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Background: Pseudomonas aeruginosa is a common gram-negative opportunistic pathogen that is now commonly treated with carbapenems, such as Meropenem. However, the increasing rate of emergence of heteroresistant strains poses a therapeutic challenge. Therefore, we examined the antibacterial activity of Sodium houttuyfonate (SH, a compound derived from Houttuynia cordata) in combination with Meropenem (MEM) against heteroresistant Pseudomonas aeruginosa and investigated the mechanism of Sodium houttuyfonate.

Methods: Heteroresistant Pseudomonas aeruginosa was used as the experimental strain for the study and the combined action activity of the two drugs was inves-tigated by determining the Minimum Inhibitory Concentration (MIC), Fractional Inhibitory Concentration Index (FICI), and time killing curves. Also the effect of Sodium houttuyfonate on biofilm as well as bacterial swimming motility assay was investigated by crystal violet staining of bacterial biofilm, microanalysis of biofilm, bacterial swimming motility assay, quantitative real-time PCR (qRT-PCR) and population sensing related virulence factors.

Results: For the screened experimental strains, the MIC of SH was 4,000 μg/ml; the FICI of both drugs on the four experimental strains was ≤0.5, which showed a synergistic effect. When SH ≥ 250 μg/ml, it was able to effectively inhibit bacterial biofilm formation as well as swimming ability compared with the blank control group. In the qRT-PCR experiment, the expression of biofilm formation-related genes (pslA, pelA, aglD, lasI, lasR, and rhlA) and swimming ability-related genes (fliC, pilZ, and pilA) were decreased in the SH-treated group, compared with the blank control group.

Conclusion: Our study demonstrated that Sodium houttuyfonate and Meropenem exhibited synergistic inhibition against heteroresistant Pseudomonas aeruginosa, and that Sodium houttuyfonate may achieve its inhibitory effect by inhibiting bacterial biofilm formation, inhibiting motility, and down-regulating related genes.
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1 Introduction

Pseudomonas aeruginosa, a Gram-negative bacterium, is widely distributed on the human body surface and in the intestinal tract and is a common opportunistic pathogen. Pseudomonas aeruginosa is one of the main causative agents of nosocomial infections and can cause infections in different parts of the body in immunocompromised patients, which may lead to wound and skin infections, pneumonia, bacteraemia, sepsis (Buehrle et al., 2017).

In general terms, heteroresistance to antibiotics mainly refers to the presence in clinical isolates of one or several subgroups of drug-resistant bacteria that, unlike the majority of their homologues, have a significantly reduced susceptibility to antibiotics (El-Halfawy and Valvano, 2015). Heteroresistant to multiple antibiotics is now found to be common in clinical isolates of Pseudomonas aeruginosa, which may be an important risk factor for failure of clinical anti-infective therapy as well as bacterial resistance (El-Halfawy and Valvano, 2015). Although heteroresistant strains of Pseudomonas aeruginosa have been reported for many years, the mechanism of heteroresistant in Pseudomonas aeruginosa remains unclear.

Meropenem is a carbapenem drug commonly used clinically against Pseudomonas aeruginosa (Pulmonary Infection Assembly of Chinese Thoracic, 2022). It has been noted (Bubonja-Sonje et al., 2015) that the resistance of Pseudomonas aeruginosa to Meropenem is mainly achieved through the exocytosis pump and down-regulation of the oprD gene. Research has shown that with the increased frequency of antibiotic use in recent years, there is a high proportion of multi-drug resistant Pseudomonas aeruginosa in hospital-acquired pneumonia, with the proportion of carbapenem-resistant Pseudomonas aeruginosa being as high as 36.6 to 44.8% (Yin et al., 2021). Yang Lu (Lu et al., 2022) investigated the rate of heteroresistant to different antibiotics among clinical Pseudomonas aeruginosa isolates, and 58.2% of the 170 strains were heterogeneously resistant to Meropenem.

Houttuynia cordata is a perennial plant, mostly distributed in East Asian countries (Wu et al., 2021). In China, Houttuynia cordata has long been used as food and medicine. In traditional Chinese medicine, it’s generally used to treat inflammation, rheumatoid arthritis, viral or bacterial infections, hyperglycaemia and other diseases (Kumar et al., 2014). In recent years, more and more studies have shown that Houttuynia cordata has good antimicrobial activity. Sodium houttuyfonate, as one of the main components of Houttuynia cordata, and its compounds with Houttuynia cordata are inhibitory to Pseudomonas aeruginosa (Laldinsangi, 2022). Wu et al. (2015) showed that Sodium houttuyfonate significantly inhibited Pseudomonas aeruginosa biofilm formation by decreasing the expression of alginate, the main component of biofilm, and also decreased the motility of P. aeruginosa. He also stated in another study that Sodium houttuyfonate can inhibit Pseudomonas aeruginosa virulence and resistance by effectively inhibiting the systems regulated by quorum sensing (Wu et al., 2014).

The present study was conducted to explore the effect of Sodium houttuyfonate combined with Meropenem on the antibacterial activity of heteroresistant Pseudomonas aeruginosa and its mechanism using several heteroresistant Pseudomonas aeruginosa strains isolated from the clinic. This study investigated the in vitro antibacterial efficacy of sodium houttuyfonate against Pseudomonas aeruginosa, aiming to provide experimental evidence for its potential therapeutic application in combating Pseudomonas aeruginosa infections.



2 Materials and methods


2.1 Experimental strains

All the strains in this experiment were obtained from the strain preservation library of the Microbiology Department of the Laboratory of Qingyuan People’s Hospital. Twenty strains of extensively drug-resistant Pseudomonas aeruginosa were randomly selected from the strain preservation bank, and the specimens were taken from blood, sputum, pleural and abdominal fluid and other fluids of clinical patients in our hospital.



2.2 Reagents and instruments

Sodium houttuyfonate (HARVEYBIO, 97%, high purity); Meropenem (Solarbio/Solarbio); Meropenem drug-sensitive paper tablets (Liofilchem/Liofilchem); sterile PBS solution (ECOTOP SCIENTIFIC); blood plate (Jiangmen Kailin Trading Co., Ltd.); broth medium and MH agar plate (Guangzhou Dijing Ltd.); LB liquid medium (tryptone 10 g/L, yeast extract 5 g/L, sodium chloride 10 g/L); 1% crystal violet staining solution (Solarbio/Solarbio); Trizol lysate (BioFluX); reverse transcription kit (MedChem Express); SYBR Green qPCR Master Mix (MedChem Express); 96-well plate (Beijing Xinxing Qiangsen Biotechnology Co, Ltd.); DensiCHEK Plus Electronic Turbidimeter (bioMérieux USA Inc.); essenscienELF6 mini centrifuge (Guangzhou Keqiao Experimental Technology Equipment Co, Ltd.); KDC-40 low-speed centrifuge (Anhui Zhongke Zhongjia). (Anhui Zhongke Zhongjia); desktop high-speed freezing centrifuge (Germany SIGMA1-16K); enzyme labelling instrument (Germany BMGSpectrostarNamo full-wavelength); BIOMATE160 UV spectrophotometer (Thermo Fisher Scientific); orthogonal fluorescence microscope (Japan Olympus BX53); fluorescence quantitative PCR (Bohle CFX-CONNEC).



2.3 Preparation of bacterial and drug solutions

In order to obtain a single colony, we activated the selected 20 strains of Pseudomonas aeruginosa, transferred them to the blood plate by plate streaking method, and incubated them in a microbial incubator at 37 ° C for 24 h. After 24 h of culture, single colonies were picked with a sterile disposable cotton swab, mixed in a sterile PBS solution, and the concentration of the solution was adjusted to 1.5 × 108 CFU/ml. Sodium houttuynium and Meropenem were dissolved in pure water, and the concentration was adjusted to 64,000 μg/ml and 2028 μg/ml, respectively.



2.4 Screening for heteroresistant strains

Screening for heteroresistant strains was performed using the Kirby-Bauer disk diffusion test. A disposable sterile cotton swab was used to spread the bacterial solution at a concentration of 1.5 × 108 CFU/ml over the entire surface of the MH medium. After the liquid was absorbed, a Meropenem disk was placed in the centre of the medium and incubated in a microbiological incubator at 37°C for 24 h. We preliminarily recognized the colonies growing in the inhibition circle as heteroresistant strains by visual observation. The strains initially recognized as heterogeneous were identified as homologous to the original strain by the VITER-2 Compact fully automated microbiological analysis system. According to the literature, if Highest Inhibitory Concentration (HIC) at which the antibiotic exhibits the greatest inhibitory effect on the bacteria is higher than eight times the Highest Noninhibitory Concentration (HNIC), then the strain can be defined as a heteroresistant strain (El-Halfawy and Valvano, 2015). Four heteroresistant strains were identified, and were used in the subsequent experiments, with the numbers of strains 10,512, 10,517, 11,617, and 11,643, respectively.



2.5 Determination of minimum inhibitory concentration

The MICs of Sodium houttuyfonate and Meropenem against heteroresistant strains of bacteria was determined by micro broth dilution method. To the 96-well plate, 100 μl each of the bacterial solution with 1.5 × 108 CFU/ml and the drug solution with diluted concentration were added, making the final concentration of Sodium houttuyfonate 32,000, 16,000, 8,000, 4,000, 2,000, 1,000, 500, 250, 125, 63, 32, 16 μg/ml; and the final concentration of Meropenem 10,240, 5,120, 2,560, 1,280, 640, 320, 160, 80, 40, 20, 10, 5 μg/ml. sterile LB liquid medium was set as blank control, and the suspension without any drug was negative control, mixed and incubated at constant temperature at 37°C for 20 h. After incubation, the MIC is determined as the lowest concentration of the antimicrobial agent that completely inhibits visible bacterial growth (Parvekar et al., 2020).



2.6 Determination of fractional inhibitory concentration index

The MICs of Sodium houttuyfonate and Meropenem were measured by the checkerboard dilution method, and the inhibitory index of the combination was calculated to measure the effect of the combination. In the 96-well plate labelled 1–8 horizontal columns, Sodium houttuyfonate was continuously diluted at twice the rate; in the columns labelled A-H, Meropenem was diluted at twice the rate. Add 50 μl of Sodium houttuyfonate and Meropenem into each well; then add 50 μl of 1.5 × 108 CFU/ml bacterial solution into each well, and finally add MH liquid medium into each well to make up to 200 μl. The concentration gradient of Sodium houttuyfonate and Meropenem was determined according to the results of the experiment; meanwhile, set up the sterile LB liquid medium in the columns of 9–12 to be the blank control, and the bacterial solution without any drug was used as the negative control. as a negative control, mixed and incubated at a constant temperature of 37°C for 24 h (Figure 1). After the end of the culture, the OD600 of each well was measured by microplate reader, and the MIC of the drug was the smallest concentration of the drug that inhibited more than 80% of the bacteria, FICI = MIC of A drug combination/A drug alone MIC+MIC of B drug combination/B drug alone MIC; FICI≤0.5 is synergistic, 0.5 < FICI≤1 is additive, 1 < FICI≤2 is irrelevant, and FICI > 2 is antagonistic. FICI >2 is antagonistic.

[image: Figure 1]

FIGURE 1
 Schematic diagram of FICI determination by checkerboard broth dilution method.




2.7 Measurement of time-kill curves

According to the determined MIC values, Sodium houttuyfonate and Meropenem were diluted to 2 times MIC, 1 times MIC, ½ times MIC concentration for each strain with fresh MH liquid medium, respectively. Logarithmically grown bacterial suspension was turbidimetrically adjusted to 1.5 × 108 CFU/ml with MH liquid medium. Each strain was prepared as ① 1 times MIC concentration of SH (1 × MIC SH), ② ½ times MIC concentration of SH (½ × MIC SH), ③ 1 times MIC concentration of MEM (1 × MIC MEM), ④ ½ times MIC concentration of MEM (½ × MIC MEM), ⑤ 1 times MIC concentration of SH and 1 times MIC concentration of MEM (1 × MIC SH + 1 × MIC MEM), ⑥ ½ times MIC concentration of SH and ½ times MIC concentration of MEM (½ × MIC SH + ½ × MIC MEM), and ⑦ negative control; the suspension without any drug was the negative control. Each tube was incubated with the same concentration of the final bacterial solution at 37°C in a constant temperature incubator with shaking; OD600 was measured at 8 time points, respectively 0, 4, 8, 12, 24, 36, 48, and 72 h. The time-killing curves of the strains were plotted with the time points as the horizontal coordinates and the OD600 as the vertical coordinates (Qu et al., 2016; Rogers et al., 2022).



2.8 Experiments on the inhibition of biofilm

The biofilm inhibition test of heterogeneous Pseudomonas aeruginosa by Sodium houttuyfonate was determined by Crystal violet staining (Masihzadeh et al., 2023). Suspensions in the logarithmic growth phase were taken and diluted to 1.5 × 108 CFU/ml. LB liquid medium containing different concentrations of Sodium houttuyfonate was prepared using LB liquid medium as a solvent for Sodium houttuyfonate. To each 96-well plate, 100 μl of bacterial suspension and drug solution were added, making the final concentration of Sodium houttuyfonate 125, 250, 500, 750, 1,000, 1,500, 2,000, 4,000, 6,000, and 8,000 μg/ml. each drug concentration possessed three replicate wells, and at the same time, sterile LB liquid medium was set up as a blank control. The suspension without any drug was the negative control. After thorough mixing, the incubation was left at 37°C for 18–24 h. After the incubation, the culture medium was discarded and washed with sterile PBS to preserve the biofilm as much as possible. After drying, the biofilm was fixed with anhydrous ethanol for 15 min; after fixation, the anhydrous ethanol was discarded. The biofilm was stained with 0.1% crystal violet staining solution for 5 min; after staining, the staining solution was washed away with sterile PBS; finally, 33% acetic acid solution was added to dissolve the biofilm after air-drying. The 96-well plate was incubated at 37°C for 30 min, and the absorbance of each well was measured at 570 nm using a microplate reader.



2.9 Microtiter plate assay of biofilm inhibition experiments

Put a microscope slide into a 6-well plate, add 0.5 ml of suspension with 1.5 × 108 CFU/ml, 0.5 ml of different concentrations of Sodium houttuyfonate, 1 ml of LB liquid medium and mix thoroughly, so that the final concentrations of Sodium houttuyfonate were 0, 250, 500, 1,000, 2,000 and 4,000 μg/ml. At the same time, set up a negative control group without the addition of Sodium houttuyfonate, and put it into a 37°C incubator for 18–24 h (Haney et al., 2021). The subsequent steps were the same as in experiment 2.8, and the stained coverslips were placed on the slides and observed using a light microscope with a magnification of 1,000 times.



2.10 Bacterial swimming motility assay

Bacterial swimming motility assay was used to determine the effect of Sodium houttuyfonate on the swimming ability of heterogeneous Pseudomonas aeruginosa (Qu et al., 2016). Swimming plates (LB agar with 0.3% w/v agar) containing different concentrations of Sodium houttuyfonate (0, 250, 500, 1,000 and 2,000 μg/ml) were prepared. After the plates were dried, single colonies were inoculated in the centre of the plate using a sterile toothpick and incubated at a constant temperature of 37°C for 24 h. Swimming diameters of each group were determined and compared with the control group to determine the effect on the ability to swim. All experiments were performed in triplicate using the same bacterial strain, and the mean values of the results were calculated and included in the statistical analysis.



2.11 Real-time fluorescence quantitative PCR

Each bacterial strain was set up with Sodium houttuyfonate (2,000 μg/ml) treated group and control group without Sodium houttuyfonate treatment. Total RNA was extracted from biofilm-state bacteria using TRIzol reagent, with RNase-free water serving as a blank control. The A260/A280 ratios of all RNA samples ranged between 1.9 and 2.1, confirming high purity. Equal amounts of RNA were reverse-transcribed into cDNA using a reverse transcription kit according to the manufacturer’s protocol, and stored at −20°C for subsequent use.

Real-time fluorescence quantitative PCR (RT-qPCR): The relative expression levels of genes related to biofilm formation and genes related to swimming ability were calculated according to the 2-ΔΔCt formula using SYRB Green staining method, and the homologous untreated strain of Pseudomonas aeruginosa treated with sodium ichthyocyanin at 2,000 μg/ml was used as the reference strain, and 16SrRNA gene was used as the reference gene. Calculations are made by taking the average of 3 replicate holes for each sample. The average of three wells for each sample was taken for calculation, and the RT-qPCR primers required for this experiment were designed using Primer Premier 6.0 (Supplementary Table S1). The reaction system and conditions were set up according to the instructions of the real-time fluorescence quantitative PCR kit, and the specificity of the products was determined by melting curve analysis.



2.12 Statistical analysis

Statistical analyses of data are expressed as mean ± standard error. Independent t-tests were used for comparisons between two groups, and one-way ANOVA was used for comparisons between more than two groups. All statistical analyses were performed using GraphPad Prism 9.0 (GraphPad Software Inc., San Diego, CA, USA). All statistical tests were two-sided and p < 0.05 was considered statistically significant.




3 Results


3.1 Screening for heteroresistant Pseudomonas aeruginosa

Initial screening using the disk diffusion method revealed scattered colonies within the inhibition zones, suggesting potential heteroresistance (Figure 2). Turbidimetric validation in LB broth confirmed four strains with a heterogeneous inoculum effect (HIC/HNIC ≥8) (Table 1).

[image: Figure 2]

FIGURE 2
 Meropenem heterodrug-resistant Pseudomonas aeruginosa. (A) Drug-resistant. (B) Heteroresistant.




TABLE 1 Identification of heteroresistant Pseudomonas aeruginosa by Meropenem.
[image: Table1]



3.2 Minimum inhibitory concentration

The MICs of Sodium houttuyfonate (SH) and Meropenem (MEM) were determined via broth microdilution in 96-well plates. SH exhibited a consistent MIC of 4,000 μg/ml across all strains, while MEM showed strain-dependent inhibitory activity (Table 2).



TABLE 2 Effects of SH and MEM on experimental strains.
[image: Table2]



3.3 Synergistic effects of SH and MEM

Checkerboard assays revealed synergistic inhibition (FICI ≤ 0.5) of SH and MEM against all four strains (Table 3). Heatmaps generated with Prism software visualized growth patterns across drug concentration gradients (Figure 3).



TABLE 3 Checkerboard broth dilution assay for the antibacterial effect of the combination of SH and MEM against Pseudomonas aeruginosa.
[image: Table3]
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FIGURE 3
 Thermal potency plots of the combined effects of different concentrations of SH and MEM on Pseudomonas aeruginosa. (A) 10,512. (B) 10,517. (C) 11,617. (D) 11,643.




3.4 Time-kill kinetics

Time-kill curves demonstrated that SH alone (1 × MIC SH and ½ × MIC SH) achieved bactericidal effects comparable to MEM. However, combinations of SH and MEM (1 × MIC SH + 1 × MIC MEM or ½ × MIC SH + ½ × MIC MEM) exhibited enhanced efficacy, with sustained suppression of bacterial regrowth over 72 h (Figure 4). For example:

• Strain 10,512: Combination therapy reduced viable counts by >1.5 × 108 CFU/ml within 12 h, maintaining suppression until 72 h.

• Strain 11,643: Both 1 × MIC SH + 1 × MIC MEM and ½ × MIC SH + ½ × MIC MEM combinations eradicated bacteria by 4 h, with no regrowth observed.

[image: Figure 4]

FIGURE 4
 The time bactericidal curve of single and combined action of SH and MEM on strains. (A) 10,512. (B) 10,517. (C) 11,617. (D) 11,643.




3.5 Biofilm inhibition by SH

Crystal violet staining revealed dose-dependent biofilm inhibition by SH (≥250 μg/ml, p < 0.001 vs. untreated control). Notably, sub-MIC concentrations (25–125 μg/ml) transiently enhanced biofilm formation (Strain 10,512 and Strain 11,617 p < 0.05), followed by suppression at ≥250 μg/ml (Figures 5–7). This biphasic response suggests SH may initially promote bacterial attachment at low doses before exerting inhibitory effects.

[image: Figure 5]

FIGURE 5
 Effect of different concentration of SH on biofilm formation. Where ns denotes no statistical significance, * denotes 0.05 ≤ p < 0.1, ** denotes p < 0.05, *** denotes p < 0.01, and **** denotes p < 0.001.Error bars denote SD.(A) 10,512. (B) 10,517. (C) 11,617. (D) 11,643.


[image: Figure 6]

FIGURE 6
 Effect of substatic SH concentration on bacterial biofilm. Where ns denotes no statistical significance, * denotes 0.05 ≤ p < 0.1, ** denotes p < 0.05, *** denotes p < 0.01, and **** denotes p < 0.001.Error bars denote SD. (A) 10,512. (B) 10,517. (C) 11,617. (D) 11,643.


[image: Figure 7]

FIGURE 7
 Thermal efficacy diagram of bioflim. (A) Different concentration of SH. (B) Substatic concentration of SH.




3.6 Biofilm architecture disruption

Microscopic analysis of crystal violet-stained biofilms showed reduced bacterial density and structural loosening in SH-treated groups (Figure 8). Higher SH concentrations (>500 μg/ml) correlated with diminished biofilm viscosity and dispersal of bacterial clusters.

[image: Figure 8]

FIGURE 8
 Biofilm images of crystalline violet stained 10*100x light microscopy after treatment with different concentrations of Sodium houttuyfonate. (A) 0 μg/ml SH. (B) 250 μg/ml SH. (C) 500 μg/ml SH. (D) 1,000 μg/ml SH. (E) 2,000 μg/ml SH. (F) 4,000 μg/ml SH.




3.7 Motility suppression

SH significantly impaired swimming motility at ≥250 μg/ml, as evidenced by reduced colony diameters on soft agar (p < 0.01 vs. control; Figures 9, 10).

[image: Figure 9]

FIGURE 9
 Sodium houttuyfonate can inhibit the swimming ability of Pseudomonas aeruginosa. A ~ D denote the size of the diameter of colonies grown by experimental strains in plates containing different concentrations of Sodium houttuyfonate. (A) 10,512. (B) 10,517. (C) 11,617. (D) 11,643. Where ns denotes no statistical significance, * denotes 0.05 ≤ p < 0.1, ** denotes p < 0.05, *** denotes p < 0.01, and **** denotes p < 0.001.Error bars denote SD.


[image: Figure 10]

FIGURE 10
 The morphology of colonies grown in plates with different concentrations of Sodium houttuyfonate. (A) 0 μg/ml SH. (B) 250 μg/ml SH. (C) 500 μg/ml SH. (D) 1,000 μg/ml SH. (E) 2,000 μg/ml SH.




3.8 Gene expression profiling

qRT-PCR analysis indicated SH downregulated biofilm-related genes (pslA, pelA, algD, lasI, lasR, rhlA) and motility-associated genes (fliC, pilA, pilZ) (p < 0.01; Figures 11, 12). These findings align with observed phenotypic changes in biofilm and motility assays.

[image: Figure 11]

FIGURE 11
 Expression of genes related to biofilm and motor flagellum inhibition by sodium houttuyfonate. A ~ F are genes related to biofilm expression, and G ~ I are genes related to motor flagellum expression. (A) pslA; (B) pelA; (C) aglD; (D) lasI; (E) lasR; (F) rhlA; (G) fliC; (H) pilZ; (I) pilA. Where ns denotes no statistical significance, * denotes 0.05 ≤ p < 0.1, ** denotes p < 0.05, *** denotes p < 0.01, and **** denotes p < 0.001.Error bars denote SD.


[image: Figure 12]

FIGURE 12
 Heatmap of relative gene expression.





4 Discussion


4.1 Key findings summary

This study demonstrates that Sodium houttuyfonate synergizes with Meropenem to combat heteroresistant Pseudomonas aeruginosa by targeting both planktonic and biofilm-associated virulence. Our results highlight three critical advances:

• Synergistic bactericidal activity: SH-MEM combinations (FICI ≤ 0.5) achieved sustained suppression of bacterial regrowth, outperforming monotherapies in time-kill assays.

• Dual-phase biofilm modulation: SH exhibited a biphasic effect—sub-MIC concentrations (25–125 μg/ml) transiently enhanced biofilm formation, while ≥250 μg/ml suppressed it through downregulation of matrix genes (pslA, pelA) and quorum sensing regulators (lasI/lasR).

• Multi-target gene suppression: SH disrupted motility via fliC (flagellin) and pilA/pilZ (type IV pili), while concurrently inhibiting virulence regulators (rhlA, algD) linked to immune evasion.



4.2 Mechanistic insights and literature comparison


4.2.1 Synergy against heteroresistance

The observed synergy between Sodium houttuyfonate and Meropenem addresses heteroresistance, a phenomenon where bacterial subpopulations with varying drug tolerance coexist within a strain. Heteroresistant strains are usually recognised as sensitive strains in automated drug susceptibility testing, which results in patients being infected with that strain, and treatment with conventional antibiotics is often suggestive of poor results (Tam et al., 2005; Sun et al., 2015). Recent studies indicate that heteroresistance to carbapenems in Pseudomonas aeruginosa has risen to 58.2% in clinical isolates (Lu et al., 2022), underscoring the urgency for adjuvant therapies. Unlike prior work focusing on SH-levofloxacin synergy (Wang et al., 2002), our study is the first to demonstrate SH-MEM combinatorial efficacy against heteroresistant strains, likely through SH’s disruption of biofilm integrity and MEM’s enhanced penetration. In terms of biofilm disruption, SH downregulates pslA (exopolysaccharide synthesis) and pelA (Pel polysaccharide deacetylation), destabilizing biofilm architecture and enhancing MEM penetration. This mechanism aligns with studies demonstrating that pslA and pelA are critical for biofilm structural integrity in Pseudomonas aeruginosa (Overhage et al., 2005). Regarding efflux pump modulation, sub-MIC concentrations of SH may transiently inhibit efflux systems (e.g., MexAB-OprM), reducing MEM efflux and increasing intracellular accumulation (Liu et al., 2023). The observed SH-MEM synergy in this study is likely mediated through these dual mechanisms.



4.2.2 Biofilm dynamics and transcriptional regulation

SH exhibits a biphasic biofilm response—low concentrations (25–125 μg/ml) transiently enhance biomass via stress-induced aggregation, while higher doses (≥250 μg/ml) suppress biofilm by 70% (p < 0.001). Sub-MIC SH may induce reactive oxygen species (ROS) and upregulating pelA-mediated Pel polysaccharide synthesis to temporarily achieve increased biofilm (Liu et al., 2024). At supra-MIC levels, SH disrupts biofilm through transcriptional repression of pslA (exopolysaccharides) and pelA (deacetylation), while concurrently inhibiting the lasI/lasR quorum sensing (QS) system, which governs pyocyanin and elastase production (Ambreetha and Singh, 2023). SH’s dual-phase action positions it as a “biofilm modulator,” offering precision in targeting biofilm-embedded pathogens.

In a previous report, the aglD gene could encode GDP mannitol dehydrogenase, whose transcriptional activation was shown to be required for alginate production (Deretic et al., 1987). The expression of aglD showed a positive correlation with biofilm formation, and our study is the same as the previous study by Wu et al. (2014), which showed that Sodium houttuyfonate reduces alginate production by decreasing the expression of aglD, which ultimately leads to the inhibition of biofilm formation. Rhamnose lipids have been shown to cause lysis of immune cells in previous reports, whereas in animal experiments, inactivation of the rhlA gene is thought to prevent the production of rhamnose lipids, thereby depriving Pseudomonas aeruginosa of the “biofilm shielding effect” of rhamnose and allowing it to be cleared by the immune system (Soberon-Chavez et al., 2005; Van Gennip et al., 2009). In our study, the expression of rhlA gene in Pseudomonas aeruginosa after Sodium houttuyfonate treatment was significantly decreased which in turn led to a decrease in the production of rhamnoglycan lipids and ultimately counted the de-biofilm shielding effect.

Pseudomonas aeruginosa has three widely reported population sensing systems, the more important of which is the lasI/lasR system, or Las system, in which lasR is a transcriptional regulator and lasI is a synthase protein (Stintzi et al., 1998). lasI activates lasR into a greening factor by regulating 3O-C12-HSL, one of the most important molecules for inducing Pseudomonas aeruginosa population sensing, and interacting with lasI to produce biofilm multimers, a process that is involved in the expression of a number of virulence factors that are involved in the pathogenesis of acute infections, including exotoxin A, lasA and lasB elastases, and alkaline proteases (Kariminik et al., 2017). Our study showed that Sodium houttuyfonate caused inhibition of the expression of the lasI/lasR system, which implies that SH reduced the population effect and virulence of Pseudomonas aeruginosa.



4.2.3 Motility suppression

Previous studies have shown that Pseudomonas aeruginosa exhibits swarming, flagellar, and twitching movements. And flagella play an important role in the movement of Pseudomonas aeruginosa (Rashid and Kornberg, 2000), among which type IV flagella dependent tic movement is necessary for the formation of surface attached biofilms (Haley et al., 2014). Flagella filaments are formed by the aggregation of a single protein, fliC flagellin (Song and Yoon, 2014). Studies have shown that mutations in the flagellin gene fliC of Pseudomonas aeruginosa can cause bacteria to lose motility but maintain adhesion (Borrero-de Acuna et al., 2015). In 1996, the pilZ gene was first proposed to be closely associated with the type IV pili of Pseudomonas aeruginosa. It was proposed that pilZ can restore the expression of surface pili of Pseudomonas aeruginosa, as well as the sensitivity of twitching movement and pili specific phages (Alm et al., 1996). Knocking out the pilZ gene in Pseudomonas aeruginosa will prevent the assembly of type IV pili on the bacterial surface to inhibit convulsive movement (Qi et al., 2012). The type IV pili of Pseudomonas aeruginosa are also related to pilA, and the pilA pili protein may increase invasiveness to host cells by regulating calcium signaling (Okuda et al., 2013). In animal experiments, mutations in pilA can result in the loss of bacterial flagella (Lorenz et al., 2004). Our research suggests that SH may reduce the synthesis of bacterial flagella by reducing the expression of fliC, and by reducing the expression of pilZ and pilA to reduce the synthesis of type IV flagella, ultimately achieving inhibition of bacterial swimming ability. This is consistent with the strong inhibitory effect of SH at lower concentrations in bacterial swimming motility assay.





5 Conclusion

This study demonstrates that Sodium houttuyfonate synergizes with Meropenem against heteroresistant Pseudomonas aeruginosa through dual mechanisms: (1) SH-MEM combinations (FICI ≤0.5) achieve potent bactericidal activity, suppressing bacterial regrowth for 72 h; (2) SH disrupts biofilm formation and motility by downregulating matrix genes (pslA, pelA) and quorum sensing regulators (lasI/lasR), while concurrently inhibiting flagellar (fliC) and type IV pili (pilA/pilZ) expression. Notably, SH exhibits a biphasic biofilm modulation—transient enhancement at sub-MIC (25–125 μg/ml) via stress-induced aggregation, followed by 70% suppression at ≥250 μg/ml (p < 0.001). These findings position SH as both a synergistic adjuvant for carbapenem therapies and a standalone anti-biofilm agent. Future studies should validate these findings in vivo and explore SH’s interactions with other virulence factors (e.g., lipase, proteas) to provide an optimal direction for the treatment of Pseudomonas aeruginosa infection.
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