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Introduction: Skin wounds infected by Methicillin-resistant staphylococcus aureus 
(MRSA) still remain an important clinical challenge. β-acids, secondary metabolites 
extracted from hops, exhibit a powerful antibacterial effect on MRSA.
Methods: In this study, the antimicrobial activity of β-acids against MRSA and 
the corresponding mechanism were studied.
Results: The antimicrobial activity results revealed that β-acids was sensitive 
to MRSA (MIC = 62.5 μg/mL and MBC = 250 μg/mL). After β-acids treatment, 
the morphological changes of MRSA, including surface roughness, cellular 
crumpling, and fracture. The content of extracellular macromolecules, such 
as nucleic acids and proteins, increased significantly when β-acids treatment 
was applied, indicating that the integrity and permeability of cell membranes 
were disrupted. Meanwhile, laser confocal microscopy results showed that 
the cell membrane was severely damaged. Additionally, β-acids minimized 
intracellular adenosine triphosphate (ATP), suppressed Na+-K+-ATPase and 
Ca2+-Mg2+-ATPase activities, and accelerated intracellular reactive oxygen 
species (ROS) accumulation, ultimately inducing bacterial death. The result 
of transcriptome RNA sequencing suggested that the pathways involved 
“carbohydrate metabolism”, “amino acid metabolism”, “energy metabolism”, 
and “translation”, were significantly enriched. After the mice were successfully 
modeled with MRSA-infected wounds, β-acids was administered for 15 days, 
and faster healing of the wound area was observed in the treated group. H&E 
staining demonstrated gradual regeneration of dermal and epidermal tissues 
after β-acids treatment. Immunofluorescence results demonstrated that β-acids 
accelerated wound healing by markedly reducing IL-6 and TNF-α, increasing 
VEGF levels, and suppressing infection.
Discussion: Overall, β-acids may be promising agents for the effective treatment 
of MRSA.
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1 Introduction

Staphylococcus aureus (S. aureus) remains a formidable human 
pathogen, responsible for a spectrum of infections ranging from 
superficial skin lesions to life-threatening sepsis, pneumonia, and 
endocarditis (Lakhundi and Zhang, 2018). The emergence of 
methicillin-resistant S. aureus (MRSA), often exhibited multidrug 
resistance, has intensified the global health crisis (Peacock and 
Paterson, 2015). MRSA infections, particularly in healthcare settings 
(HA-MRSA) and communities (CA-MRSA), are associated with high 
morbidity, mortality, and treatment costs (David and Daum, 2010). 
Meanwhile, chronic wounds infected with MRSA exhibit delayed 
healing due to persistent inflammation, biofilm formation, and 
bacterial toxin-driven tissue damage (Pranantyo et al., 2024; Leaper et 
al., 2015; Foster, 2019). Conventional antibiotics often fail against 
biofilms, and rising resistance further limits therapeutic options. 
Despite the development of newer agents like linezolid and 
daptomycin, resistance evolution and the paucity of novel 
antimicrobial classes underscore the urgent need for alternative 
therapeutic strategies (Kawasuji et al., 2023). MRSA resistance, 
cytotoxicity to host cells, and disruption of beneficial microbiota 
(Turner et al., 2019). Biofilm-penetrating agents remain scarce, while 
anti-inflammatory or pro-healing effects are rarely combined with 
antimicrobial action. Therefore, developing alternatives to existing 
antibiotics for MRSA infection remains a concern.

A large number of modern studies have shown that many natural 
products with antibacterial activity are used as alternative drugs to 
fight drug-resistant pathogens (Gao et al., 2024; Lin et al., 2018; Smith 
et al., 2025). Therefore, investigating the relevant antibacterial 
mechanisms of various natural products is conducive to the 
development of new antibacterial drugs. However, the majority of 
existing studies primarily concentrate on bacterial cell membrane 
damage, inhibition of gene expression, and resistance to biofilm 
formation (Roy et al., 2018; Lu et al., 2019). Current research on 
carbohydrate metabolism remains limited. As a core metabolic 
function in bacteria, carbohydrate metabolism provides essential 
energy and produces metabolites that promote bacterial proliferation 
(Ahmad et al., 2025; Deutscher et al., 2006). Many researches have 
demonstrated that disruptions in carbohydrate metabolism may 
represent a potential inhibitory mechanism, diminishing bacterial 
resistance and resulting in bacterial lysis (Ritter and Wong, 2001; Peng 
et al., 2015). Therefore, studying carbohydrate abnormalities in 
bacterial metabolism by different natural active products has gradually 
become a research hotspot. Among them, the phosphoenolpyruvate-
mediated phosphate transferase (PTS) system unique to the microbial 
structure is its sugar uptake system, which is responsible for the 
uptake of sugars and the regulation of carbohydrate metabolism (Xu 
et al., 2023; Assoni et al., 2020). Within the phosphotransferase system 
(PTS), the mannose transporter (ManP) exhibits broad substrate 
specificity, accommodating glucose, mannose, fructose, and 
glucosamine (Liu et al., 2019). Liu et al. (2019) selected cryoelectron 
microscopy to determine the three-dimensional structure of ManP in 
E. coli, in which the study pointed out ManP could transport substrates 
through cell membranes through an “elevator” mechanism. Sun et al. 
(2023) found that magnolol blocks MRSA’s nutrient supply by 
inhibiting carbohydrate metabolism, causing bacterial lysis and 
disintegration. Thus, ManP might serve as a potential target for 
magnolol in combating MRSA infections.

Hops are widely grown perennial crops, where the soft resins in 
them are usually discarded as industrial waste after harvest (Rossini 
et al., 2021). It was reported that there is a large number of active 
ingredients—β-acids in soft resins. β-acids are secondary metabolites 
extracted from hops, which include lupulone, colupulone, and 
adlupulone (Zhang et al., 2021). Numerous studies have demonstrated 
that β-acids exhibit significant antibacterial activity on both Gram-
positive and Gram-negative bacteria (Tian et al., 2021; Tian et al., 
2024; Goedseels and Michiels, 2023; Liu et al., 2025). In our previous 
research, β-acids were found to disrupt cell membrane integrity, 
leading to cell death (Tian et al., 2022). Additionally, the hydrophobic 
structure of β-acids is capable of disrupting the cell membrane of 
S. aureus (Kolenc et al., 2022). While these findings indicate that 
β-acids have a potent inhibitory effect on S. aureus, further 
investigation is required to elucidate the inhibitory mechanisms of 
β-acids against MRSA, particularly concerning their impact on 
biofilm formation and host-pathogen interactions. It is worth noting 
that although new evidence suggests that some pyramid compounds 
have anti-inflammatory properties, the comprehensive potential of 
β-acids to inhibit MRSA and accelerate infected wound healing has 
not been explored (Sommella et al., 2021). In a word, while β-acids’ 
baseline antibacterial effects are acknowledged. However, there is no 
study on the antibacterial mechanism of β-acids on MRSA that 
involves ManP to inhibit carbohydrate metabolism.

This study investigated the antibacterial activity and mechanism 
of β-acids against MRSA. Through determining the minimum 
inhibitory concentration (MIC) and growth curve, the antibacterial 
efficacy was evaluated. Its mechanism was explored by examining the 
effects of β-acids on MRSA’s cell morphology, membrane permeability, 
membrane integrity, and bacterial metabolism. Additionally, the 
therapeutic effect of β-acids in MRSA-infected mouse wound models 
was further assessed by monitoring wound healing and changes in 
inflammatory factors. By integrating the antibacterial mechanisms 
with wound healing outcomes, this study provides a basis for 
developing β-acids as a multifunctional therapeutic agent for MRSA-
infected wounds. It also contributes to promoting the application of 
β-acids as a potential antibacterial agent against MRSA.

2 Experiment

2.1 Materials and reagents

Hops extract (obtained via supercritical CO₂ extraction) was 
supplied by Xinjiang Sapporo Agricultural Science and Technology 
Development Co., Ltd. (Xinjiang, China), while β-acids were 
extracted in our laboratory (Tian et al., 2021). Sodium hydroxide and 
acetic acid (99.5% purity) were purchased from Damao Chemical 
Reagent Co., Ltd. (Tianjin, China). Agar powder (1,300 g/cm2 purity) 
was acquired from Coolaber Science & Technology Co., Ltd. (Beijing, 
China). Tryptone and yeast extract were sourced from Oxoid Ltd. 
(United Kingdom). Alkaline phosphatase (AKP) and ATPase activity 
assay kits were obtained from Abbkine Scientific Co., Ltd. The 
reactive oxygen species kit, LIVE/DEAD Bacterial Staining Kit (with 
DMAO & PI), and ATP assay kit were provided by Beyotime 
Biotechnology (Nanjing, China). The bicinchoninic acid (BCA) 
protein assay kit was supplied by KeyGEN Biotechnology Co., Ltd. 
(Nanjing, China), and 1% Crystal Violet Ammonium Oxalate 
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Solution was purchased from Beijing Solarbio Science & Technology 
Co., Ltd. (Beijing, China). The MRSA standard strain (ATCC33591) 
was obtained from Jiangxi Zhonghong Boyuan Biotechnology Co., 
Ltd. Pentobarbital sodium was supported by Sigma Co., Ltd.

2.2 LC-MS analysis

Raw extracts were analyzed by LC-MS using a Waters ACQUITY™ 
UPLC system coupled with a SYNAPT™ G2-Si Q-TOF high-definition 
mass spectrometer (Waters Corp., Manchester, United Kingdom). 
β-acids separation was achieved on an ACQUITY UPLC HSS T3 
column (2.1 × 100 mm, 1.8 μm) at 30 °C. The mobile phase consisted of 
0.1% (v/v) aqueous formic acid (A) and acetonitrile (B), with a gradient 
elution program at a flow rate of 0.3 mL/min: 30–64% B (0–2 min); 
64–68% B (2–10 min); 68–70% B (10–40 min); 70–90% B (40–42 min).

The mass spectrometer was configured to operate in positive and 
negative ionization modes, with data acquisition conducted in centroid 
mode across a mass-to-charge (m/z) range of 100 to 1,500. The 
instrument parameters were established as follows: a capillary voltage 
of 3 kV for positive electrospray ionization (ESI+) and 1.5 kV for 
negative electrospray ionization (ESI−); a cone voltage of 40 V; an ion 
source temperature of 120 °C; a desolvation temperature of 350 °C; a 
cone gas flow rate of 40 L/h; and a desolvation gas flow rate of 450 L/h.

2.3 Determination of MIC and MBC of 
β-acids

The minimum inhibitory concentration (MIC) of β-acids against 
MRSA was analyzed by the broth dilution method. Briefly, β-acids were 
dissolved in liquid medium containing 1% DMSO and 1% Tween 80, 
then serially diluted in a 96-well plate to obtain concentrations ranging 
from 4 mg/mL to 156.25 μg/mL. Subsequently, 100 μL of MRSA 
suspension (1 × 106 CFU/mL) was put into every well, and the plate 
was put at 37 °C for 24 h. The lowest β-acids concentration showing no 
visible bacterial growth to the naked eye was regarded as MIC. For 
determining MBC, 100 μL aliquots from each well were plated on 
Luria-Bertani (LB) agar and incubated at 37 °C for 24 h; the lowest 
concentration with no visible bacterial growth was considered as MBC.

2.4 Determination of time-kill curve

β-acids were added into 5.0 mL MRSA suspensions (1 × 106 CFU/
mL) so as to prepare treatment groups with concentrations 
corresponding to 1/4, 1/2, 1, and 2MIC, followed by incubation at 
37 °C. The control group contained no β-acids. At 0 h, 2 h, 4 h, 6 h, 
8 h, 12 h, the bacterial growth was recorded via determining its 
absorbance at 600 nm. Three replicates were set for each group.

2.5 Scanning electron microscopy analysis

Morphological changes in MRSA were examined by scanning 
electron microscopy (SEM). Briefly, MRSA without β-acids treatment 
served as the control, while those treated with β-acids at the MIC 
(62.5 μg/mL) formed the experimental group; both were incubated at 

37 °C. After 12 h, bacterial cells were fixed in 2.5% glutaraldehyde at 4 °C 
overnight, then rinsed three times with PBS and dehydrated using a 
graded ethanol series (25, 50, 75, 90, 100%), with each step lasting 
10 min. After pre-freezed at −80 °C, samples were freeze-dried for 12 h, 
finally subjected to vacuum sputter gold coating, and observed via SEM.

2.6 Cell wall damage assays

Alkaline phosphatase (AKP) leakage assay was performed to 
assess the impact of β-acids on the cell wall of MRSA (Yi et al., 2024). 
Specifically, β-acids were added to 5.0 mL MRSA suspensions 
(1 × 106  CFU/mL) so as to prepare treatment groups with 
concentrations of 1/4, 1/2, 1, and 2MIC, whereas the control group 
contained no β-acids. All samples were incubated at 37 °C, and the 
supernatant was obtained every 2 h for 8 h to measure AKP activity 
with a commercial detection kit. Each experiment was repeated 
three times.

2.7 Biofilm inhibition assay

The antibiofilm efficacy of β-acids was assessed utilizing the crystal 
violet staining method. MRSA was inoculated into 96-well plates and 
incubated for 24 h. Then, Luria-Bertani (LB) medium containing 
β-acids at varying concentrations (1/16, 1/8, 1/4, and 1/2 of the MIC) 
was introduced to the bacterial cultures, followed by an 18 h incubation 
period at 37 °C. The control group was devoid of β-acids. Following 
incubation, the culture medium was removed, and the bacterial cells 
were washed with phosphate-buffered saline before being stained with 
a 0.1% crystal violet solution for 30 min. After staining, the cells 
underwent three washes with sterile PBS and were subsequently 
decolorized with 95% ethanol for 30 min. The optical density was then 
measured at 595 nm. The absorbance percentage relative to the control 
group was calculated based on these measurements.

2.8 Membrane integrity analysis

Bacterial membrane integrity was evaluated using dual-fluorescence 
staining with 4′,6-diamidino-2-phenylindole (DAPI) and propidium 
iodide (PI) as previously described with modifications (Kong et al., 
2024). Briefly, MRSA cells (OD = 0.6) were collected and washed with 
PBS. Then bacteria were treated with β-acids at sub-inhibitory to 
bactericidal concentrations (1/2MIC, 1MIC, 2MIC) for 2 h at 
37 °C. Following incubation, bacteria were washed and co-stained with 
DAPI (5 μg/mL) and PI (30 μg/mL) in PBS for 15 min at 25 °C in the 
dark. Cells were then washed twice to remove excess dyes, resuspended 
in PBS, and mounted on glass slides. Fluorescence images were captured 
with Leica SP8 confocal laser scanning microscope with excitation/
emission settings of 358/461 nm (DAPI; blue) and 535/617 nm (PI; red).

2.9 Bacterial biofilm formation and 
harvesting

The inhibitory effect of β-acids on the formation of MRSA 
biofilms was quantified utilizing the crystal violet (CV) staining 
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method, as previously outlined (O’Toole, 2011). In summary, MRSA 
cultures with an optical density (OD) of 0.6 were diluted at a ratio of 
1:100 in fresh tryptic soy broth supplemented with 1% glucose. 
Aliquots of 200 μL were distributed into sterile 96-well polystyrene 
plates and treated with sub-inhibitory concentrations of β-acids, 
specifically at 1/16MIC, 1/8MIC, 1/4MIC, 1/2MIC, 1MIC, and 2MIC, 
to evaluate biofilm suppression without eliciting bactericidal effects. 
After 24 h of static incubation at 37 °C, planktonic cells were removed, 
and the adherent biofilms were gently washed twice with phosphate-
buffered saline. The biofilms were subsequently fixed with 200 μL of 
methanol for 15 min, stained with a 0.1% (w/v) CV solution for 
30 min, and thoroughly rinsed with deionized water. The bound CV 
was solubilized in 200 μL of 30% (v/v) glacial acetic acid, and the 
absorbance was measured at 595 nm using a microplate reader.

2.10 Determination of the ATP level

β-acids were introduced into the bacterial culture medium at final 
concentrations corresponding to 0.5, 1, 2, and 4 times 
MIC. Subsequently, the cultures were incubated for 2 h at 37 °C with 
agitation at 180 revolutions per minute. Following incubation, the 
cultures were subjected to centrifugation at 5,000 × g for 5 min to 
pellet the bacterial cells, which were subsequently washed with sterile 
phosphate-buffered saline. The supernatant was collected for 
extracellular ATP level determination using an ATP detection kit. 
Concurrently, the bacterial pellet was lysed with lysozyme, and the 
resulting supernatant was collected to measure intracellular ATP levels.

2.11 Determination of ATPase activity

MRSA was exposed to varying concentrations of β-acids (0, 
1/2MIC, 1MIC, and 2MIC) for a duration of 2 h at a constant agitation 
speed of 150 revolutions per minute, maintained at a temperature of 
37 °C. Bacteria were collected by centrifugation at 8,000 rpm for 4 min, 
washed twice, and resuspended in 0.85% NaCl solution. Bacterial cells 
were disrupted using a probe sonar in an ice water bath. After that, the 
samples were centrifuged at 10,000 rpm for 10 min (4 °C), and the 
supernatant was extracted. Protein concentration in the supernatant 
was determined by BCA assay. The activities of Na+-K+-ATPase and 
Ca2+-Mg2+-ATPase were measured using the ATPase activity assay kit.

2.12 Reactive oxygen species detection

The influence of β-acids on intracellular reactive oxygen species 
(ROS) levels in MRSA was assessed utilizing the DCFH-DA 
fluorescent probe. MRSA cultures were subjected to various 
concentrations of β-acids (0, 1/2MIC, 1MIC, and 2MIC) for a duration 
of 2 h at 37 °C, with agitation at 150 rpm. Subsequently, the bacterial 
cells were harvested via centrifugation at 5,000 g for 5 min, washed 
with sterile phosphate-buffered saline, and resuspended in 1 mL of 
phosphate buffer containing 10 μM DCFH-DA. The suspension was 
then incubated for 30 min at 37 °C in the dark, with continuous 
shaking at 150 rpm. Following centrifugation to pellet the cells, the 
intracellular ROS levels were quantified by measuring the fluorescence 
intensity of the samples at a wavelength of 525 nm.

2.13 Determination of nucleic acid and 
proteins release

Bacterial suspensions were cultured to the logarithmic growth 
phase in LB medium, subsequently harvested, and subjected to three 
washes with 10 μM phosphate-buffered saline (pH 7.4). The bacteria 
were then resuspended in a 0.9% sodium chloride solution and 
exposed to varying concentrations of β-acids, specifically 0, 1/2MIC, 
1MIC, and 2MIC. At specified intervals (0, 2, 4, 6, and 8 h), samples 
were collected through centrifugation at 8,000 revolutions per minute 
for 10 min. The absorbance of the resulting supernatants was 
measured at wavelengths of 260 nm and 280 nm.

2.14 Protein content determination by 
SDS-PAGE

The MRSA (1 × 108–109 CFU/mL) was inoculated into LB medium 
and cultured at 37 °C for 16 h. Then, different concentrations of β-acids 
(1/4MIC, 1/2MIC, 1MIC and 2MIC) were added to the LB medium 
containing MRSA, and PBS was taken as a control. After 2 h, collect the 
cell precipitate by centrifuging at 4,000 rpm for 10 min, and suspend it 
in 100 μL of PBS and the protein loading buffer was added. The mixture 
was heated in boiling water for 8 min, then centrifuge at 8,000 rpm for 
10 min. Finally, 20 μL of the supernatant from each sample was added 
for SDS-PAGE analysis. After electrophoresis, stain with Coomassie 
Blue R-250 for 20 min, and separate the protein bands using a defoamer.

2.15 Transcriptome analysis

Total RNA was isolated from both the treatment (T-group) and 
control (C-group) groups utilizing a commercial RNA extraction kit, 
following the manufacturer’s instructions. The purity and concentration 
of the extracted RNA were determined using a Nanodrop 
spectrophotometer (Thermo Fisher Scientific, Wilmington, United 
States), while RNA integrity was evaluated with an Agilent 2100 
Bioanalyzer (Agilent Technologies, United States). RNA sequencing 
libraries for both groups, comprising three biological replicates per 
group, were subsequently constructed on the Illumina HiSeq™ 2500 
platform (Novogene, China). To ensure high-quality data, raw 
sequencing reads were processed by removing adaptor sequences, reads 
containing more than 10% unknown bases (N), and reads with over 
50% low-quality bases (Q-value ≤10). For gene expression analysis, 
unigene expression levels were quantified using the FPKM (fragments 
per kilobase of transcript per million mapped reads) metric. 
Differentially expressed genes (DEGs) between the samples were 
identified using DESeq2 software, with significant DEGs defined by an 
absolute fold change of ≥2 and an adjusted p-value of <0.05. Functional 
categorization of these DEGs was performed using Gene Ontology 
(GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses.

2.16 Molecular docking and dynamics 
simulations

The crystal structure of the protein exhibiting the highest 
sequence homology to ManP (PDB code: 6K1H) was selected from 
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the RCSB Protein Data Bank. The structural model of ManP from 
MRSA was subsequently constructed using the Swiss-Model platform 
(available at https://swissmodel.expasy.org/). The structures of β-acids 
were generated using ChemDraw and subsequently optimized. 
Molecular docking studies were conducted using Discovery Studio 
2020 (BIOVIA, CA, United States). The optimal binding conformation 
of β-acids to ManP was determined through binding energy 
calculations. Further analysis and visualization were performed using 
PyMOL version 2.0.6 (Schrödinger, MA, United States).

2.17 In vivo wound healing analysis

Animals (SPF-grade C57BL/6J mice) were housed in a facility at 
23 ± 2 °C and 50 ± 5% relative humidity. All the animals were 
provided with sufficient distilled water and standard rodent feed. 
Following a one-week period of adaptive feeding, the mice were 
randomly allocated into two groups: the Control group (n = 3) and the 
β-acids group (n = 3). Post-anesthesia (pentobarbital sodium, 20 mg/
kg, injected), the dorsal hair of the mice was shaved, and a wound with 
a 10-millimeter diameter was created using surgical scissors. Each 
wound was inoculated with 100 μL of an MRSA suspension at a 
concentration of 1 × 106 CFU. Subsequent to infection, 20 μL of PBS 
(0.9%) and β-acids (12.5 μg/mL) were applied to the wounds, 
respectively. On days 3, 6, 9, 12, and 15, wound size was assessed by 
photographing the treated areas. After 15 days, the mice were 
euthanized (pentobarbital sodium, 60 mg/kg, injected).

Tissue samples were fixed in 10% neutral buffered formalin, 
embedded in paraffin at 25 °C, and subjected to standard hematoxylin 
and eosin (H&E) staining. To evaluate growth factor expression in 
skin tissues and assess the wound-healing efficacy of the treatments, 
the tissues were stained according to the established protocol and 
examined microscopically.

2.18 Statistical data analysis

All experiments were done in triplicates, and data were expressed 
as means ± SD (n = 3). Visualized using GraphPad Prism 9.0 and 
Origin 8.6.0. Statistical significance was analyzed via one-way 
ANOVA, with significance defined as p < 0.05.

3 Results and discussion

3.1 Chemical components identification

The compositional analysis conducted via UPLC-Q-TOF/MS 
revealed that hops β-acids are predominantly composed of three 
compounds: colupulone (molecular weight: 400.26), lupulone 
(molecular weight: 414.27), and adlupulone (molecular weight: 
414.27) (Supplementary Figure S1), based on MS fragment and 
reference compounds comparison. The purity of the hops β-acids was 
quantified at 97.41% by the LC-MS linear normalization method. 
There are three peaks prominent in the total ion chromatography of 
β-acids, with retention times of 18.13, 22.63, and 23.88 min, 
respectively. The above results are consistent with Gao’s et al. (2024) 
analysis of the active ingredients in hops.

3.2 Antibacterial activity of β-acids against 
MRSA

The MIC of β-acids against MRSA, determined via broth 
microdilution, was 62.5 μg/mL, while the MBC measured by the same 
method was 250 μg/mL (Figure 1A). Additionally, the filter paper 
method was used to verify the MIC, yielding a consistent result of 
62.5 μg/mL (Figure 1B). Relevant studies have shown that Magnolia 
officinalis, oridonin, lactobionic acid, and Litsea cubeba essential oil 
at varying concentrations all exert significant inhibitory effects on 
MRSA growth, with their MICs being 20 μg/mL, 64 μg/mL, 18.75 mg/
mL, and 0.5 mg/mL, and MBCs being 40 μg/mL, 512 μg/mL, 50 mg/
mL, and 1.0 mg/mL, respectively (Sun et al., 2023; Yuan et al., 2019; 
Kang et al., 2020; Hu et al., 2019). A comparison with these reported 
data revealed that β-acids displayed stronger inhibitory activity against 
MRSA than lactobionic acid and Litsea cubeba essential oil.

Furthermore, growth curves of MRSA were determined at different 
β-acids concentrations to investigate the antibacterial activity 
(Figure 1C). It can be seen that the bacteria showed a rapid growth trend 
within 12 h without β-acids. However, as the concentration of β-acids 
increased, the growth of the bacteria was inhibited. In the concentration 
of 1/4MIC, bacteria started multiplying at 3 h. After 24 h, the inhibition 
rate was 18.14%. Compared with the untreated samples, the growth rate 
was decreased, indicating that β-acids inhibited the proliferation of 
MRSA. When the β-acids concentration increased to 1MIC, the growth 
of MRSA was inhibited significantly (the inhibition rate was 87.79%). 
Only a slight increase in the bacterial population was observed at 8 h. 
Nevertheless, when the addition concentration of β-acids was 2MIC 
(125 μg/mL), the inhibition rate of 24 h was 97.56%, indicating that the 
bacterial proliferation was almost completely inhibited. It was found that 
β-acids could effectively inhibit the growth of MRSA with concentration-
dependent. Higher concentrations of β-acids suppressed the growth of 
MRSA more effectively.

3.3 Antibacterial mechanism of β-acids 
against MRSA

3.3.1 Effect of β-acids on morphology of MRSA
When bacteria were inhibited or killed by antibacterial agents, the 

morphology usually changed, such as contraction, deformation, lysis 
of the cytoplasm, formation of pores on the membrane, and cell 
disintegration (Kong et al., 2024; Weng et al., 2024). As shown in 
Figure 2A, the morphological changes of MRSA after treatment with 
β-acids were observed by SEM. The untreated cells were in the form 
of regular spheres, with a round shape, smooth surface and intact 
overall structure. On the contrary, after being treated with β-acids at 
2MIC, the overall structure of the bacteria was disrupted. It was 
observed that the cell membranes ruptured, holes formed on the 
membranes, severe deformations and adhesion in adjacent cells be 
noticed. In addition, the cell surface and its surroundings showed no 
visible particles before treatment. However, after treatment with 
β-acids, many irregular particles were found on the surface, which 
may originate from the protoplasm that leaks out when bacterial cells 
rupture. The results indicated that β-acids could cause the leakage of 
intracellular substances by disrupting the integrity of the cell surface 
structure, thereby killing the cells. Similar studies also prove that after 
having the active ingredient effect, the appearance and shape of MRSA 
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cells have undergone varying degrees. For example, after Tao et al. 
(2021) treated with MIC concentration of total flavonoid extract of 
white ermatitis, MRSA cells were uneven in size, and vacuole-like 
irregular circular structures appeared in large quantities, with rough 
cell surfaces, loose cell wall structures, and overflow of cell contents.

3.3.2 Effect of β-acids on cell membrane integrity
The integrity of the cell membrane of MRSA after being treated 

with β-acids was studied by using the laser confocal microscope. DAPI 
and PI were used as nucleic-acid dyes to differentiate between intact 
and damaged bacterial cell membranes (Tao et al., 2025). PI could 
only penetrate the damaged cell membrane and trigger red 
fluorescence, which can be used as an indicator of “dead” cells. DAPI 
could permeate into bacteria and generate a green fluorescence. As 
shown in Figure 2, fluorescence microscopy images were collected 
after treated with β-acids at varying concentrations, displayed that the 
bacteria treated with PBS all emitted green fluorescence (Figures 2B,a), 
with the red fluorescence being the least (Figures 2B,b). It could be 
found that the cell membranes of the bacteria were all intact, with little 
PI entering the cell. In contrast to the control group (PBS), the green 
fluorescence of the cells treated with 1MIC reduced (Figures 2B,d) and 
the red fluorescence was significantly enhanced (Figures 2B,e), 

indicating that the cell membrane integrity of almost half of the 
bacteria was disrupted. When treating the bacteria with 2MIC, the 
vast majority of the cells emitted red fluorescence (Figures 2B,h). This 
demonstrated that high concentrations of β-acids could lead to severe 
disruption of cell membrane integrity, which was consistent with the 
results of SEM and extracellular protein content and nucleic acid 
levels. β-acids disrupted MRSA in a concentration-dependent manner.

3.3.3 Effect of β-acids on MRSA biofilm formation
Biofilms create a protective microenvironment that supports 

bacterial survival, explaining why most pathogenic and environmental 
bacteria reside in biofilm communities (Baeza and Mercade, 2021). 
Biofilm formation is a dynamic, continuous regulatory process, 
primarily determined by its structure, function, and composition 
(Baeza and Mercade, 2021). The crystal violet staining means was used 
to evaluate the impact of β-acids on forming MRSA biofilm, with 
results presented in Figure 3A. Treatment of MRSA with β-acids at 
1/16MIC inhibited biofilm formation by 20.0%, while at 1/2MIC, the 
inhibition rate significantly increased to 82.4%. However, at 
concentrations of 1MIC and 2MIC, the inhibition rate showed little 
change. This suggests that β-acids at 1/2MIC can inhibit biofilm 
formation in most bacteria, consistent with findings from cell 

FIGURE 1

Antibacterial activity of β-acids against MRSA. (A) MBC of β-acids. (B) Inhibition zone of β-acids. (C) The growth curve of MRSA under different dosing 
of β-acids.
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FIGURE 2

SEM and laser confocal microscopy images of MRSA. (A) SEM of MRSA. (B) Laser confocal microscopy images of MRSA after treatment with β-acids at 
different concentrations for 4 h.
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membrane integrity studies. Thus, β-acids exert their antimicrobial 
effects partly by suppressing MRSA biofilm formation.

3.3.4 Effects of β-acids on the intracellular ROS 
level

ROS, a highly reactive oxygen-derived molecule that is the secondary 
metabolite in the process of aerobic metabolism, which often associated 
with cellular damage and oxidative stress (Averill-Bates, 2024). In normal 
cells, ROS is maintained at a low level to act as a signaling molecule 
(Soheili et al., 2022). However, when cells are damaged, the balance 
between ROS production and antioxidant defense is disrupted, with 
excessive accumulation of intracellular ROS. In this study, the levels of 
ROS in bacterial cells were determined after treatment with different 
concentrations of β-acids, shown in Figure 3B.

In the absence of β-acids treatment, ROS was maintained at a low 
level. In contrast, when treated with β-acids, intracellular ROS levels 
increased with the concentration of β-acids. Oxidative stress occurred 
when ROS levels increased and exceeded the capacity of the cellular 
antioxidant defense system, causing damage to macromolecules, such 
as proteins, DNA, and lipids (Tikhomirova et al., 2024). This 
demonstrated that β-acids would promote intracellular ROS 
accumulation and cause cellular damage.

3.3.5 Effect of β-acids on the ATP level and 
ATPase activity

ATP is not only a universal energy carrier within the cell, but also 
plays an important role as an extracellular signaling molecule (Spari and 
Beldi, 2020). At the same time, ATP can reveal the metabolic state of 
bacteria. The level of intracellular ATP serves as an indicator of cell 
viability, which is considered to decrease when its level decreases 
(Kukurugya et al., 2024). Consequently, the intracellular and extracellular 
ATP content of bacteria treated with β-acids was determined and the 
results were displayed in Figure 3C. By comparison with the control 
group (PBS), the ATP levels of bacteria were reduced after 2 h of β-acids 
treatment in all cases. Specifically, the more significant the decrease in 
the ATP level with increasing β-acids concentration. ATP level was 
lowest when the β-acids concentration was 2MIC.

ATPase, a class of enzymes that catalyze the hydrolysis and 
synthesis of ATP and play important roles in ion transport and 
energy metabolism (Fedosova et al., 2022). Na+-K+-ATPase and Ca2+-
Mg2+-ATPase are indispensable, serve as critical gatekeepers of 
bacterial ion homeostasis, energizing nutrient uptake, pH regulation, 
and membrane potential maintenance. Na+-K+-ATPase is located 
primarily in the cell membrane and maintains the gradient of Na+ 
and K+ across the cell membrane to facilitate ATP synthesis (Fedosova 
et al., 2022). Inhibiting ATPase disrupts cellular energetics, osmotic 
balance, and signal transduction, ultimately compromising viability 
(Ravera et al., 2023). Therefore, we measured the effect of different 
β-acids concentrations on ATPase activity after 2 h of administration, 
and the results were displayed in Figures 3E,F.

Na+-K+-ATPase maintains essential electrochemical gradients in 
bacterial cells, energizing secondary transport, osmoregulation, and 
membrane potential. As shown in Figure 3E, Na+-K+-ATPase activity 
was significantly reduced (p < 0.05) when administered at a 
concentration of 2MIC. The progressive decline of Na+-K+ ATPase’ 
function with increasing β-acids concentrations implies direct or indirect 
interference with its synthesis, stability, or catalytic activity. The results in 
Figure 3F suggested that Ca2+-Mg2+-ATPase activity showed the same 

decreasing trend. Ca2+ stabilizes lipopolysaccharide (LPS) in the Gram-
negative outer membrane, and Mg2+ cross-links wall acids in the Gram-
positive peptidoglycan. The decrease in Ca2+-Mg2+-ATPase activity 
disrupts intracellular Ca2+ homeostasis, leading to bacterial death. 
Therefore, the observed dose-dependent reduction in Ca2+-Mg2+-ATPase 
activity induced by the drug suggests a potent mechanism for bacterial 
growth inhibition. Overall, inhibition of ATPase activity may disrupt 
ionic homeostasis. On the one hand, intracellular ATP levels were 
significantly depleted, leading to impaired energy metabolism. On the 
other hand, the bacterial dependence on the Na+ gradient drives the 
collapse of the transporter, leading to nutrient starvation by blocking 
nutrient uptake and toxin efflux (Oh et al., 2011). Sun et al. (2023) 
investigated the mechanism of MRSA inhibition by lactobionic acid. The 
results similarly showed that lactobionic acid was able to reduce ATPase 
activity, leading to the disruption of ionic homeostasis, which in turn led 
to good bacterial inhibition, and proved to be a promising 
multifunctional food additive with antimicrobial activity.

3.3.6 Effect of β-acids on cell wall damage
The cell wall is mainly composed of peptidoglycan, surface proteins 

and phosphate. The highly cross-linked peptidoglycan can stabilize the 
cell and plays an important role in maintaining the intrinsic morphology 
of MRSA cells (Silver, 2006). AKP, a type of enzyme, localized between 
the cell wall and cell membrane (Yang et al., 2022). Normally, AKP 
activity cannot be detected outside the cell. However, when the cell wall 
structure is disrupted, AKP exits the cell through the cell wall and can be 
detected. Consequently, the impact of β-acids on MRSA cell wall 
integrity can be assessed by the extracellular AKP activity assayed. As 
shown in Figure 3D, the bacterial AKP activity increased significantly 
with prolonged treatment time compared with the Control group. In 
particular, the increase in AKP activity was more pronounced when the 
administered concentration was 1MIC (p < 0.05). When administered at 
a concentration of 2MIC, AKP levels were maximized at the 8 h. 
Conversely, the Control group exhibited no significant alteration in AKP 
activity, indicating that β-acids may alter the cell wall structure of MRSA, 
leading to substantial leakage of AKP from the cell. This observation 
aligns with the findings of Kang et al. (2020). Typically, the bacterial cell 
wall serves as a barrier against external substances. However, upon 
administration of antimicrobial agents, the integrity of the bacterial cell 
wall is compromised. Consequently, the potent antibacterial efficacy of 
β-acids may be attributed to their capacity to disrupt the cell wall.

3.3.7 Effect of β-acids on cell membrane 
permeability

The integrity of the bacterial cytoplasmic membrane is 
fundamental to cellular homeostasis, acting as a selective barrier that 
retains essential macromolecules while excluding external threats. 
When cell membrane permeability is compromised, the loss of 
permeability control leads to uncontrolled efflux of intracellular 
components (Broz et al., 2020). To test the hypothesis that β-acids 
induce damage to bacterial cell membranes, membrane permeability 
was assessed by quantifying the leakage of nucleic acids and protein 
content. Figure 4 shows the changes in extracellular nucleic acid and 
protein contents after treatment with different concentrations of 
β-acids over various incubation periods. The extracellular nucleic acid 
content at different times was showed in Figure 4A. It can be observed 
that for the bacteria treated with β-acids, the extracellular nucleic acid 
content increased over time. After one hour, the extracellular nucleic 
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acids of the bacteria treated with β-acids significantly increased, while 
those of the untreated cells remained almost unchanged, indicating 
that the cell membranes were damaged. On the whole, the amount of 
extracellular nucleic acids in the untreated bacterial cells increased to 
a lesser extent than that in the treated ones. It can be concluded that 
β-acids could cause damage to the cell membrane, leading to the 
leakage of nucleic acids. Figure 4B shows the changes of the 

extracellular protein level as a function of time, which followed the 
same trend as that of extracellular nucleic acid. The results showed that 
after incubation for 1 h, the extracellular protein levels in the treated 
group significantly increased. As the concentration of β-acids increased 
and the time prolongs, the level of extracellular nucleic acid proteins 
also increased. This indicates that the cell membrane was gradually 
being damaged, resulting in the leakage of large molecules.

FIGURE 3

(A) Inhibition of β-acids on MRSA biofilm formation. (B) The intracellular ROS level. (C) ATP level of MRSA. (D) AKP activity of MRSA. (E) Na+-K+-ATPase 
of MRSA. (F) Ca2+-Mg2+-ATPase of MRSA. ***p ≤ 0.001.
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Protein is the material basis necessary for maintaining normal life 
activities such as physiological metabolism and energy conversion in the 
bacterium. In this experiment, the effect of β-acids on MRSA intracellular 
proteins was assessed by SDS-PAGE analyses. As shown in Figure 4D, 
the proteins were well separated and the bands were mainly distributed 
in 25–70 kDa. Compared with the control group, the color of the bands 
became significantly lighter or even disappeared when the concentration 
of β-acids was 2MIC in the treated group. It indicated that the protein 
content was significantly reduced, which was consistent with the results 
of protein quantitative detection (Figures 4C,D; Supplementary Figure S2). 
This may be due to the loss of intracellular proteins or the blockage of 
protein synthesis as a result of the breakdown of the cell membrane. A 
drastic reduction in protein content could disrupt the normal 
physiological functions of the cell, leading to rapid cell death.

3.4 Transcriptomic analysis of T-group and 
C-group

The potential antibacterial mechanism of the T-group was 
investigated via whole-transcriptome RNA sequencing. A total of 
16.0 million and 14.1 million clean reads were generated for the 
T-group and C-group, respectively, with over 96.95 and 97.59% 

mapping to the reference genome. Expression analysis (FPKM >1) 
identified 2,421 expressed genes in the C-group and 1,666 in the 
T-group. Compared to the C-group, the T-group exhibited 1,268 
differentially expressed genes (DEGs, 76.11%), comprising 609 
upregulated and 659 downregulated genes.

To elaborate on the functions of differentially expressed genes 
(DEGs), GO and KEGG enrichment analyses were performed 
(Supplementary Figures S3A,B). KEGG enrichment classification was 
applied to identify significantly enriched pathways of DEGs, revealing 
that all DEGs in the T-group were assigned to 70 pathways. Notably, 
“carbohydrate metabolism,” “amino acid metabolism,” “energy 
metabolism,” and “translation” were significantly enriched. Proteins with 
decreased expression in these key pathways (relative to the control 
group) are summarized in Supplementary Table S1. Energy, metabolism 
and oxidative stress mutually promote each other and form a lethal cycle. 
Specifically, β-acids affects carbohydrate metabolism, triggering 
“insufficient ATP synthesis” and “excessive ROS production.” Conversely, 
the inhibition of ATP exacerbates ROS damage, while excessive ROS 
production inhibits ATP synthesis (Zeng et al., 2022). Ultimately, β-acids 
jointly inhibits bacterial survival through energy deprivation and 
oxidative damage. Overall, β-acids represent a promising antibacterial 
candidate against MRSA, as they inhibit MRSA growth by disrupting cell 
membrane permeability and integrity, ion transport, energy metabolism, 

FIGURE 4

Effect of β-acids on cell membrane permeability. (A) The extracellular nucleic acid level of MRSA after treated with different concentration of β-acids. 
(B) The extracellular protein level of MRSA after treated with different concentration of β-acids. (C) Protein quantification. (D) SDS-PAGE profile of 
proteins.
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and reactive oxygen species balance (Figure 5). Table 1 displayed different 
anti-MRSA mechanisms between β-acids and other natural agents.

3.5 Molecular docking analysis

RNA-seq analysis demonstrated that β-acids primarily 
inhibited the growth of MRSA by disrupting carbohydrate 

metabolism. To elucidate the potential binding interactions 
between β-acids and ManP, molecular docking studies were 
conducted. Figure 6 showed that β-acids established a robust 
binding affinity with ManP through interactions with multiple 
amino acid residues. The binding energy of ManP with 
colupulone, lupulone, and adlupulone were −6.8, −6.5, −6.8 kcal/
mol, respectively, which indicated a strong interaction between 
these β-acids molecules and the ManP protein.

FIGURE 5

Antibacterial mode of β-acids against MRSA.

TABLE 1  Anti-MRSA mechanism of β-acids and other natural agents.

Anti-MRSA agents Type of MRSA Possible mechanism References

Magnolia officinalis root extract MRSA ATCC 43300 Inhibition of the uptake; metabolism of carbohydrates Sun et al. (2023)

Oridonin MRSA ATCC BAA-1717 Changes in cell membrane and cell wall permeability; disturbance in protein 

and DNA metabolism; influence on bacterial morphology

Yuan et al. (2019)

Lactobionic acid MRSA N315 Disrupt the integrity of cell wall and membrane; the content and activity of 

bacterial proteins; bind to genomic DNA to disturb the normal cellular function

Kang et al. (2020)

Litsea cubeba essential oil MRSA T29 Destructive effect on cytomembrane; intracellular enzymes leakage; inhibit the 

respiratory metabolism; lower the key regulator enzyme activity

Hu et al. (2019)

Aartemisinin MRSA T29 Increase cell membrane permeability; inhibit the respiratory metabolism Lin et al. (2018)

6-alk(en)ylsalicylic acids MRSA ATCC 33591 Biophysical disruption of the membrane Kubo et al. (2003)

Licochalcone A MRSA-BH, MRSA-ZH, 

and USA 300

Arginine metabolism; cause the accumulation of intracellular ROS; inhibit the 

expression of glucokinase

Zeng et al. (2024)

β-acids MRSA ATCC 33591 Disrupting cell membrane permeability and integrity, ion transport, energy 

metabolism, and reactive oxygen species balance

This study
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FIGURE 6

The interaction of ManP with colupulone (A,B,C), lupulone (D,E,F), and adlupulone (G,H,I). The three-dimensional ribbon model depicted ManP, while 
the representative β-acids molecules including colupulone, lupulone, and adlupulone were illustrated using a rose-red stick model. The orange and 
blue sticks, accompanied by numerical labels, indicated the amino acid residues of ManP involved in hydrogen bonding interactions. Critical 
interactions between the β-acids and the active amino acid residues of ManP were highlighted using solid and dashed lines.

As displayed in Figure 6, three typical molecules of β-acids, namely 
colupulone, lupulone, and adlupulone, exhibit strong binding affinities 
with ManP through interactions with multiple amino acid residues. 
Specifically, the oxygen atoms of colupulone and adlupulone establish 
conventional hydrogen bond with LYS298 similarly, while the oxygen 
atoms of lupulone form hydrogen bonds with ILE108 and MET107. 
Additionally, the side chains of colupulone, lupulone, and adlupulone 
engage in van der Waals, Pi-Alkyl, Alkyl, and other interactions with 
various amino acid residues of ManP, contributing to the stabilization 
of their binding with ManP. Likewise, IId mycotoxins—such as 
lactobactin A, lactobacillus B, and gavisin Q—have been identified to 
interact with amino acid residues at the active site of ManP, 
demonstrating broad-spectrum antibacterial activity. Given that ManP 
is absent in plants and animals, it presents a promising target for 
antibacterial drug development. β-acids have the potential to form 
strong interactions with ManP through hydrogen bonding, van der 
Waals forces, and hydrophobic interactions. Consequently, β-acids 
may play a significant role in the treatment of MRSA infections.

3.6 Effect of β-acids on MRSA-infected 
wound healing in animals

In vivo wound repair and antibacterial efficacy of β-acids were 
evaluated by MRSA-infected cutaneous wounds. Following 
establishment of the infected wound model, β-acids were applied to 
cover the wound beds, and wound healing processes were photographed 
over 15 days of treatment (Figure 7A). On day 3, control group wounds 
showed suppuration—indicating an infection-induced inflammatory 
response—whereas β-acids-treated wounds exhibited no yellow pus and 
had begun to scab gradually. Concurrently, β-acids treatment led to a 
gradual reduction in wound area relative to controls, reflecting effective 
infection control and incipient healing.

Quantitative analysis of wound area (Figure 7B) revealed initial 
differences in relative wound size, with a significant reduction in the 
treatment group by day 9, demonstrating progressive improvement in 
healing over time. By day 15, the relative wound area was 8.23% in 
controls versus 7.50% in the β-acids group, confirming that β-acids 

https://doi.org/10.3389/fmicb.2025.1710545
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Li et al.� 10.3389/fmicb.2025.1710545

Frontiers in Microbiology 13 frontiersin.org

accelerate healing and promote wound contraction. Additionally, 
β-acids facilitated absorption of wound secretions, maintained a moist 
healing environment, and reduced pus exudation. These findings 
indicate that β-acids can effectively mitigate bacterial infection during 
chronic wound healing and prevent sepsis.

H&E staining was further used to evaluate the quality of 
regenerated skin tissue after 15 days of different treatments. As shown 
in Figure 8A, the epidermal layer over the wound in the control group 
was thinner than β-acids groups, with apparent defects in both 
epidermal and dermal structures and varying levels of inflammatory 
cell infiltration. This indicated underdeveloped dermal tissue, with 
loosely arranged and disorganized collagen fibers. In contrast, the 
treatment group exhibited an intact epithelial layer, regenerated 
dermal tissue containing hair follicles, and wounds that gradually 
assumed a mountain-like shape—likely due to contraction of newly 

formed peripheral tissue toward the wound center (Wang et al., 2022). 
Consistent with the wound area healing results, these findings further 
confirm the superior antimicrobial activity of β-acids and its potential 
to accelerate in vivo healing of infected wounds.

IL-6 is a pleiotropic cytokine critical in coordinating the 
inflammatory phase of wound healing (Das, 2023). IL-6 also stimulates 
keratinocyte proliferation and fibroblast function, bridging inflammation 
to tissue regeneration (Ditzen et al., 2023). However, persistent IL-6 
elevation can exacerbate inflammation, impairing healing in chronic 
wounds. TNF-α drives early pro-inflammatory responses by enhancing 
vascular permeability, leukocyte adhesion, and phagocytosis (Wang et 
al., 2020). Additionally, VEGF is the master regulator of angiogenesis. It 
induces endothelial cell proliferation, migration, and new blood vessel 
formation, ensuring oxygen and nutrient delivery to the wound bed (Liu 
et al., 2024). VEGF also supports granulation tissue development and 

FIGURE 7

Impact of β-acids on wound healing in MRSA-infected mice. (A) Images of wounds on the mice’s backs. (B) Relative wound areas in the control and 
β-acids treatment groups. Data are expressed as the mean ± standard deviation from three replicate measurements. Means marked with different 
letters differ significantly (p < 0.05).
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FIGURE 8

Evaluation of wound healing performance in Control and β-acids-treated groups via tissue section analysis. (A) H&E staining of wound tissues (scale 
bar: 100 μm and 50 μm). (B) Immunofluorescence staining of regenerated skin tissues after 15-day treatment with different samples, showing IL-6 (red), 
TNF-α (red), VEGF (red), and cell nuclei (blue) (scale bar: 100 μm). (C) Quantitative analysis of relative fluorescence intensity for IL-6, TNF-α, and VEGF 
in regenerated skin tissues. Data are presented as mean ± standard deviation from triplicate assays, with significant differences indicated by different 
letters (p < 0.05).
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collagen organization. In infected wounds, adequate VEGF expression 
correlates with improved perfusion and resolution of inflammation 
(Shams et al., 2022). Subsequently, the expression levels of IL-6, TNF-α, 
and VEGF were evaluated using immunofluorescence staining 
techniques. After a period of 15 days, tissue samples from mouse trauma 
models were collected, processed, and stained for analysis. As depicted 
in Figure 8B, there was a marked reduction in the red fluorescence 
intensity of IL-6 and TNF-α in the treated group compared to the control 
group, suggesting a significant downregulation of IL-6 and TNF-α 
expression (Figure 8C).

It may be due to the release of pathogen-associated molecular 
patterns (PAMPs) after MRSA infection, which activate toll-like 
receptors (TLRs) on immune cells, triggering the NF-κB and MAPK 
pathways (Wang et al., 2023). This sustains high-level production of 
pro-inflammatory cytokines like IL-6 and TNF-α. However, when 
β-acids with antimicrobial effects was added, it reduced 
inflammatory tissue damage by inhibiting IL-6/TNF-α levels, 
thereby rebalancing the cytokine environment to accelerate wound 
repair. Besides, VEGF levels were significantly higher in the β-acids 
group compared with the control group, owing to the fact that 
upregulated VEGF promotes angiogenesis and regenerative 
processes (Beheshtizadeh et al., 2023). This shift reflects successful 
transition from pathogen clearance to tissue reconstruction. This 
result was also consistent with the H&E staining results. Overall, 
the results showed that β-acids exhibits significant antibacterial and 
anti-inflammatory effects, has good wound healing ability, and 
possesses the ability to promote the healing of infected wounds by 
decreasing the level of inflammatory factors and promoting tissue 
regeneration and repair.

4 Conclusion

In current study, β-acids was reported to consist of three main 
compounds: colupulone, lupulone and adlupulone by UPLC-Q-TOF/
MS analysis. β-acids exhibited strong antimicrobial activity and was 
able to disrupt MRSA cell wall and cell membrane. Primary inhibitory 
mechanism of β-acids mainly inhibits MRSA growth by interfering 
with membrane permeability, membrane integrity, ion transport, 
energy metabolism and ROS homeostasis, while destroying bacterial 
proteins and activities. Moreover, the in vivo study in mice has shown 
obvious effects of promoting wound healing. Natural products exhibit 
unique advantages in overcoming drug resistance due to their 
structural diversity and multi-targeting properties. This study 
provides insights for the development of novel natural product-based 
antimicrobial drugs for the treatment of MRSA infections. 
Collectively, β-acids function as “dual-action agents”: eradicating 
MRSA through membrane targeting and oxidative stress, while 
concurrently resolving inflammation and accelerating tissue repair. 
However, there are still some shortcomings in this study: insufficient 
wound healing indicators have been introduced; lack of positive 
drugs; no further separation of β-acids was performed; lack of 
experimental verification for the interactions mentioned in molecular 
docking. And our future work could benefit from a comparative 
computational study for the standard to elucidate the precise 
determinants of binding affinity and specificity. Meanwhile, in future 
research, it is necessary to introduce more animal models to study 
wound repair and accelerate its clinical translation. Overall, β-acids is 

a promising candidate for treating multidrug-resistant wound 
infections, warranting further exploration of their clinical translation.
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