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Antibiotic-resistant infections are a growing problem; to combat multi-drug resistant bacterial infections, antibiotics with novel mechanisms of action are needed. Identification of potent bioactive natural products is an attractive avenue for developing novel therapeutic strategies against bacterial infections. As part of our ongoing research to explore bioactive natural products from diverse resources, we investigated the antimicrobial compounds from Woodfordia uniflora, a flowering shrub unique to the Dhofar region of Oman. The plant has been used as a remedy for skin infections in Oman. However, to date, no study has examined the antimicrobial compounds in W. uniflora. Phytochemical analysis of the methanolic extract of W. uniflora leaves in combination with LC/MS-based analysis allowed us to isolate and identify four flavonoid-type analogs (1–4), procyanidin B3-3-O-gallate (1), rhamnetin 3-O-(6″-galloyl)-β-D-glucopyranoside (2), rhamnetin 3-O-α-L-rhamnopyranoside (3), and quercetin 3-O-(6″-galloyl)-β-D-glucopyranoside (4). The isolates have a novel mechanism of action; the compounds inhibit biofilm formation in methicillin-resistant Staphylococcus aureus (MRSA) and synergize with methicillin. Our metabolite analysis revealed that this synergizing activity by compounds was achieved by remodeling metabolism including central carbon metabolism and glutamine biosynthesis that resulted in abnormal cell formation and reduction in biofilm formation of MRSA. Taken together, these findings provide experimental evidence that rhamnetin 3-O-(6″-galloyl)-β-D-glucopyranoside (2) and quercetin 3-O-(6″-galloyl)-β-D-glucopyranoside (4) can be considered as potential therapeutic agents for the treatment of methicillin-resistant S. aureus-associated diseases.
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INTRODUCTION

Antibiotic-resistant bacterial infection remains a major threat to public health; the surge of hospitalized patients with COVID-19 increases the probability of transmission of nosocomial bacterial infections between the patients. Antibiotic-resistant Staphylococcus aureus is a leading cause of death associated with antibiotic resistance globally (World Health Organization, 2017). To treat S. aureus infections, β-lactams have been primarily used; however, most S. aureus infections were found to be methicillin-resistant (methicillin-resistant S. aureus: MRSA). Currently, other antibiotics such as vancomycin and daptomycin, having different mechanisms of action, have been used to treat MRSA infections; however, the number of clinical failures due to antibiotic resistance is increasing (Spagnolo et al., 2014; Stefani et al., 2015). Therefore, there is an urgent need to develop novel antibiotics and make the existing ones more effective.

As part of ongoing research to discover natural bioactive compounds (Ha et al., 2020; Lee S. et al., 2020; Lee S. R. et al., 2020; Yu et al., 2020a), we investigated the bioactive compounds from Woodfordia uniflora collected in Oman. W. uniflora is a tall slender shrub belonging to Lythraceae and a native plant species of Oman. This plant is abundant throughout the Dhofar region of Oman and in the high-altitude regions of East Africa and the Middle East. Woodfordia species have been used in Asia for medicinal purposes by different ethnic groups (Graham, 1995). In southern Asia, dried flowers have been used as an astringent for treating ulcers, wounds, and diarrhea; its leaves have been used for their antibiotic and sedative properties (Dhar et al., 1968; Das et al., 2007; Kaur and Kaur, 2010; Nitha et al., 2012). The flowers of Woodfordia species have also been used as traditional ayurvedic fermented drugs in India (Kroes et al., 1993). Previous studies of Woodfordia species have shown an abundance of tannins and phenolics, but most of these studies were based on W. fruticosa (Nitha et al., 2012), which is morphologically similar to W. uniflora. In general, W. uniflora has been used locally in the Dhofar region, Oman, to treat skin infections and wounds. However, to the best of our knowledge, no study has been conducted on phytochemicals in W. uniflora, and no scientific investigation has proven its ethnopharmacological activity. Hence, we investigated the bioactive phytochemicals from W. uniflora (Yu et al., 2020b). In our recent study on the phytochemicals of W. uniflora leaves—the first phytochemical examination of the species—we identified 19 polyphenols including three new polyphenols, using antifungal bioactivity-driven LC/MS-based analysis; strong antifungal compounds against Cryptococcus neoformans and Candida albicans human fungal pathogens (Yu et al., 2020b) were found. In particular, the new polyphenol (±)-woodfordiamycin showed antifungal activity against C. neoformans at the lowest minimum inhibitory concentration of 0.78 μg/mL, ∼10-fold lower than that of fluconazole positive control (Yu et al., 2020b). In addition to antifungal compounds, an anti-inflammatory polyphenol, catechin-7,4-O-digallate was also identified in our recent study (Kim et al., 2021). Its anti-inflammatory effects were found to be mediated via the inhibition of nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) activation and regulation of the expression of pro-inflammatory cytokines such as IL-6 and IL-1β (Kim et al., 2021).

The present study continues the examination of phytochemicals found in W. uniflora by exploring the antimicrobial compounds from the methanolic extract of W. uniflora leaves in the combination with liquid chromatography/mass spectrometry (LC/MS)-based analysis. The phytochemical investigation led to the isolation and identification of four flavonoid-type analogs (1–4). Further investigation of MRSA revealed that compounds 1–4 effectively inhibited biofilm formation independent of agrA induction, and compounds 2 and 4 showed a strong synergistic effect with methicillin. In our fluorescence microscopy and metabolite analysis, we found that treatment with compounds 2 or 4 led to metabolic remodeling resulting in a septal defect and abnormal cell size that contributed to reduced biofilm formation in MRSA. Herein, we describe the isolation and structural characterization of compounds 1–4 as well as their antimicrobial potency against methicillin-resistant S. aureus.



MATERIALS AND METHODS


General Experimental Procedures

Optical rotations were measured using a Jasco P-2000 polarimeter (Jasco, Easton, MD, United States). Electronic circular dichroism (ECD) spectra were measured using a Jasco J-1500 spectropolarimeter (Jasco). Ultraviolet (UV) spectra were acquired on an Agilent 8453 UV-visible spectrophotometer (Agilent Technologies, Santa Clara, CA, United States). NMR spectra were recorded using a Bruker AVANCE III HD 850 NMR spectrometer with a 5 mm TCI CryoProbe, operated at 850 MHz (1H) and 212.5 MHz (13C). Preparative HPLC was performed using a Waters 1525 Binary HPLC pump with a Waters 996 photodiode array detector (Waters Corporation, Milford, MA, United States) and an Agilent Eclipse C18 column (250 × 21.2 mm, 5 μm; flow rate: 5 mL/min; Agilent Technologies). Semi-preparative HPLC was performed on a Shimadzu Prominence HPLC System with SPD-20A/20AV Series Prominence HPLC UV-Vis detector (Shimadzu, Tokyo, Japan) and a Phenomenex Luna C18 column (250 × 10 mm, 5 μm; flow rate: 2 mL/min; Phenomenex, Torrance, CA, United States). LC/MS analysis was performed on an Agilent 1200 Series HPLC system equipped with a diode array detector and 6130 Series ESI mass spectrometer, and an analytical Kinetex C18 100 Å column (100 × 2.1 mm, 5 μm; flow rate: 0.3 mL/min; Phenomenex). Silica gel 60 (230–400 mesh; Merck, Darmstadt, Germany) and RP-C18 silica gel (Merck, 230–400 mesh) were used for column chromatography. Sephadex LH-20 (Pharmacia, Uppsala, Sweden) was used as the packing material for molecular sieve column chromatography. Thin-layer chromatography was performed using precoated silica gel F254 plates and RP-C18 F254s plates (Merck), and spots were detected under UV light or by heating after spraying with anisaldehyde-sulfuric acid.



Plant Material

W. uniflora leaves were collected from the valleys of Ain Jarziz, approximately 17–18 km east of Salalah, Dhofar (Oman), during June–August 2017. The leaves were dried at room temperature, macerated into a fine powder, and stored at room temperature. The plant was classified by Alan Radcliffe-Smith (Royal Botanic Gardens, Kew, England) (Miller and Morris, 1988). A voucher specimen of the material (W-2017) has been deposited at the Biology Department, Sultan Qaboos University, Sultanate of Oman.



Extraction and Isolation

Finely ground W. uniflora leaves (100 g) were extracted with 90% MeOH (500 mL) and stirred at room temperature for 12 h. The extracts were collected, filtered through Whatman filter paper No. 1, and the filtrates were concentrated under vacuum using a rotary evaporator. The resultant crude extract (9.4 g) was suspended in distilled water (700 mL) and subjected to solvent partitioning with EtOAc and n-BuOH, yielding the EtOAc-soluble (7.1 g) and n-BuOH-soluble (0.7 g) fractions. Both fractions were analyzed by LC/MS using a comparison with our in-house UV library, confirming that the EtOAc-soluble fraction had major peaks with characteristic UV patterns of flavonoids and relatively high molecular ion signals at m/z 600–750. The EtOAc-soluble fraction (7.0 g) was further fractionated using a Diaion HP-20 column using a gradient solvent system of MeOH (100% H2O-50% MeOH-100% MeOH) to obtain three fractions, W1 (1.8 g) from 100% H2O elution, W2 (2.2 g) from 50% MeOH elution, and W3 (3.1 g) from 100% MeOH elution. LC/MS analysis of the three fractions (W1–W3) showed that the major peaks detected in the EtOAc-soluble fraction were mainly present in the W2 and W3 fractions. The W2 fraction (2.2 g) was further subjected to Sephadex LH-20 column chromatography with 100% MeOH elution to obtain four subfractions (W21–W24). Based on the monitoring by LC/MS-based analysis of the subfractions, the W23 subfraction (840 mg) was separated by preparative reversed-phase HPLC with MeOH/H2O (20–80% gradient system) to produce six subfractions (W231–W236), and compound 1 (tR 25.1 min, 20.7 mg) was isolated from the W232 subfraction (121 mg) by semi-preparative HPLC with an isocratic system of 23% MeOH/H2O. In addition, the W3 fraction (3.1 g) was subjected to Sephadex LH-20 column chromatography using 100% MeOH to obtain four subfractions (W31–W34). The W33 subfraction (280 mg) was further fractionated by preparative reversed-phase HPLC with MeOH/H2O (10–80% gradient system) to obtain six subfractions (W331–W336). The W335 subfraction (84 mg) was purified by semi-preparative HPLC with an isocratic system of 50% MeOH/H2O to yield compounds 2 (tR 32.5 min, 2.5 mg) and 4 (tR 13.0 min, 1.2 mg). Finally, the W336 subfraction (35 mg) was separated by semi-preparative HPLC with an isocratic system of 70% MeOH/H2O to yield compound 3 (tR 25.0 min, 1.3 mg).



Bacterial Strains and Growth Conditions

The MRSA strain S. aureus USA300 (TCH1516) was used in this study. S. aureus strains were maintained aerobically in tryptic soy broth (TSB, BD) or TSB 1.5% agar at 30°C with shaking at 250 rpm. Methicillin was purchased from Thermo Scientific and used as denoted. Mueller Hinton Broth (MHB, BD) was used for antibiotic susceptibility testing.



S. aureus Biofilm Formation Assay

The biofilm assay was performed as described (Bauer et al., 2013). Briefly, S. aureus (strain USA300) was grown in flat-bottomed 96-well polystyrene tissue culture-treated microtiter plates (Thermo) in 2 mL of TSB overnight (16–18 h) at 37°C. Then, the bacterial culture was inoculated in 200 μL/well TSB supplemented with 1% glucose to induce biofilm observed at OD600 = 0.01 in a 96-well plate. Compounds were added to the assay plate at concentrations of 5, 20, and 50 μg/mL in triplicate. An equal amount of DMSO was added to untreated cells. The assay plates were then incubated at 37°C for 24 h without shaking. After 24h incubation, the plates were washed twice with 1X phosphate-buffered saline (PBS) to remove non-adherent bacteria and fixed with 99% (v/v) methanol for 15 min at RT. The plates were dried and stained with 2% crystal violet (Sigma-Aldrich) for 15 min at room temperature (RT) (Merritt et al., 2005). After removing residual CV from each well by washing with PBS, the biofilm stained with CV was recovered in 95% (v/v) ethanol for 30 min at RT. The stained CV eluted from the cells was measured at 570 nm using a microplate reader (BioTek, Synergy HTX).



Quantification of agrA Expression

Bacterial cultures were inoculated into 2 mL of TSB containing 5 μg/mL to an OD of 0.01. After incubation for 24 h at 30°C, total RNA was extracted from each strain using the RNeasy Protect Bacteria Mini Kit (QIAGEN). cDNA was synthesized from the isolated RNA using RNA to cDNA EcoDry Premix (Takara). We designed the sequences of the primers as follows: agrA, sense primer; CCTCGCAACTGATAATCCTTATG, antisense primer; ACGAATTTCACTGCCTAATTTGA, gadph: sense primer, TGCAAGGTCGTTTCACAGGT, antisense primer; GGGATGATGTTTTCTGCCGC. Cycling conditions were as follows: 95°C for 15 s, 40 cycles of 95°C for 15 s, 55°C for 30 s, and 72°C for 30 s; followed by melting curve analysis at 95°C for 15 s, 60°C for 1 min, and 95°C for 15 s.



Checkerboard Assay

A checkerboard assay was performed in a 96-well plate to examine the antibacterial synergy effect of methicillin (Thermo) and the identified compounds as described (Rajagopal et al., 2016). An overnight culture to an OD600 of 0.1 in TSB was reinoculated at 30°C to reach an OD of 1.0 for the assay. Following a twofold serial dilution of antibiotics and compounds in 150 μL of MHB media, the culture was inoculated to an OD600 of 0.002. After incubation at 30°C for 16 h with shaking, bacterial growth was measured at OD600 (BioTek Synergy HTX).



Fluorescence Microscopy

To examine the potential effects of the identified compounds on the bacterial cell envelope (the bacterial cell wall and membrane), fluorescence microscopy was used. USA300/pLow-ftsZ-GFP was incubated overnight in TSB supplemented with 5 μg/mL erythromycin (Liew et al., 2011). The culture was diluted at an OD of 0.05 and when OD = 0.5, bacterial cells were treated with 5 or 20 μg/mL compound and incubated at 37°C for 1 h. After the cell membrane was stained using FM™ 4-64 Dye (Invitrogen) for 10 min, the cells were pelleted, washed twice in PBS, and mounted on microscope slides with agarose pads. The cells were imaged using a microscope system (Leica DM6 FS) and analyzed using LAS X software (Leica).



Metabolite Extraction and Liquid Chromatography-Time-of-Flight Mass Spectrometry

Metabolite extraction and analysis were performed as previously described (Eoh and Rhee, 2014). USA300 OD600 was incubated with the compounds at 30°C for 1 h. Then, USA300 was metabolically quenched by a mixture of methanol/acetonitrile/H2O (40:40:20), and metabolites were extracted by mechanical lysis with 0.09–0.15 mm glass beads using a tissue homogenizer (Precellys, Bertin Technologies). Lysates were filtered across a 0.2-μm microcentrifuge filter, and total protein was determined using a BCA Protein Assay kit (Thermo Scientific). Extracted metabolites were separated using a 3 × 150 mm, 2.7 μm Poroshell 120 HILIC column (Agilent Technologies). The mobile phase consisted of solvent A (ddH2O with 0.2% formic acid) and solvent B (acetonitrile with 0.2% formic acid). The gradient used was as follows: 0–2 min, 85% B; 3–5 min, 80% B; 6–7 min, 75%; 8–9 min, 70% B; 10–11.1 min, 50% B; 11.1–14 min 20% B; 14.1–24 min 5% B followed by a 10 min re-equilibration period at 85% B at a flow rate of 0.4 mL/min. An Agilent Mass 6230 time-of-flight (TOF) coupled to an Agilent 1,290 liquid chromatography (LC) system was used to identify metabolites. The detected ions were considered metabolites based on mass-retention time identifiers for masses showing the expected distribution of accompanying isotopomers. Metabolites were identified using the Agilent MassHunter Profinder software with a mass tolerance of ± 0.005 Da.



Cell Cytotoxicity Assay

Cell cytotoxic effects of compounds 2 and 4 were measured using CytoTox-Glo™ assay (Promega, Madison, WI, United States) (Kesanakurti et al., 2012). Briefly, A549 cells were seeded in a white bottom 96-well plates at a density of 5 × 104 cells per well. After overnight incubation, cells were treated with a series of compound concentrations (0–20 μg/mL diluted by two-fold) for 16 h, followed by the treatment with a substrate that luminesces upon reaction with intracellular organelle but cannot cross the intact membrane of live cells. The fluorescence intensity was measured using a Synergy HTX multi-mode plate reader (BioTek).




RESULTS AND DISCUSSION


Isolation and Identification of Compounds 1–4 From W. uniflora

Omani W. uniflora leaves were extracted with 90% aqueous MeOH to obtain the crude methanol extract after rotary evaporation. The crude extract was sequentially subjected to solvent partitioning using two organic solvents, EtOAc and n-BuOH, to yield each solvent fraction (Figure 1). LC/MS-based analysis of the solvent-partitioned fractions obtained in combination with our in-house UV library revealed that the EtOAc-soluble fraction had major peaks with characteristic features for interesting flavonoids. The intensive phytochemical investigation of the EtOAc-soluble fraction using successive column chromatography as well as preparative and semi-preparative HPLC purification monitored by LC/MS analysis led to the isolation of four flavonoid-type analogs (1–4) (Figure 1). The structures of compounds 1–4 (Figure 2) were determined to be procyanidin B3-3-O-gallate (1) (Saito et al., 2004), rhamnetin 3-O-(6″-galloyl)-β-D-glucopyranoside (2) (Yu et al., 2020b), rhamnetin 3-O-α-L-rhamnopyranoside (3) (Chung et al., 2004), and quercetin 3-O-(6″-galloyl)-β-D-glucopyranoside (4) (Kadota et al., 1990) by comparing their NMR spectral (Supplementary Figures 1–4) with ECD data with those previously reported in the literature, and the data from LC/MS analysis (Supplementary Figures 5–8).
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FIGURE 1. Separation scheme of compounds 1–4.
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FIGURE 2. Chemical structures of compounds 1–4.




Compounds Synergize With Methicillin Against Methicillin-Resistant Staphylococcus aureus by Inhibiting Its Biofilm Formation

Biofilm formation in S. aureus is an important remodeling of the bacterial cell envelope that contributes to the development of resistance against cell-wall targeting antibiotics including β-lactams (Schilcher and Horswill, 2020). The isolated compounds 1–4 were tested by treating bacterial cultures to determine their activity against biofilm formation by S. aureus USA300. As shown in Figure 3A, all compounds strongly inhibited biofilm formation in a dose-dependent manner (5–50 μg/mL). This result led us to test whether these compounds repress the agrA gene, a known central regulator of the biofilm formation pathway in S. aureus (Koenig et al., 2004). However, no significant reduction in the expression of agrA was found upon treatment with compounds in either shorter (1 h) or longer treatment (4 h), suggesting that the compounds inhibited the biofilm of S. aureus USA300 in the agrA-independent pathway (Supplementary Figure 9). Furthermore, as shown in Figure 3B, the antimicrobial effects of compounds 1–3 alone appeared to be marginal, although growth inhibition at their higher concentrations was observed. Our growth profiling experiment also demonstrated no significant reduction in specific growth rate of S. aureus USA300 at low concentrations of compounds 2 and 4, while the specific growth rate was significantly reduced at higher concentrations (> 5 mg/mL) (Supplementary Figure 10).
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FIGURE 3. Compounds kill USA300 by resensitizing bacterial cells to methicillin. (A) Biofilm formation assays were performed at 0 (white bar), 5 (light gray), 20 (dark gray), and 50 (black) μg/mL of compounds 1–4. Statistically significant differences were defined as *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; and ****P ≤ 0.0001. (B) Survival of USA300 were measured under compound treatments. Compounds and methicillin combination treatment shows synergistic activity against USA300 (C,D). Heatmap plots were generated from checkerboard assay for combination treatment of methicillin and compounds 2 and 4.


This result suggested that our compounds might act by repressing other pathways related to biofilm formation in S. aureus. Since compounds 1–4 inhibited biofilm formation in S. aureus USA300, the potential synergistic effect with methicillin was examined using a checkerboard assay in which both methicillin and each compound were co-treated at serially diluted concentrations in combinations. Based on structural priority, compounds 2, 3, and 4 were selected for further analysis. As shown in Figures 3C,D, compounds 2 and 4 showed a strong synergetic effect while compound 3 showed only a marginal effect in the presence of methicillin (Supplementary Figure 11A). As shown in Supplementary Figures 11B,C, when compounds 2 and 4 were tested on another MRSA strain, MW2, again only compound 4 demonstrated synergistic effect with methicillin. Furthermore, when we tested compounds 2 and 4 against HG003, a methicillin sensitive S. aureus (MSSA) strain, none of the compounds showed synergistic effect (Supplementary Figures 11D,E). We thought that such differential response to the compounds results from unique MRSA cell envelope properties. Therefore, these results suggest that targeting MRSA-specific biofilm formation pathway can be an effective antibiotic resensitizing strategy against MRSA (Davies, 2003).



Compounds 2 and 4 Lead to Abnormal Cell Morphology in S. aureus USA300

To test the terminal phenotypes of S. aureus USA300 in the presence of the compounds, bacterial division septa were analyzed by monitoring ectopically expressed GFP-tagged FtsZ protein that builds the septal ring in bacterial cells. To exclude the possible effects of methicillin on the cell envelope and division septa of S. aureus USA300, we treated the cells with the compounds alone. As shown in Figure 4, upon treatment with compounds 2 and 4, signals from FtsZ-GFP were diffused and quenched significantly, indicating that the cells were not actively forming the Z-ring, unlike the untreated control, while compound 3 had only a minimal effect on the formation of division septa (Figure 4A). This result suggested that compounds 2 and 4 actively inhibited bacterial division although this mechanism of action repressed only or primarily biofilm formation because we found only negligible growth inhibition under these compounds alone (Figure 3B). We also performed cell size analysis by staining the cell membrane of S. aureus USA300. As shown in Figure 4A, the size of bacterial cells was found to be reduced upon treatment with compounds 2 or 4 (Figures 4B,C). In addition, we observed significant signal quenching from membrane staining. These results suggested that compounds 2 and 4 could generate abnormalities in the cellular metabolism of S. aureus USA300, causing a reduction in biofilm formation. These metabolisms might not be directly related to the agrA pathways but may involve other carbon metabolisms including central carbon and amino acid metabolism that provide precursors for biofilm biosynthesis in S. aureus USA300 (Davies, 2003; Verderosa et al., 2019).
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FIGURE 4. Compounds 2 and 4 inhibit the bacterial septal formation. (A) USA300/pLow-ftsZ-GFP were treated with 20 μg/mL of compounds and incubated at 37°C for 1 h. The cell membrane was stained using FM™ 4-64 Dye for 10 min. (B,C) Quantitative analysis of the cell size was performed at 5 μg/mL (B) and 20 μg/mL (C). Scale bar = 2 μm. Microscopy images are representative of at least three experiments. Statistically significant differences were defined as *P ≤ 0.05; **P ≤ 0.01; and ****P ≤ 0.0001.




Compounds 2 and 4 Affect Metabolic Remodeling in S. aureus USA300

Next, we hypothesized that the formation of abnormal cells in S. aureus USA300 due to compounds 2 and 4 could be caused by changes in central carbon and amino acid metabolisms. To test this possibility, we chose key metabolic nodes in glycolysis and amino acid biosynthesis and performed intracellular metabolite analysis in S. aureus USA300 cells in the presence of either 2 or 4. As shown in Figure 5, the levels of hexose-phosphate and pyruvate were significantly reduced upon treatment with the compounds, while we found that the level of T3P was changed only marginally. The reduction of these two key metabolites in glycolysis can lead to lower production of energy, causing slower growth and formation of smaller cells. Importantly, the reduction in hexose-phosphate can result in lower flow in the production of glycolipids, thereby inhibiting biofilm formation in S. aureus because hexose precursors of glycolipids are essential constituents of biofilms in bacterial cells (Schilcher and Horswill, 2020). Among the amino acids analyzed, we found that the level of glutamine was significantly reduced in the presence of either 2 or 4. In S. aureus, glutamine is primarily synthesized by glutamine synthetase; therefore, this enzyme has been implicated as a target of anti-biofilm activity (Cui et al., 2019; Sachla and Helmann, 2021). However, we found that other amino acids such as leucine, alanine, threonine, and aspartate remained unchanged. To further test whether glutamine antagonizes the effects of compounds 2 and 4, we treated S. aureus USA300 culture with the compounds in the presence of glutamine; and interestingly we found that supplementation with glutamine significantly antagonized the effects of compounds 2 and 4 (Figures 5B,C), which validated our metabolite analysis results. These results of metabolite analysis suggest that our compounds might not work through agrA signaling (Supplementary Figure 9) but rather modulate carbon or glutamine/glutamate metabolism, leading to reduction of precursors of biofilm formation. Furthermore, this metabolic remodeling of amino acid metabolism can result in an imbalance in the pathways for precursors required for the stem peptide found in the peptidoglycan of bacterial cells, an observation consistent with our microscopic analysis (Figure 4).
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FIGURE 5. Compounds lead to metabolic remodeling in USA 300. (A) USA300 were treated with 5 μg/mL of compound 2 or 4 for 1 h. Fold change is expressed relative to the untreated culture with three biological replicates (n = 3) ± standard deviation. Statistically significant differences were defined as *P ≤ 0.05 and **P ≤ 0.01. Open bar represents untreated group, while gray and black bars represent groups treated with compounds 2 and 4, respectively. (B,C) Glutamine antagonizes the anti-biofilm activity of compounds 2 and 4. Quantification of relative biofilm formation of S. aureus USA300 was performed in the presence of 1 mg/mL glutamine and compound 2 (B) or 4 (C).Hexose-P, glucose-6-phosphate and its isomers; T3P, triose 3-phosphates (dihydroxyacetone phosphate and glyceraldehyde phosphate); pyr, pyruvate.





CONCLUSION

In conclusion, phytochemical analysis of bioactive natural products found in the methanolic extract of W. uniflora leaves led to the isolation and identification of four flavonoid-type analogs procyanidin B3-3-O-gallate (1), rhamnetin 3-O-(6″-galloyl)-β-D-glucopyranoside (2), rhamnetin 3-O-α-L-rhamnopyranoside (3), and quercetin 3-O-(6″-galloyl)-β-D-glucopyranoside (4). We found that treatment of S. aureus (strain USA300) with compounds 2 or 4 resulted in a significant reduction in the MRSA biofilm formation. Although these compounds alone have only marginal antibacterial potency, they have shown a strong synergistic potency with methicillin against S. aureus. Our metabolite analysis and microscopy suggest that this synergistic effect can be achieved by metabolic remodeling in glycolysis and glutamine synthesis that causes an imbalance in the flow of precursors for biosynthesis of both bacterial cell envelopes and biofilm. Our results underscore those of many previous studies that showed an interplay between biofilm formation and antibiotic resistance, and that biofilm formation in bacterial cells can be an outstanding drug target. Lastly, we note that compounds 2 and 4 showed no significant cytotoxicity (Supplementary Figure 12), therefore, natural product compounds identified in our study are potent against biofilm formation and offer an alternative therapeutic approach by synergizing with clinically used antibiotics to re-sensitize important drug-resistant pathogenic bacteria, including MRSA, to antibiotics.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author/s.



AUTHOR CONTRIBUTIONS

WL and KK conceived the project. JY, J-HK, LR, and IK performed the experiments. LR contributed to providing resources. JY, WL, and KK wrote the manuscript with help from the other authors. All authors contributed to the article and approved the submitted version.



FUNDING

This work was supported by a grant from the National Research Foundation of Korea (NRF), funded by the Korean government (MSIT) (grant nos. 2019R1A5A2027340 and 2021R1A2C2007937 to KK, NRF-2020M3A9H5104234 and NRF-2020R1C1C1014695 to WL).



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2021.784504/full#supplementary-material



REFERENCES

Bauer, J., Siala, W., Tulkens, P. M., and Bambeke, F. V. (2013). A Combined Pharmacodynamic Quantitative and Qualitative Model Reveals the Potent Activity of Daptomycin and Delafloxacin against Staphylococcus aureus Biofilms. Antimicrob. Agents. Chemother. 57, 2726–2737. doi: 10.1128/AAC.00181-13

Chung, S. K., Kim, Y. C., Takaya, Y., Terashima, K., and Niwa, M. (2004). Novel flavonol glycoside, 7-O-methyl mearnsitrin, from Sageretia theezans and its antioxidant effect. J. Agric. Food Chem. 52, 4664–4668. doi: 10.1021/jf049526j

Cui, W. Q., Qu, Q. W., Wang, J. P., Bai, J. W., Bello-Onaghise, G., Li, Y. A., et al. (2019). Discovery of Potential Anti-infective Therapy Targeting Glutamine Synthetase in Staphylococcus xylosus. Front. Chem. 7:381. doi: 10.3389/fchem.2019.00381

Das, P. K., Goswami, S., Chinniah, A., Panda, N., Banerjee, S., Sahu, N. P., et al. (2007). Woodfordia fruticosa: Traditional uses and recent findings. J. Ethnopharmacol. 110, 189–199. doi: 10.1016/j.jep.2006.12.029

Davies, D. (2003). Understanding biofilm resistance to antibacterial agents. Nat. Rev. Drug Discov. 2, 114–122. doi: 10.1038/nrd1008

Dhar, M. L., Dhar, M. M., Dhawan, B. N., Mehrotra, B. N., and Ray, C. (1968). Screening of Indian plants for biological activity: Part I. Indian J. Exp. Biol. 6, 232–247.

Eoh, H., and Rhee, K. Y. (2014). Methylcitrate cycle defines the bactericidal essentiality of isocitrate lyase for survival of Mycobacterium tuberculosis on fatty acids. Proc. Natl. Acad. Sci. U.S.A. 111, 4976–4981. doi: 10.1073/pnas.1400390111

Graham, S. A. (1995). Systematics of Woodfordia (Lythraceae). Syst. Bot. 20, 482–502. doi: 10.2307/2419805

Ha, J. W., Kim, J., Kim, H., Jang, W., and Kim, K. H. (2020). Mushrooms: An Important Source of Natural Bioactive Compounds. Nat. Prod. Sci. 26, 118–131.

Kadota, S., Takamori, Y., Nyein, K. N., Kukuchi, T., Tanak, K., and Ekimoto, H. (1990). Constituents of the leaves of Woodfordia fruticosa KURZ. I: Isolation, structure, and proton and carbon-13 nuclear magnetic resonance signal assignments of Woodfruticosin (Woodfordin C), an inhibitor of deoxyribonucleic acid topoisomerase II. Chem. Pharm. Bull. 38, 2687–2697. doi: 10.1248/cpb.38.2687

Kaur, R., and Kaur, H. (2010). The Antimicrobial activity of essential oil and plant extracts of Woodfordia fruticosa. Arch. Appl. Sci. Res. 2, 302–309.

Kesanakurti, D., Chetty, C., Rajasekhar Maddirela, D., Gujrati, M., and Rao, J. S. (2012). Functional cooperativity by direct interaction between PAK4 and MMP-2 in the regulation of anoikis resistance, migration and invasion in glioma. Cell Death Dis. 3:e445. doi: 10.1038/cddis.2012.182

Kim, E. J., Seo, J. B., Yu, J. S., Lee, S., Lim, J. S., Choi, J. U., et al. (2021). Anti-Inflammatory Effects of a Polyphenol, Catechin-7, 4′-O-Digallate, from Woodfordia uniflora by Regulating NF-κB Signaling Pathway in Mouse Macrophages. Pharmaceutics 13:408. doi: 10.3390/pharmaceutics13030408

Koenig, R. L., Ray, J. L., Maleki, S. J., Smeltzer, M. S., and Hurlburt, B. K. (2004). Staphylococcus aureus AgrA binding to the RNAIII-agr regulatory region. J. Bacteriol. Res. 186, 7549–7555. doi: 10.1128/JB.186.22.7549-7555.2004

Kroes, B. H., Van den Berg, A. J. J., Abeysekera, A. M., De Silva, K. T. D., and Labadie, R. P. (1993). Fermentation in traditional medicine: the impact of Woodfordia fruticosa flowers on the immunomodulatory activity, and the alcohol and sugar contents of Nimba arishta. J. Ethnopharmacol. 40, 117–125. doi: 10.1016/0378-8741(93)90056-b

Lee, S., Ryoo, R., Choi, J. H., Kim, J. H., Kim, S. H., and Kim, K. H. (2020). Trichothecene and tremulane sesquiterpenes from a hallucinogenic mushroom Gymnopilus junonius and their cytotoxicity. Arch. Pharm. Res. 43, 214–223. doi: 10.1007/s12272-020-01213-6

Lee, S. R., Kang, H. S., Yoo, M. J., Yi, S. A., Beemelmanns, C., Lee, J. C., et al. (2020). Anti-adipogenic Pregnane Steroid from a Hydractinia-associated Fungus, Cladosporium sphaerospermum SW67. Nat. Prod. Sci. 26, 230–235.

Liew, A. T., Theis, T., Jensen, S. O., Garcia-Lara, J., Foster, S. J., Firth, N., et al. (2011). A simple plasmid-based system that allows rapid generation of tightly controlled gene expression in Staphylococcus aureus. Microbiology 157, 666–676. doi: 10.1099/mic.0.045146-0

Merritt, J. H., Kadouri, D. E., and O’Toole, G. A. (2005). Growing and analyzing static bioflms. Curr. Protoc. Microbiol. 1:2005.

Miller, A. G., and Morris, M. (1988). Plants of Dhofar, the Southern Region of Oman: Traditional, Economic, and Medicinal uses. Oman: Diwan of Royal Court.

Nitha, A., Ansil, P. N., Prabha, S. P., Wills, P. J., and Latha, M. S. (2012). Preventive and curative effect of Woodfordia fruticosa Kurz flowers on thioacetamide induced oxidative stress in rats. Asian Pac. J. Trop. Biomed. 2, S757–S764.

Rajagopal, M., Martin, M. J., Santiago, M., Lee, W., Kos, V. N., Meredith, T., et al. (2016). Multidrug Intrinsic Resistance Factors in Staphylococcus aureus Identified by Profiling Fitness within High-Diversity Transposon Libraries. mBio 7, e950–e916. doi: 10.1128/mBio.00950-16

Sachla, A. J., and Helmann, J. D. (2021). Resource sharing between central metabolism and cell envelope synthesis. Curr. Opin. Microbiol. 60, 34–43. doi: 10.1016/j.mib.2021.01.015

Saito, A., Emoto, M., Tanaka, A., Doi, Y., Shoji, K., Mizushina, Y., et al. (2004). Stereoselective synthesis of procyanidin B3-3-O-gallate and 3, 3 ″-di-O-gallate, and their abilities as antioxidant and DNA polymerase inhibitor. Tetrahedron 60, 12043–12049. doi: 10.1016/j.tet.2004.10.048

Schilcher, K., and Horswill, A. R. (2020). Staphylococcal biofilm development: structure, regulation, and treatment strategies. Microbiol. Mol. Biol. Rev. 84, e26–e19.

Spagnolo, A. M., Orlando, P., Panatto, D., Amicizia, D., Perdelli, F., and Cristina, M. L. (2014). Staphylococcus aureus with reduced susceptibility to vancomycin in healthcare settings. J. Prev. Med. Hyg. 55, 137–144.

Stefani, S., Campanile, F., Santagati, M., Mezzatesta, M. L., Cafiso, V., and Pacini, G. (2015). Insights and clinical perspectives of daptomycin resistance in Staphylococcus aureus: a review of the available evidence. Int. J. Antimicrob. Agents 46, 278–289. doi: 10.1016/j.ijantimicag.2015.05.008

Verderosa, A. D., Totsika, M., and Fairfull-Smith, K. E. (2019). Bacterial Biofilm Eradication Agents: A Current Review. Front. Chem. 7:824. doi: 10.3389/fchem.2019.00824

World Health Organization (2017). Prioritization of Pathogens to Guide Discovery, Research and Development of New Antibiotics for Drug-Resistant Bacterial Infections, Including Tuberculosis (No. WHO/EMP/IAU/2017.12). Geneva: World Health Organization.

Yu, J. S., Li, C., Kwon, M., Oh, T., Lee, T. H., Kim, D. H., et al. (2020a). Herqueilenone a, a unique rearranged benzoquinone-chromanone from the Hawaiian volcanic soil-associated fungal strain Penicillium herquei FT729. Bioorg. Chem. 105:104397. doi: 10.1016/j.bioorg.2020.104397

Yu, J. S., Park, M., Pang, C., Rashan, L., Jung, W. H., and Kim, K. H. (2020b). Antifungal phenols from Woodfordia uniflora collected in Oman. J. Nat. Prod. 83, 2261–2268. doi: 10.1021/acs.jnatprod.0c00395


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Yu, Kim, Rashan, Kim, Lee and Kim. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Potential Antimicrobial Activity of Galloyl-Flavonoid Glycosides From Woodfordia uniflora Against Methicillin-Resistant Staphylococcus aureus



		INTRODUCTION



		MATERIALS AND METHODS



		General Experimental Procedures



		Plant Material



		Extraction and Isolation



		Bacterial Strains and Growth Conditions



		S. aureus Biofilm Formation Assay



		Quantification of agrA Expression



		Checkerboard Assay



		Fluorescence Microscopy



		Metabolite Extraction and Liquid Chromatography-Time-of-Flight Mass Spectrometry



		Cell Cytotoxicity Assay







		RESULTS AND DISCUSSION



		Isolation and Identification of Compounds 1–4 From W. uniflora



		Compounds Synergize With Methicillin Against Methicillin-Resistant Staphylococcus aureus by Inhibiting Its Biofilm Formation



		Compounds 2 and 4 Lead to Abnormal Cell Morphology in S. aureus USA300



		Compounds 2 and 4 Affect Metabolic Remodeling in S. aureus USA300







		CONCLUSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		SUPPLEMENTARY MATERIAL



		References

















OPS/images/fmicb-12-784504-g003.jpg
compd 2 (Lg/mL) ©

relative biofilm formation(%)

—
o
o

U
o
llllllllllllllllllll

ns * * I*** *

o

5.00-
2.50+
1.25=

o

)

W
1

0.31=

0.08-
0.00-

Q
\QQ. ODQ. rﬁ:. ’\{L. @. (b. )\. Q. Q. Q’ Q. Q’

methicillin (ng/mL)

L
|
4

100
80
60
40

{20

% Survival

100

survival(%)

conc. (ug/mL)

5.00+
2.50-
1.25—
0.63-
0.31-
Q. 0.164
0.08+
0.00-

ug/mL) ©

v

d 4

com

| I

\QQ- 6DQ. (ﬁ). \(‘l/. b. (b. \. Q. Q. Q.

methicillin (ug/mL)

Q N
N
Q- Q'Q

100

80

60

40

1 20

methicillin

% Survival





OPS/images/cover.jpg
, frontiers
in Microbiology

Potential Antimicrobial Activity
of Galloyl-Flavonoid Glycosides
From Woodfordia uniflora
Against Methicillin-Resistant
Staphylococcus aureus





OPS/images/fmicb-12-784504-g002.jpg
HO

///,’

OH

..nIIIO

OH

OH

OH

OH

OH





OPS/images/fmicb-12-784504-g001.jpg
Woodfordia uniflora
90% MeOH extract

EtOAC

n-BuOH

EtOACc fr.
n-BuOH fr.

Residue
Column chromatography

(Diaion HP-20)

v ¢ ¢

Fractions ( W1 W2 W3 )
Column chromatography Column chromatography
(Sephadex LH-20) (Sephadex LH-20)
Y Y
Sub-fractions ( W21---W23-W24  W31-—----W33-W34 )
Prep. HPLC ¢ ¢ Prep. HPLC
Sub-fractions ( W231-W232-----W236 W331 W335--\W336 )
Semi-prep. HPLC : Semi-prep. HPLC : : Semi-prep. HPLC
Y Y Y
Pure compounds (1) (2) (3)

£C









OPS/images/fmicb-12-784504-g005.jpg
i

I

-
untr 5 20
Conc. (ug/mL)
T
untr 5 20
Conc. (ng/mL)

g 8 &8 ° g g8 8 °
m (94) uonewlo} WLoIq SAIE|S. ¢» (%) uonewioj wiyolq anne|al
~ — —
> —
’ *7.“_. = w*fns_. =
> - - Qo L= -
N - I T T I I I
" < " S w0 = 0 S
abueys p|o} abueys p|o}
3 0.
W Q 0
o 7 -
= = = .
o -
O
.|I. 1= rl.
5 +|
W L [ 1 - % { y -
0 < n U ..nm |
8P - = _I R - - * _I —f— -
= [s)
| | | | 1 |
's) o 7] o w0 o ) o
- - = P - - o =
apueyo p|o} abueyo p|o}
O
D _.‘ — s I
c gl . — - 5 2 7| o -
*
E el -8 L -
I i | (T I T T
Ty o Ty) =) e} <) Ty =)
abueyo p|o} abueyo pjo}
®
— I S = S—
2 §ef
= o —= n o 2 —1 B
O c ) _ ) & _
% - L —= - = — _ B
i ||

i
7o) = n S
- o

1
< sbueyo p|ol abueys p|o}

0.0
15

|
"
.





OPS/images/fmicb-12-784504-g004.jpg
A ‘{'i: 4 ":‘;
*
‘..:ﬁ: -Q‘P:.i Ly o N
L ¢
LR
- ,’.1 .y
* :—'- ""{h‘
i “x
" . ¥ .
+ 3
LR N
A
“r 3
b -4
oy
-~ r
- . Y
.
i 2
* -
% R
. L]
1y .
A e
.
ot
o“
e L
.3
. b dal

o R

ey






OPS/images/logo.jpg
, frontiers
in Microbiology





