fluorescent probe according to the pre-
vious reports [18]. Bacteria in the logarithmic phase were diluted
to ODgoo = 0.6 in fresh medium, and then 10 pL of 10 x DCFH-
DA solution was added. The solution was placed in the dark at
37 °C for 30 min, and then SFG or KE was added to the bacterial cul-
ture medium to the final concentrations of 1/2 %, 1 x, 2 x, and
4 x MIC, respectively, and then cultured for 2 h (37 °C, 180 rpm).
The bacterial cells were collected after centrifugation at 5000g
for 5 min and rinsed with sterile PBS. Fluorescence was determined
using an automated microplate reader.

Scanning electron microscopy analysis

MRSA was cultured in an LB broth medium for 18 h. SFG or KE
was then added to the culture medium to a final concentration of
1 x MIC each and then cultured for 2 h (37 °C, 180 rpm). Bacterial
cells were collected after centrifugation at 5000g for 5 min and
rinsed with sterile PBS. The bacteria were mixed with 2.5 % glu-
taraldehyde solution for 2 h, then rinsed three times with sterile
PBS, followed by gradient dehydration with ethanol (30 %, 50 %,
70 %, 90%, and 100 %). After dehydration, the bacterial cells were
freeze-dried and coated with a gold spray [35]. The morphological
changes of the bacterial cells were analyzed using a scanning elec-
tron microscope (Zeiss, Oberkochen, Germany).

Isothermal titration calorimetry analysis

To evaluate the interaction between 1-palmitoyl-2-oleoyl-sn-
glycero-3-phospho-(1’-rac-glycerol) sodium salt (POPG) and SFG,
the calorimetric experiment was performed on MicroCal PEAQ-
ITC automated system (Malvern Panalytical, Shanghai, China)
[18]. POPG was dissolved in HEPES and then injected into the cells
mixed with SFG. The injection was repeated 20 times with an equi-
libration interval of 200 s. Data were managed using MicroCal
PEAQ-ITC analysis software to calculate stoichiometry, equilibrium
dissociation constant, and enthalpy changes.

Label-Free quantitative proteomics

Bacterial cells were mixed with 400 pL of lysis buffer on ice,
homogenized by sonication, and boiled for 5 min. The cell lysis
solution was centrifuged at 12,000g for 10 min and the super-
natants were collected. The protein concentration of each sample
was measured using a BCA protein assay kit, followed by trypsin
digestion according to previous studies [36]. The samples were
separated by an ultra-performance liquid chromatography (UPLC)
system, then injected into an NSI ion source for ionization and ana-
lyzed by Q Exactive™ HF-X mass spectrometry. The ion source volt-
age was set to 2.1 kV, and the peptide parent ions and their
secondary fragments were detected and analyzed using the high-
resolution mode. The data acquisition mode is used as a data-
dependent scan program. After the first-level scan, the parent ions
of the top ten peptide segments with the highest signal intensity
were selected to enter the HCD collision cell in sequence at 28 %
fragmentation energy, and the second-level mass spectrum analy-
sis was also performed sequentially.

Untargeted Metabolomics Methods|37].

Protein in the samples was removed by mixing 400 L acetoni-
trile/methanol (1:1, v/v) with 100 pL aliquots at 4 °C. The mixture
was centrifuged at 12,000 rpm for 15 min. The supernatant was
mixed with 5 pL internal standard (dichlorophenylalanine, 1 mg/
mL) for LC-MS analysis. Samples were separated on the UPLC sys-
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tem (WatersTM, USA) using an ACQUITY UPLC HSS T3 column (2.
1 x 100 mm, 1.8 pm). Mass spectrometry detection was performed
in a Q-Exactive Orbitrap mass spectrometer (Thermo Scientific™,
USA). Mass conditions were set as follows: ESI*: Heater tempera-
ture, 300 °C; Sheath gas flow, 45 arb; Aux gas flow, 15 arb; Sweep
gas flow, 1 arb; Spray voltage, 3.0 kV; Capillary temperature,
350 °C; S-Lens RF level, 30 %. ESI": Heater temp 300 °C, Sheath
gas flow rate, 45 arb; Aux gas flow rate, 15 arb; Sweep gas flow
rate, 1 arb; Spray voltage, 3.2 kV; Capillary temp, 350 °C; S-Lens
RF level, 60 %.

RT-PCR analysis

MRSA was cultured to the logarithmic stage, and SFG or KE at
the concentration of 1 x MIC was added and cultured at 180 rpm
for 2 h. Bacteria were collected by centrifugation, and bacterial
RNA was extracted using the total bacterial RNA extraction Kkit.
The mixture of the configured reverse transcription reaction sys-
tem solution (10 pL 2 x ES reaction mix, 1 pL oligo(dT)18, 1 pL
RI enzyme mix, 1 pL gDNA remover) was prepared to synthesize
the first chain according to the cDNA one-chain synthesis kit pro-
cedure (65 °C, 5 min; 0 °C, 2 min; 42 °C, 15 min; 85 °C, 5 s) (primers
for each gene are shown in Table S6). TOP Green premix (10 pL
2 x TOP Green Mix, 0.5 pL forward primer, 0.5 pL reverse primer,
4 uL cDNA, 5 pL ddH20) was used for quantitative fluorescence
analysis. Relative gene expression levels were measured by the
222 method [35].

Ethics statement

All experiments involving animals were conducted according to
the ethical policies and procedures approved by the ethics commit-
tee of the Nanjing University of Chinese Medicine, China (Approval
No. 202207A059).

Animal studies

Male ICR mice aged 6-8 weeks (body weight 23.0 £ 0.5 g) were
provided by Qinglongshan Animal Breeding Farm (Nanjing, China,
animal license number SYXK2018-0049). Animals were housed in
a facility at 23 + 2 °C, with 12 h/12 h light/dark cycle conditions
and 50 * 5 % relative humidity. All animals had free access to dis-
tilled water and were fed standard rodent chow. After one week of
adaptive feeding, mice were randomly divided into four groups:
PBS group (n = 18), antibiotic group (n = 18), SFG group (n = 18),
and KE group (n = 18). All mice were anesthetized with isoflurane.
The fur on the back was removed and 10 mm diameter wounds
were made with surgical scissors. Each wound was inoculated with
100 pL of bacterial suspension (1.0 x 107 CFU). One hour after
infection, PBS, SFG (3.9 mgekg™!), KE (7.8 mgekg™!), or vancomycin
(1.0 mgekg ') was applied to the wound. Wound size was deter-
mined by photographing the wound after treatment on days 3, 5,
7,9, 11, and 14. Meanwhile, three mice in each group were sacri-
ficed. Serum was collected for measurement of IL-6 levels. Wound
tissue was excised and homogenized in PBS for bacterial enumer-
ation. Meanwhile, the wound tissue was stained with hematoxylin
and eosin to evaluate the pathological changes of wound skin
tissue.

Statistical data analysis

The data are presented as Mean # standard deviation (SD) and
plotted using GraphPad Prism 9.0 software (San Diego, USA). Sta-
tistical significance was analyzed by one-way ANOVA. Statistical
significance was defined as the probability (P value) < 0.05.
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Results
SFG and KE are potent antibiotic candidates

Different side-chain substitutions have a major influence on the
bioactivity of flavonoids. Although the antibacterial activity of fla-
vonoids has been reported previously, the effect of side-chain sub-
stitution on bacteriostatic activity remains unclear. Since the
presence of the lavandulyl side-chain greatly increases the
lipophilicity of flavonoids [38], we speculate whether the lavandu-
lylation modulates the antibacterial activity of flavonoids by tar-
geting the bacterial membrane. We found that SFG and KE, two
of the most abundant lavandulylated flavonoids in S. flavescens
(Fig. S1A and B), exhibited robust antibacterial activity. The
MIC90 value of SFG against MRSA (USA300), MSSA ATCC 25923,
and MSSA ATCC 29213 was 3.9 pg/mL. The MIC90 value of KE
against MRSA (USA300) and MSSA ATCC 29213 was 7.8 pg/mlL,
and against MSSA ATCC 25923 was 3.9 pg/mL. In contrast, the
non-lavandulyl substituted flavonoid, naringenin, showed no sig-
nificant antibacterial activity (Table S1), suggesting that the lavan-
dulyl group is critical for antibacterial activity. Then we evaluated
the time-killing kinetics of SFG and KE. The results showed that
both SFG and KE could promptly reduce the viable bacteria below
the detection limit within 8-12 h. The results indicated that SFG
and KE had robust in vitro pharmacodynamic potentials (Fig. STE
and F). In addition, the potential development of drug resistance
in MRSA after long-term exposure to SFG or KE was assessed. As
shown in Fig. S1C and D, the MIC90 of SFG and KE remained stable
after 20 serial subcultures, indicating that MRSA has a relatively
high sensitivity to SFG and KE.

Proteomic profiling of MRSA treated with SFG or KE

To comprehensively understand the antibacterial mechanism
and potential targets of SFG and KE on MRSA. In this study, a
label-free quantitative proteomics technique was used to perform
proteomics studies on MRSA treated with SFG or KE (Fig. 1A). We
identified 21,098 peptides by spectrograph analysis, of which
14,634 were specific peptides. Most of the identified peptides are
distributed within 7-20 amino acids, which follows the general
rule of mass spectrometry fragmentation mode and the require-
ment of quality control (Fig. S2A and B). PCA analysis showed that
three biological replicates in each group had good repeatability,
and there was a large difference among the three groups
(Fig. 1B). The differentially expressed proteins (DEPs) are consid-
ered with the fold-change value above 1.5 and below 1/1.5
(Table S2 and Table S3, ratio = SFG/Con or KE/Con, P value < 0.05).
We identified 45 up-regulated proteins and 33 down-regulated
proteins in the SFG group and 17 up-regulated proteins and 40
down-regulated proteins in the KE group compared to the control
group (Fig. 1C-E). Hierarchical cluster analysis showed a significant
difference between the DEPs in the control and treatment groups
(Fig. 1F). Gene ontology (GO) annotation showed that biological
process was highly enriched in cellular and metabolic processes
and most DEPs were involved in catalytic activity and binding
(Fig. S2C and D). Clusters of orthologous groups (COG) analysis
revealed that the DEPs were mainly involved in energy production
and conversion, transport and metabolism of carbohydrates and
amino acids, cell wall/membrane/envelope biogenesis, and cell
division (Fig. 2A and B). Furthermore, KEGG pathway enrichment
analysis revealed that these DEPs are involved in the following
pathways: S. aureus infection; alanine, aspartate, and glutamate
metabolism; nitrogen metabolism; arginine biosynthesis; tyrosine
metabolism; butanoate metabolism; naphthalene degradation;
fatty acid degradation and purine metabolism (Fig. 2C and D).
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Metabolomic profiling of MRSA treated with SFG or KE

The application of metabolomics can fully understand how bacte-
rial metabolic activities are affected by external influences. Metabolo-
mics and proteomics analyses complement and confirm each other,
allowing us to gain a more comprehensive understanding of how
antibacterial agents affect bacteria and their potential mechanisms.
In the present study, the metabolomics approach based on UPLC-Q-
TOF/MS system and multivariate statistical analysis is applied to ana-
lyze the perturbation of the metabolite spectrum in MRSA cells trea-
ted with SFG or KE. Differentiated metabolites (DMs) were selected
according to the OPLS-DA model which provided convincing param-
eters with high R2Y and Q2Y values. Both the control and treatment
groups showed clear aggregation behavior. All replicates in each
group were grouped into the same cluster, confirming the observed
differences in metabolic profiles between the control and treatment
groups (Fig. 3A and B, Fig. S3A and B). A total of 192 significantly
altered metabolites were defined in the SFG group, of which 148
metabolites were downregulated and 44 metabolites were upregu-
lated. In the KE group, 189 significantly altered metabolites were
identified, of which 132 metabolites were downregulated and 57
metabolites were upregulated (VIP > 1, P-value < 0.05) (Fig. 3 C and
D, Fig. S3C and D, Fig. S4). KEGG enrichment analysis showed that
the DMs were mainly involved in the amino acid and fatty acid meta-
bolism pathway (Fig. 3E and Fig. S3 E).

Effect of SFG and KE on the biofilm and cell wall synthesis

Bacterial biofilms are highly structured microbial communities
surrounded by a self-produced protective extracellular matrix and
are associated with multidrug resistance. Bacterial biofilms have
superior resistance to antimicrobial agents, making MRSA and
MSSA infections difficult to eradicate [39]. In this study, we evalu-
ated the biofilm formation of MRSA (USA300) treated with SFG or
KE at different concentrations. As shown in Fig. 4A, both SFG and
KE exhibited significant inhibition of the MRSA biofilm in a dose-
dependent manner (P < 0.001). At 1/2 x MIC concentration, the
average inhibition rates of SFG and KE on the biofilm were
58.68 % and 61.24 %, respectively. We also assessed the expression
of the icaA gene, which encodes for N-
acetylglucosaminyltransferase and is essential for biofilm forma-
tion [40]. The results of the qRT-PCR analyses showed a down-
regulation of the icaA gene in MRSA after SFG or KE treatment
(Fig. 4B). In general, these results showed that SFG and KE have a
robust inhibitory effect on the MRSA biofilm formation.

Bacteria respond to environmental stress by increasing cell wall
synthesis. The cell wall of Gram-positive bacteria consists mainly
of teichoic acids (TAs) and peptidoglycan, which can effectively
separate cells from the extracellular environment and is essential
for maintaining the structural integrity of the bacterial cell
[41,42]. The D-alanylation of TAs regulates the interaction between
the cell wall and the bacteriostatic agent, which may confer resis-
tance to the antibacterial agent. The D-alanylation of TAs was
mainly mediated by the DTL pathway [43]. In the present study,
the expression of DItB, a key regulator of the DTL pathway, was sig-
nificantly downregulated at both protein and transcript levels after
treatment with SFG or KE (Fig. 4B, Table S2 and S3). Consistent
with this finding, prolonged exposure to SFG and KE did not induce
drug resistance in MRSA. This may be explained by the downregu-
lation of DItB, which interferes with the synthesis of TAs and hin-
ders cell wall biosynthesis, resulting in the direct action of SFG or
KE on the cell membrane. Meanwhile, during bacterial prolifera-
tion, cells secrete autolysin (Atl) to hydrolyze their peptidoglycan
layer and facilitate cell division. Atl is an autolytic enzyme secreted
by S. aureus that has the bifunctional active domains of amidase
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and aminosinase [44,45]. As shown in Table S2, the expression of
Atl was significantly upregulated in the treatment group, indicat-
ing that SFG or KE may lead to the overexpression of Atl and exces-
sive hydrolysis of the peptidoglycan layer. Taken together, these
results suggested that SFG and KE could inhibit the function of DItB
and induce the overexpression of Atl, leading to the disruption of
the cell wall’s biosynthesis and inducing cell wall degradation.

Efficacy of SFG and KE on MRSA cell membrane

When the integrity of the cell wall is destroyed, the cell mem-
brane is exposed to the external environment and interacts directly
with the bacteriostatic agent, resulting in the disruption of the nor-
mal function of the cell membrane. We first observed the morpho-
logical changes of MRSA after treatment with SFG or KE. Both SFG
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and KE had a clear effect on the morphology of MRSA cells. Bacte-
rial cells in the control group showed a complete and smooth
membrane with normal morphology. However, MRSA treated with
SFG or KE was characterized by irregular depressions and surface
collapse compared to normal MRSA (Fig. 5A). Furthermore, the
affinity between SFG and POPG was evaluated by using an ITC anal-
ysis (Fig. 5B), where the equilibrium dissociation constant (Kp),
number of binding sites (N), and molar binding enthalpy (AH) is
6.68 x 107> mol L', 0.474 and — 0.411 k] mol~!, respectively.
We then assessed membrane permeability by using the DNA-
binding dye PI [46]. By measuring the fluorescence intensity, we
can assess the integrity of the cell membrane and the membrane
permeability capacity of the SFG or KE. As shown in Fig. 5C, the flu-
orescence value increased with the concentration, indicating that
the degree of cell membrane damage was positively correlated
with the SFG or KE in a dose-dependent manner (P < 0.01). In addi-
tion, we detected the membrane fluidity with the fluorescent
probe Laurdan and observed a remarkable change in membrane
fluidity after treatment with SFG or KE (Fig. 5D). These results indi-
cate that SFG and KE have high affinity for bacterial cell mem-
branes and can interact with cell membranes, causing changes in
cell membrane fluidity and permeability.

The changes in membrane permeability and fluidity could dis-
rupt cellular homeostasis and cause perturbations in membrane
potential (A\s) and osmotic pressure. We measured A\s using the
fluorescent DiSC3(5) method [18]. DiSC3(5) is a membrane
potential-sensitive probe that aggregates in the phospholipid
bilayer and causes self-quenching of the dyes. When membrane
depolarization occurs and the membrane potential changes,
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DiSC3(5) releases the immersed solution causing changes in fluo-
rescence intensity [47]. As shown in Fig. 5G, the fluorescence inten-
sity decreased significantly after treatment with SFG or KE,
indicating that the Ay of the MRSA cell membrane was depolar-
ized. Betaine and choline are two common osmotic protective sub-
stances that can maintain the osmotic pressure balance of
microbial cells. The metabolic disruption of these two substances
could lead to an alteration in the osmotic pressure [48]. In this
study, metabolomics and proteomics results showed that the
expression of proline/betaine transporter (ProP) was decreased
after SFG or KE treatment. Meanwhile, the levels of betaine and
choline in MRSA were also significantly reduced (Table S2-S5).
These results indicated that SFG and KE could induce a significant
change in the Ay and osmotic pressure of MRSA cells.

Subsequently, disruption of membrane homeostasis can lead to
oxidative stress and ROS accumulation. In the present study, ROS
production was measured using a DCFH-DA fluorescent probe
[18]. Like many bactericidal antibiotics, SFG or KE treatment
induced the excessive accumulation of ROS in a dose-dependent
manner (Fig. 5H). These results indicated that SFG and KE caused
significant damage to the cell membrane of MRSA, and may induce
an oxidative stress response to produce excessive ROS, which fur-
ther leads to cell death.

Interestingly, proteomics and metabolomics results suggested
that SFG and KE also have profound effects on cell membrane
biosynthesis. The CDP-diacylglycerol-glycerol-3-phosphate 3-
phosphatidyltransferase (Pgs1), which is mainly involved in the
biosynthesis of anionic phospholipids was significantly downregu-
lated in MRSA treated with SFG or KE, suggesting that the synthesis
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of phosphatidylglycerol and cardiolipin may be inhibited
(Table S3). In addition, we found that the ratio of medium-chain
fatty acids to long-chain fatty acids was significantly altered in
MRSA treated with SFG or KE (Fig. S5), which may cause distur-
bances in cell membrane synthesis and cell membrane fluidity
[49]. To further verify that SFG and KE have significant effects on
cell membrane synthesis, we evaluated the antibacterial activity
of SFG or KE mixed with different phospholipids. The results
showed that the exogenous addition of phospholipids could effec-
tively reduce the inhibitory activity of SFG and KE on MRSA in a
dose-dependent manner (Fig. 5E and F). In addition, the qRT-PCR
results indicated that SFG and KE strongly downregulated the
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expression of cell membrane homeostasis-related genes YidC2,
SecA, and FtsY (Fig. 4B). These results suggest that SFG and KE have
a high affinity for bacterial cell membranes and can interfere with
cell membrane biosynthesis and homeostasis, which may be the
reason for their robust activity against MRSA.

Efficacy of SFG and KE in the energy production and conversion
When the cell membrane is damaged, membrane permeability

changes can induce the leakage of cellular soluble substances such
as ATP, nucleic acids, proteins, etc. [50-52]. In this study, we found
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that the extracellular ATP was gradually increased with the
increased concentrations of SFG or KE (Fig. 6B and C). When ATP
leakage occurs, cells must increase their energy metabolism to pro-
duce more ATP to support their basic activities. MRSA produces
ATP mainly through oxidative phosphorylation of glucose in which
the Embden-Meyerhof pathway (EMP) is one of the main
approaches for microbial energy production and acquisition.
Microorganisms metabolize glucose to produce ATP and pyruvate.
Fructose 1,6-diphosphate (FDP) is a key intermediate in the EMP
process, and the metabolism of FDP is closely related to this pro-
cess. Pyruvate produced by the EMP pathway is catalyzed by for-
mate C-acetyltransferase (plfB, EC.3.1.54) to produce acetyl-CoA,
which then enters the tricarboxylic acid (TCA) cycle and releases
a large amount of energy. Continuous operation of the EMP
requires sufficient NAD* as a hydrogen acceptor to participate in
the dehydrogenation of glyceraldehyde 3-phosphate to 1, 3-
bisphosphoglycerate. There are two main sources of NAD" in
microorganisms: one is the dehydrogenation and oxidation of
NADH, by the respiratory chain under aerobic conditions to pro-
duce NAD". The other is the reduction of pyruvate as a substrate
to form lactic acid or ethanol under anaerobic conditions to pro-
duce NAD®, which is catalyzed by lactate dehydrogenase (Ldh)
and ethanol dehydrogenase (ADH), respectively [53]. Proteomic
and metabolomic results showed that the levels of Ldh, Adh, PIfB,
FDP, and TCA cycle products (acetyl-CoA, citric acid, and 2-
oxoglutaric acid) in MRSA were significantly reduced after SFG
and KE treatment (Fig. 6A and D-G), suggesting that SFG and KE
could inhibit the EMP of MRSA and thus reduce the production of
ATP. In conclusion, under the stress of SFG or KE, the membrane
permeability of MRSA was changed, causing a substantial leakage
of ATP and the energy metabolism of MRSA was disturbed, which
eventually led to cell damage and death.
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Efficacy of SFG and KE on the nitrogen and amino acid
metabolism

Nitrate is a major source of nitrogen nutrition for bacteria,
which can be used to produce amino acids essential for survival.
In addition, when the carbohydrate metabolism of the bacteria is
deprived, the cell can produce energy by reducing nitrate [54,55].
In this study, we found that SFG and KE had significant effects on
the nitrogen and amino acid metabolism of MRSA. The key cat-
alytic enzymes Nar G and Nir B involved in the reduction of nitrate
to ammonia were significantly downregulated (P < 0.01). Inhibition
of this process may reduce intracellular levels of ammonia, which
is a key component in the synthesis of glutamine and glutamate. In
addition, inhibition of glutamate synthesis will further affect argi-
nine synthesis. Proteomic results showed that the expression of
glutamate dehydrogenase (GudB), glutamine synthetase (GInA),
carbamate kinase (ArcC), and ornithine carbamoyltransferase
(ArgF) were significantly downregulated (Fig. 7A, Table S2 and
$3). Correspondingly, metabolomic results showed a significant
reduction in glutamine, glutamate, citrulline, and arginine levels
in MRSA treated with SFG and KE (Fig. 7B-E) (P < 0.01). In conclu-
sion, SFG and KE may interfere with the utilization of nitrate by
MRSA and inhibit the synthesis of amino acids, leading to the dis-
ruption of the energy metabolism of MRSA.

Efficacy of SFG and KE on the mouse skin wound infection
model

To further explore the potential therapeutic effects of SFG and
KE on bacterial infectious diseases, we established a mice wound
infection model. As shown in Fig. 8A and B, after MRSA infection,
untreated wounds heal slowly and show purulent wounds on
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day 3. However, SFG and KE significantly promoted wound closure
and inhibited purulent secretion. Wound size was remarkably
reduced under the treatment of SFG or KE (P < 0.001). Meanwhile,
the number of bacteria in the infected areas was reduced almost

tenfold (Fig. 8C, P < 0.01 vs. SFG, P < 0.05 vs. KE). In addition, SFG
and KE dramatically suppressed the levels of pro-inflammatory
cytokine IL-6 throughout the experimental period (Fig. 8D,
P < 0.05). H&E staining showed that the wound in the untreated
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group had more inflammatory cells and necrotic tissue. However,
SFG and KE could reduce inflammatory cell infiltration and pro-
mote neovascularization (Fig. 8E). In conclusion, these results sug-
gested that SFG and KE could effectively treat skin infections
caused by MRSA.

Discussion

Although bioactive molecules from natural plants are used for a
variety of purposes, their applications in combating clinical patho-
gens and bacterial resistance issues are still largely overlooked. S.
flavescens has been used in traditional Chinese medicine since
ancient times as an herbal remedy for skin diseases, and clinical
application has demonstrated its promising antibacterial activity.
Previous studies have mainly focused on the bacteriostatic proper-
ties of quinolizidine alkaloids in S. flavescens [56]. Here, we inves-
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tigated the antibacterial activity and related mechanism of two
flavonoids, SFG and KE derived from S. flavescens. Based on the
antibacterial assays, we found that the lavandulylation of the phe-
nolic backbone is a prerequisite for bacteriostatic activity. SFG and
KE showed significant inhibitory activity against common MRSA
(USA300) and MSSA (ATCC 25923 and ATCC 29213), and can
rapidly inhibit bacterial growth in a short time. In addition, contin-
uous treatment with SFG or KE did not induce resistance in MRSA
compared to B-lactam antibiotics. Finally, we investigated the
potential therapeutic effects of SFG and KE in a rat wound infection
model. In vitro and in vivo studies revealed that SFG and KE have a
robust bacteriostatic activity which can be potential candidates for
the development of new antibiotic agents against bacteria-
associated infections.

To comprehensively understand the in-depth biological mecha-
nism of SFG and KE against MRSA, we used proteomics and meta-
bolomics methods to describe the major changes in the biological
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Fig. 7. Altered proteins and metabolites in the nitrogen metabolism and arginine biosynthesis pathway. (A) Diagram of nitrogen metabolism and arginine biosynthesis
pathway. Green: proteins with decreased levels in the MRSA treated with SFG or KE. Blue: metabolites with a decreased level in the MRSA treated with SFG or KE. (B-E) The
relative amount of arginine (B), glutamine (C), glutamate (D), and citrulline (E) in all groups. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

processes of MRSA after SFG or KE treatment. The results showed
that SFG and KE interfered with several key proteins and metabo-
lites involved in the crucial biological pathways of MRSA including
the biofilm and cell wall synthesis, cell membrane synthesis,
energy production, and amino acid and fatty acid metabolism.
Thus, unlike commonly used antibiotics, we speculate that SFG
and KE may interfere with multiple biological processes of MRSA
to rapidly inhibit MRSA growth (Fig. 9).

Bacterial biofilm is one of the major factors that cause bacterial
resistance, promoting wound inflammation and delaying wound
healing [57]. In the present study, an apparent biofilm inhibition
was observed at the sub-MIC concentration of SFG and KE. Polysac-
charide intercellular adhesin (PIA)is the major component of the
biofilm matrix of Gram-positive bacteria and has the greatest influ-
ence on biofilm formation. Studies have shown that S. aureus pos-
sesses the ica A-D operon, in which icaA encodes for N-
acetylglucosaminyltransferase, an important enzyme for the syn-
thesis of PIA [58,59]. In the present study, the expression of icaA
in MRSA was significantly downregulated after SFG or KE treat-
ment. Thus, the anti-biofilm effect may be achieved by inhibiting
the synthesis of PIA.

The cell wall is an important protection for bacteria and is
essential for maintaining the shape and structural integrity of bac-
terial cells. TAs and peptidoglycan are the major components of the
cell wall. TAs are modified by D-alanylation and transported across
membranes to bind to peptidoglycan (wall teichoic acid) or anchor
to the cell membrane (lipoteichoic acid). It is reported that DItB
and DItD are reported to be involved in the migration of the D-
alanyl moiety across the membrane [60]. Autolysin is a proteolytic
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enzyme produced by bacteria that can degrade bacterial cell walls
and is associated with bacterial cell division, biofilm formation,
surface adhesion, genetic receptivity, and cell wall renewal [61].
Cell wall thickening is an important mechanism of antibiotic resis-
tance in S. aureus. Increased peptidoglycan maturation is the main
element of MRSA cell wall thickening. Weakening of Atl expression
reduces the enzymatic hydrolysis of peptidoglycan, resulting in the
accumulation of the peptidoglycan layer and excessive peptidogly-
can synthesis [62,63]. In this study, the proteomics and qRT-PCR
results showed that SFG and KE could significantly inhibit the
expression of DItB and increase the expression of Atl, indicating
that they could block the transport of teichoic acids and disrupt
cell wall synthesis while causing excessive hydrolysis of the cell
wall. This undermines the protection of the bacteria, which is a
prerequisite for their potent antibacterial activity.

The integrity and function of the cell membrane are critical for
bacterial survival. Therefore, antibacterial agents that target bacte-
rial membranes have the promising therapeutic potential [64,65].
For example, Rhodomyrtosone B, a natural product derived from
Rhodomyrtus tomentosa, exerted antibacterial activity by disrupt-
ing membrane permeability [66]. Due to the presence of the lavan-
dulyled side chain, SFG, and KE showed strong lipophilicity.
Therefore, they have a high affinity with cell membranes. In this
study, we found that SFG and KE could cause the increase in mem-
brane permeability, the change of membrane potential, and the
disruption of membrane integrity of MRSA. This may be related
to the alteration of large conductance mechanosensitive channel
protein (MscL) and YidC2. MscL is an important channel protein
in the bacterial cell membrane that can protect bacterial cells from
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Fig. 9. Schematic representation of the multifarious antibacterial mode of action for SFG and KE. (1) The downregulation of dItB inhibits D-alanylation of teichoic acids and
leading to the disruption of the cell wall’s biosynthesis. (2) The downregulation of YidC2, SecA, FtsY, and MscL has evidenced that SFG and KE affected cell membrane
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SFG and KE, resulting in inhibition of energy production and conversion. (9) SFG and KE might interfere with MRSA’s utilization of nitrate and inhibit the synthesis of amino

acids, resulting in the disorder of MRSA’s energy metabolism.

low osmotic pressure downshock. Previous studies have shown
that the deletion of the signal recognition particle (SRP) and its
receptor FtsY has a significant effect on the MscL function
[67,68]. The YidC protein is critical for membrane biogenesis and
has been shown to interact with the Sec pathway. Inhibition of
SecA affects the transmembrane transport of microbial proteins
such as the insertion of the membrane protein MscL [69,70]. In this
study, proteomic results showed that MscL was downregulated
after SFG and KE treatment, and qPCR results showed that YidC2
was downregulated along with SecA and FtsY after SFG or KE treat-
ment. These results suggest that SFG and KE alter the cell home-
ostasis of MRSA by inhibiting the function of MscL, resulting in
changes in cell osmotic pressure and disruption of cell membrane
integrity.

In addition, SFG and KE also showed a profound effect on cell
membrane synthesis. The cell membrane of bacteria is mainly
composed of phospholipids, and it has been reported that the
exogenous addition of phospholipids, such as cardiolipin, phos-
phatidylglycerol, and phosphatidylethanolamine, which constitute
bacterial cell membranes, could effectively reduce the inhibitory
activity of isobavachalcone against S. aureus [18]. In the present
study, we also found that the MIC of SFG and KE increased with
the increase in the amount of phospholipid addition. Phospholipids
are synthesized from fatty acids, and the disturbance of fatty acid
metabolism will affect the synthesis of phospholipids and then
affect the composition and fluidity of cell membranes. Here, we
found that the ratio of medium-chain fatty acids to long-chain fatty
acids was significantly changed in MRSA treated with SFG or KE,
which might cause disturbances in cell membrane synthesis and
cell membrane fluidity.

In addition to interfering with the function of the cell mem-
brane, SFG and KE also affect the basic energy metabolism of bac-
teria. ATP is the energy base for cellular activities in which bacteria
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produce ATP through fermentation and aerobic and anaerobic res-
piration [71]. We found that SFG and KE significantly inhibited the
glycolysis pathway of MRSA and reduced the level of acetyl-CoA, a
key precursor of the TCA cycle. Meanwhile, SFG and KE might
interfere with the utilization of nitrate by MRSA and inhibit the
synthesis of amino acids, leading to the disruption of the energy
metabolism of MRSA. Thus, we speculated that SFG and KE dis-
rupted the utilization of carbon and nitrogen sources in MRSA, pre-
venting the cells from producing enough energy to survive.

In conclusion, the current research showed that SFG and KE
exerted robust antibacterial activities against MRSA. We found that
their antibacterial activity is mainly achieved through cell mem-
brane disruption. SFG and KE can first prevent the synthesis of bac-
terial biofilms and cell walls, thus removing the protection of the
bacteria. Then, they can directly disrupt the cell membrane by
altering the homeostasis and integrity of the cell membrane. In
addition, they can disrupt the normal physiological activities of
bacteria by interfering with energy metabolism. Taken together,
the combination of these effects ultimately leads to the death of
the bacteria.

Although we have demonstrated the possible mechanism of
SFG and KE involved in killing bacteria. The determinants for the
antibacterial activity of SFG and KE still need further studies. In
addition, lavandulylated flavonoids are widely distributed in natu-
ral plants, especially in Leguminosae plants. Therefore, the discov-
ery of leading compounds for antibacterial drugs with similar
structures and better activity in more plants needs further
exploration.

Conclusions

In conclusion, this study demonstrated that lavandulylated fla-
vonoids from natural plants have promising antibacterial activities



Z. Weng, F. Zeng, M. Wang et al.

against MRSA. Both SFG and KE could be potential candidates for
the development of new antibiotic agents against bacterial-
associated infections.
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