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Traditional Chinese medicine (TCM) has been used to treat infectious diseases and

could offer potential drug leads. This study evaluates the in vitro antimicrobial activities

from commercially sourced Dryopteris crassirhizoma Nakai (Polypodiaceae) whose

authenticity was confirmed by DNA barcoding based on the ribulose bisphosphate

carboxylase (rbcL) gene. Powdered rhizomes were sequentially extracted using n-

hexane, dichloromethane, ethyl acetate, and methanol at ambient temperature. The

dried extracts at different concentrationswere tested for antimicrobial activities against

Escherichia coli, Pseudomonas aeruginosa, Staphylococcus aureus, methicillin-

resistant Staphylococcus aureus (MRSA), and Mycobacterium smegmatis. D.

crassirhizoma extracts exhibited significant antimicrobial activities only against

MRSA (minimum inhibitory concentration: 3.125 μg/ml n-hexane extract). Activity-

led fractionations ofD. crassirhizoma and characterization by ultra-performance liquid

chromatography–tandemmass spectrometry (UPLC-MS/MS) targeted a fraction (A3),

with two anti-MRSA phloroglucinol derivatives, flavaspidic acid AB and norflavaspidic

acid AB—being greatly enriched in the latter. The impact of A3 on MRSA cells was

examined using untargeted metabolomic analysis and compared to that of other

established antibiotics (all treatments normalized to MIC50 at 6 h). This suggested that

norflavaspidic acid AB had distinctive effects, one of which involved targeting

bioenergetic transformation, metabolism, and particularly acetyl-CoA, on MRSA

cells. No cytotoxicity was observed for the norflavaspidic acid AB-enriched fraction

againstmurineHepG2cells. This study requires further experimental validation but can

have indicated a naturally available compound that could help counter the threat of

clinically relevant strains with antibiotic resistance.
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Introduction

The diversity within the plant kingdom leads it to being the

source of important bioactive compounds. Likely sources of

bioactives can be suggested from Ayurveda (traditional Indian

medicine) dating from about 1000 BC and traditional Chinese

medicine (TCM) from 1100 BC. The earliest records of the uses

of a natural product are from 2600 BC which describes the use of

oils from Cupressus sempervirens L. (Cupressaceae) (cypress),

Commiphora species (myrrh), Glycyrrhiza glabra L. (Fabaceae)

(liquorice), and Papaver somniferum L. (Papaveraceae) (poppy

juice) to treat cough, colds, parasitic infections, and

inflammation (Cragg and Newman, 2005). Examples of how

such ancient medicines can serve as sources of what, ultimately,

have been marketed as drugs include paclitaxel (Taxol®) from
Taxus brevifolia Nutt. (Taxaceae) for lung, ovarian, and breast

cancer (Kaufman et al., 2010), artemisinin from the traditional

Chinese plant Artemisia annua L. (Asteraceae) to combat

multidrug-resistant malaria (Cragg and Newman, 2005; Paul,

2002), and silymarin extracted from the seeds of Silybum

marianum (L.) Gaertn. (Asteraceae) for the treatment of liver

diseases (Shaker et al., 2010). TCM includes over 7,000 plant

species that have medicinal uses and is attracting global interest

as a source of natural products. However, information regarding

their use is often inaccessible to the wider scientific community,

and there can be difficulties in product quality if obtained from

commercial sources.

In terms of a target for TCM-derived drugs, perhaps helping

to address the challenge of antimicrobial resistance (AMR) is one

of the most pressing problems. The rise of AMR is recognized as

one of the greatest threats to human health with ~1 million

deaths linked to drug-resistant microbes between 2014 and 2016

(O’Neill, 2016). This reflects that after decades marked by the

discovery of antibiotics such as sulphonamides, β-lactams,

aminoglycoside, and trimethoprim, the period after 1980 is

defined as an “antibiotic discovery void” (Silver, 2011). The

major factors underlying the rise of clinically relevant AMR

organisms include the extensive and often unnecessary use of

antimicrobials providing a strong selective pressure, together

with the large and globally connected human population

allowing bacterial spread (Michael et al., 2014). One

dangerous example of AMR bacterial strains is represented by

methicillin-resistant Staphylococcus aureus (MRSA). MRSA is a

major nosocomial pathogen that has emerged from a hospital

setting. At one stage, two strain types, (US 300 and US 400) were

the primary causes of community-acquired MRSA infections in

the United States (McDougal et al., 2003). The MRSA strains are

further differentiated based on two types of community-acquired

MRSA (CA-MRSA) and hospital-acquired MRSA (HA-MRSA).

In general, HA-MRSA strains exhibit high-level resistance to

multiple non-β-lactam antimicrobial agents such as quinolones,

aminoglycosides, and macrolides. In contrast, CA-MRSA strains

are usually susceptible to non-β-lactams but produce various

virulence and colonization factors (Diep & Otto, 2008; Dinges

et al., 2000; Zetola et al., 2005). Currently, treatments for severe

MRSA infections are vancomycin and daptomycin for

bacteremia; vancomycin, daptomycin, or linezolid for

complicated skin and soft-tissue infections; and vancomycin

or linezolid for hospital-associated pneumonia. However, the

overuse of vancomycin in hospitals has resulted in vancomycin-

resistant MRSA. Linezolid is still used intensively as resistance to

it is currently rare (Itani et al., 2010). Daptomycin also remains

effective, but its cost is limiting its use (Bounthavong et al., 2011).

Dryopteris crassirhizoma Nakai (Polypodiaceae), a perennial

herbaceous fern, known as “the king of antivirals,” is widely

distributed in Korea, China, and Japan (Gao et al., 2008). The

roots, known as “Gwanjung” in Korea; “Guan Zhong” in China,

and “Oshida” in Japan, are used in TCM to treat parasitic

infestation, hemorrhage, epidemic flu, cold, and cancer

(Committee, 1999; Yang et al., 2003; Shinozaki et al., 2008).

Powdered and dried rhizomes of various Dryopteris ferns have

been used as remedies for helminthiasis caused by

Diphyllobothrium latum (Murakami and Tanaka, 1988).

Previously reported phytochemical constituents include

triterpene, phloroglucinol, flavonoids, and other phenolic

compounds (Chang et al., 2006; Min et al., 1998; Noro et al.,

1973; Shiojima et al., 1990).

Herein, we screenD. crassirhizoma for antibacterial activities.

The most potent activities were identified as phloroglucinol

derivatives whose mechanism of action was suggested by

metabolomic studies to be linked to a perturbation of

glycolysis in MRSA which appeared to significantly deplete

acetyl coenzyme A (acetyl-CoA).

Results

Bioassay-guided isolation of bioactives
from D. crassirhizoma

Given that the TCM was obtained from commercial sources

as dried leaves, we sought to confirm its identity as D.

crassirhizoma. To authenticate the samples, we employed

DNA barcoding based on the rbcL (ribulose-bisphosphate

carboxylase) gene. The derived sequences (accession number:

MN431197) were identical to D. crassirhizoma voucher

sequences (e.g., KC896537) found on the National Center for

Biotechnology Information (NCBI) GenBank database.

Powdered samples were sequentially extracted using n-

hexane, dichloromethane (DCM), ethyl acetate (EtOAc), and

methanol (MeOH). Minimal inhibitory concentrations (MICs)

of each extract were then screened against a range of clinically

relevant bacterial strains, E. coli (E), P. aeruginosa (P), S. aureus

(S), MRSA, and M. smegmatis (M) (Table 1). The n-hexane

extract ofD. crassirhizoma was active against S (MIC of 3.125 μg/

ml) and against MRSA (MIC of 3.125 μg/ml). The DCM extract
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was active against S (MIC of 25 μg/ml) and against MRSA (MIC

of 50 μg/ml).

Based on the MIC values against MRSA observed from

crude extracts, we focused on the n-hexane extract of D.

crassirhizoma for further purification (Figure 1). After the

first round of purification, assays of the resulting fraction

indicated as HB displayed the highest anti-microbial activity

(MIC of 3.125 μg/ml). Fraction HB was further purified and

assessed, and the fraction of HB5 and HB6 (MIC of 3.125 μg/ml,

respectively) had the highest activity against MRSA. HB5 was

further purified based on its higher quantity and the similarity

of its mass ions (m/z) with HB6 following UHPLC-MS

(Supplementary Figure S1A). Fractions HB5d and HB5e

were chosen to be further purified based on their MICs.

However, the fractions showed to have very similar

biochemical components as detected by UHPLC-MS

(Supplementary Figure S1B) and so were combined and

further fractionated. HB5d/e3 (MIC, 6.25 μg/ml) was the

most active fraction. UHPLC-MS indicated the abundance of

m/z 405.15417 with a minor level of m/z 419.1695 in the

positive ionization mode (Supplementary Figure S2). HB5d/

e5 (MIC, 12.5 μg/ml) also contained onlym/z 405.15417 andm/

z 419.1695, but the intensities were more equal. This implied

that m/z 405.15417 represented the more potent anti-microbial

effect. The fractions underwent several alternative purification

techniques, but it was not possible to separate the two analytes.

Nuclear magnetic resonance (NMR) was attempted with these

fractions, but it was not possible to obtain satisfactory results to

confirm the identity of the analytes.

Thus, the components in HB5d/e3 were characterized and

identified via UHPLC-MS coupled with MS2/MS3

fragmentation based on retention time, accurate mass,

elemental composition, and multiple-stage mass data

(Table 2, Supplementary Figures S3, S4). This suggested that

the two compounds were phloroglucinol derivatives, and when

compared with the literature, these were identified as

norflavaspidic acid AB (m/z 405.15417) and flavaspidic acid

AB (Ren et al., 2016) (Figure 2).

Given the potent anti-microbial activity of the phloroglucinol

derivatives, the cytotoxicity of HB5d/e3 (for simplicity, designed

A3) enriched in norflavaspidic acid AB was assessed in

HepG2 cell cultures. Screening indicated that the fractions did

TABLE 1 Antimicrobial screening of crude D. crassirhizoma, given as minimum inhibitory concentrations [MICs] µg/mL.

Plant
species

Accession
number

Part Solvents E P M S MRSA

D.
crassirhizoma

MN431197 Rhizome n-Hexane >500 >500 500 3.125 3.125

DCM >500 >500 500 25 50

EtOAc >500 >500 >500 >500 >500
MeOH >500 >500 >500 >500 >500

E, Escherichia coli ATCC 25922; P, Pseudomonas aeruginosa ATCC 27853; Mycobacterium smegmatis NCTC 333; S, Staphylococcus aureus ATCC 29213; MRSA, methicillin-resistant

Staphylococcus aureus USA300.

FIGURE 1
Bioassay-guided purified fractions of n-hexane extracts (MIC µg/mL). Note: NA, not active.
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not show any cytotoxic activities CC50 > 100 μM (>40.4 μg/ml).

The selectivity index (SI) (CC50/MIC) of A3 for HepG2 evaluated

in relation to its very potent antibacterial activity against MRSA

was >13, which was favorable for further development.

Untargeted metabolomics suggested the
activities of the phloroglucinol derivatives

To suggest the defining possible mode of action for A3 on

MRSA, a metabolomic approach was employed. We also aimed

to compare A3 effects with established antibiotics with different

known cellular targets, namely, chloramphenicol (CH),

gentamycin (G), levofloxacin (L), nalidixic acid (N),

streptomycin (S), and vancomycin (V). To standardize the

antimicrobial effects of each biochemical, the concentrations

used in each case were sufficient to inhibit MRSA growth by

50% at 6 h (MIC50) (Table 3, Supplementary Figure S5).

Flow-infusion electrospray ionization high-resolution mass

spectrometry (FIE-HRMS) was used to profile extracted

metabolites derived from MRSA treated with A3 or CH, G, L,

N, S, V, and also untreated control MRSA cells at various time

points (Figure 3).

In Figure 3, unsupervised PCA was used to compare

metabolomic variation in MRSA treated with A3 and the

different established antibiotics at discrete time points. To

ease comparison, the established antibiotics were designated

according to their modes of action. Thus, vancomycin was

designated as targeting the cell wall (CW), levofloxacin and

nalidixic acid targeting the DNA structure (DNA), and

chloramphenicol, gentamycin, and streptomycin targeting

RNA within the ribosome (rRNA). Immediately after

treatment, the MRSA metabolomes were identical indicating

that the simple addition of A3/antibiotics had no major

impact on the derived data (Figure 3A). However, within 2 h

of treatment with A3 resulted in a shift in the metabolome so that

it was distinct from the changes in MRSA to established

antibiotics (Figure 3B). It was notable that the metabolomes

of the established antibiotics clustered together and were

TABLE 2 Identification of antimicrobial metabolites from D. crassirhizoma using UHPLC-MS/MS.

Compound name tR, min Observed mass ESI-MSn data (relative intensity %)

Norflavaspidic acid AB 6.64 405.15417 MS2 [405]: 197 (100), MS3 [405→197]: 179 (100), 155 (19), 151(8),113 (7)

Flavaspidic acid AB 6.94 419.16959 MS2 [419]: 223 (9), 211 (61), 197 (100)

MS3 [419→197]: 179 (100), 155 (18), 151 (8), 113 (7)

FIGURE 2
Structures of the bioactive natural products isolated from D. crassirhizoma. (A) Norflavaspidic acid AB and (B) flavaspidic acid.

TABLE 3 Standardization of antibiotic concentrations based on MRSA
growth suppression (50%) at different time points of culture.

Compound MIC50 6h (µg/ml)

A3 (Hb5d/e3) 0.49

L 0.49

S 0.166

V 0.33

CH 1.95

N 7.8125

G 0.49
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therefore similar, irrespective of their different modes of action.

This co-clustering of the MRSA metabolomes when treated with

established antibiotics was also seen at 4 h (Figure 3B) and 6 h

(Figure 3D). This did not reflect the MRSA cells being all dead, as

the concentrations of antibiotics used only suppressed the

bacterial growth by 50% at 6 h. However, this could indicate

that the MRSA metabolomes were reflecting a common stress

response by the bacteria.

Given that experiment was standardized to a 50% reduction

in MRSA growth at 6 h, further analyses were concentrated at

that time point. Partial least squares-discriminant analysis (PLS-

DA) considered the changes in the MRSA metabolomes at 6 h

with A3 compared to all the other (“OTH”) established

antibiotics as they appeared to have similar effects on MRSA

(Figure 4). PLS-DA biplots reiterated the distinctive effects of

A3 on the MRSA metabolome at 6 h (Figure 4A) which did not

arise from overfitting given the high accuracies indicated when

the model was assessed based on LOOCV (leave-one-out cross-

validation) (Figure 4B). The major sources of variation (m/z)

between A3 and the OTH group were identified by ANOVA (p =

0.001) corrected for FDR. They were also assessed based on

variable importance in projection (VIP) scores from the PLS-DA

model (Figure 4C). The ANOVA outputs were used to tentatively

identify the metabolites, using the mummichog algorithm in

MetaboAnalyst 4.0 (Li et al., 2013). Where there was overlap

with the VIPS results, them/zwas labeled with the corresponding

metabolite. This double approach ensured that only the most

important metabolomic changes were targeted. Figure 4C

suggests that treatment with A3 resulted in a loss in acetyl-

CoA, phosphoglyceric acid, and phosphoenolpyruvate (PEP).

This indicated that the levels of glycolysis intermediates—such

as phosphoenolpyruvate (PEP) and 3-phosphoglycerate (3-

FIGURE 3
Principal component analysis (PCA) of antibiotic-treated MRSA metabolomes. PCA score plots (95% confidence interval is shown as paler
colored ellipses) of normalized m/z intensities of metabolites extracted as detected by flow-infusion electrospray high-resolution mass
spectrometry (FIE-HRMS). fromMRSA treatedwith A3 (Hb5d/e3) and compared to control bacteria (CC) and to bacteria treatedwith antibiotics with a
similar mechanism of action, grouped into those with activity on cell wall (vancomycin, CW), on DNA (Levofloxacin and Nalidixic acid) and on
RNA (Chloramphenicol, Gentamycin, and Streptomycin) for both positive and negative mode for time points (A) 0, (B) 2, (C) 4 and (D) 6 h.
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PG)—were greatly decreased in cells treated with A3

(Supplementary Figure S6). This shift in the glycolysis/

gluconeogenesis pathway did not arise from a shift toward the

production of lactate or to the citrate cycle since these were not

targeted as being affected in our assessments. However, the

dramatic loss in acetyl-CoA observed could undoubtedly affect

the production of citrate and therefore the function of the TCA

cycle.

To further investigate this possibility, where possible,

metabolites corresponding to glycolysis/gluconeogenesis were

identified with changes over time, and treatments were compared

using box and whisker plots (Figure 5). In Figure 5, the comparisons

were made between A3-treated and control (CC, untreated MRSA)

samples. These indicated some changes occurring over timelines

that were treated with the established antibiotics, suggesting the

value of our following changes over time. Such progressive changes

were particularly noticeable with acetyl-CoA with increased levels in

CC not being seen in the A3-treated samples. Considering only the

samples obtained at 6 h, significant (p < 0.001) differences between

treatments were seen with glyceraldehyde-3-phosphate,

phosphoenolpyruvate, and acetyl-CoA.

Discussion

The rise of AMR and the discovery void in the derivation of

novel antibiotics has led to a revisiting of traditional medicine as

sources of natural products which could represent drug leads.

China has been using TCM herbs for centuries, and these are now

attracting global interest as a source of natural products.

However, the information regarding their use is often

inaccessible to the wider scientific community. In this

collaborative study, we engaged in a screening of potential

antimicrobial properties and the targeting of antimicrobial

metabolites from D. crassirhizoma.

The precise identification of the natural product obtained is a

very critical step for successful innovative drug discovery. The

complex chemical composition of plants or TCM material and

variations in the source can lead to batch-to-batch inconsistency.

Genomic techniques such as DNA barcoding are established

techniques that rely on sequence diversity in short, standard rbcL

regions (400–800 bp, and internal transcribed spacer for species-

level identification (Ganie et al., 2015). Thus, we have

incorporated a quality assessment based on DNA barcoding.

FIGURE 4
Partial least squared discriminant analysis (PLS-DA) of antibiotic-treated MRSA metabolomes. (A) PLS-DA score plots (95% confidence interval
illustrated show as paler colored ellipses) of normalized m/z intensities of metabolites extracted as detected by flow-infusion electrospray high-
resolution mass spectrometry (FIE-HRMS) from MRSA treated with A3 (Hb5d/e3) and compared to all other (“OTH”) treatments of vancomycin,
levofloxacin, and nalidixic acid and chloramphenicol, gentamycin, and streptomycin for both positive and negative modes for time points. (B)
Validation of the PLS-DAmodel based on leave-one-out cross-validation (LOOCV) showing the high accuracy of the model, R2, the goodness of fit,
and Q2, the goodness of prediction. (C) Variable importance in projection (VIP) scores for the PLS-DA. The relative levels of m/z with A3 or OTH
treatments are indicated. Metabolites involved in glycolysis/gluconeogenesis are highlighted in yellow.
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D. crassirhizoma exhibited particularly potent activity against

MRSA. Sequential bioactivity-guided fractionations lead to the

identification of two phloroglucinol metabolites: norflavaspidic

acid AB and flavaspidic acid AB. The close similarities in their

chemical structures (Figure 2) prevented them from being

separated with the use of preparative HPLC or TLC. However,

the considerable predominance of norflavaspidic acid AB in the

most active fraction (A3) implies that this had greater anti-MRSA

properties compared to flavaspidic acid AB. Norflavaspidic acid

AB is an example of acyl phloroglucinol dimers formed by a

methylene linkage. In terms of reported bioactivities, no

antimicrobial activity has been previously reported, but

norflavaspidic acid AB has inhibitory effects on melanin

production by melanoma B16F10 cells with IC50 values of

181.3 μM (Pham et al., 2017) and against human leukemia

Reh cells with IC50 values of 32.2 μg/ml (Ren et al., 2016).

Furthermore, it countered the effects of the pro-apoptotic

factor—FAS—of IC50 29.7 µM (Na et al., 2006). However, we

observed no cytotoxic effects for A3 against HepG2 cells where

norflavaspidic acid AB was predominant. Flavaspidic acid AB has

been reported to have antibacterial activity based on paper disc

diffusion assays with MICs ranging between 12–20 μg/ml

depending on the microorganism being tested (Lee et al.,

2009) which is in line with our observations. Moreover,

flavaspidic acid AB exhibited potent antioxidant activity

against the LPO inhibitory test with IC50 values of 13.1 mM

(S. M. Lee et al., 2003). It can induce IFN-α, IFN-β, and IL1-β
expression in porcine alveolar macrophages, which could

contribute to the inhibition of porcine reproductive and

respiratory syndrome virus (PRRSV) replication (Yang et al.,

2013). It also shows inhibitory effects against human leukemia

Reh cells with IC50 values of 35.3 μg/ml (Ren et al., 2016). Its

activity against the pro-apoptotic ligand FAS had an IC50 value of

28.7 µM (Na et al., 2006). It is now important to derive pure

norflavaspidic acid AB and flavaspidic acid AB so that the anti-

microbial properties of each can be properly assessed. This could

be important given that we could find no evidence of cytotoxicity

with these metabolites and the potencies against a clinically

relevant MRSA strain.

To provide more information on how norflavaspidic acid

AB/flavaspidic acid AB acts, we usedmetabolomic assessments in

comparison to the established antibiotics based on their different

FIGURE 5
Significantly different metabolite changes in the glycolysis and gluconeogenesis pathway happening at different time points in both treated A3
(Hb5d/e3) and non-treated cells (CC) over time (0, 2, 4, and 6 h).
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modes of action. There are a series of known anti-microbial

targets in MRSA, and these include cell wall inhibitors. Anti-

MRSA β-lactam antibiotics include ceftobiprole and ceftaroline.

Ceftobiprole is the first molecule from a new class of

cephalosporins that was developed to specifically bind to

mutant penicillin-binding proteins (PBPs) in MRSA (Hamad,

2010) and resists the action of class A (TEM-1) and class C

(AmpC) β-lactamases (Queenan et al., 2007) and is presently in

phase 3 clinical trials (Bassetti and Righi, 2015). However, rapid

emergence of methicillin-resistant S. aureus (MRSA) containing

modified penicillin-binding protein (PBP) 2a encoding operon

was poorly inhibited by β-lactams (Grundmann et al., 2006). This

is overcome by the glycopeptide vancomycin, which has been the

drug of choice for MRSA treatment for numerous years.

Vancomycin acts by inhibiting proper cell wall synthesis but

almost exclusively in Gram-positive bacteria. However, because

of limited tissue distribution, as well as the emergence of isolates

with reduced susceptibility and in vitro resistance to vancomycin,

the need for alternative therapies that target MRSA has become

apparent (Bassetti and Righi, 2015; Hidayat et al., 2006; Micek,

2007). Alternatives can include aminoglycosides—for example,

gentamycin—that block bacterial protein synthesis by inducing

codon misreading and interrupting translocation of the complex

between tRNA and mRNA, interacting directly with the 30S

rRNA (Carter et al., 2000). Other options are DNA gyrase and

topoisomerase inhibitors, which include levofloxacin and

nalidixic acid. New-generation quinolones such as delafloxacin

and finafloxacin show excellent results against S. aureus strains,

especially MRSA (Kocsis et al., 2021).

Our metabolomic comparison with A3 included

antibiotics with different types of anti-MRSA activities.

These appeared to have similar effects at 6 h following

treatment at concentrations sufficient to suppress MRSA

growth by 50%. Given the different modes of action, this is

suggestive of revealing a common effect such as the slowing of

growth and/or associated bacterial stress. However, the

A3 effect was strikingly different, suggesting a different

mechanism of action to the other established antibiotics.

When identifying the key metabolomic differences with

A3 treatment, these appeared to include altered

bioenergetic mechanisms, particularly associated with the

perturbation of glycolysis/gluconeogenesis. Other

metabolomic changes were observed, but these could not be

clearly assigned to given pathways. Although our assessments

could not identify the exact targets, for example, an enzyme,

which could be inhibited by A3, the consequences appeared

lead to a collapse in the levels of acetyl-CoA. Acetyl-CoA due

to its importance in metabolism has been suggested to be one

of a series of key “sentinel” metabolites that indicate the

metabolic state of the cell (Shi and Tu, 2015). The targeting

of glycolysis by A3 would explain the loss in acetyl-CoA as this

provides the pyruvate which can be oxidative-decarboxylated

to produce acetyl-CoA. In mammalian systems, the depletion

of acetyl-CoA can lead to autophagy (Mariño et al., 2014), and

in Mycobacterium tuberculosis perturbation of acetyl-CoA

metabolism was clearly indicated to be a killing mechanism

(Beites et al., 2021). Following is condensation with

oxaloacetate forming citrate which can be fed into the TCA

cycle, and it was surprising that this was not apparently

significantly altered in our study, although TCA

intermediates are relatively easy to detect using our

metabolomic technology. Interestingly, flavaspidic acids

have been suggested to affect cellular respiration and

oxidative phosphorylation in isolated hepatocytes and, even

at moderate concentrations, uncouple oxidative

phosphorylation in isolated hepatocytes (Burnett et al.,

1979). This is in agreement with our observations of anti-

MRSA activities, but such a cross-kingdom effect would not

agree with the lack of cytotoxicity against HepG2 cells.

Materials and methods

Plant materials

The commercially sourced dried plant material was provided

by the Artemisinin Research Center, Institute of Chinese Materia

Medica, China Academy of Chinese Medical Sciences, Beijing,

China.

DNA barcoding of plant samples

Total genomic DNA was extracted using a DNeasy Plant

Mini Kit (Qiagen, United Kingdom) in accordance with the

manufacturer’s instructions. The rbcL sequences were amplified

with rbcLa-F: 5′-ATGTCACCACAAACAGAGACTAAAGC-3′
and rbcLa-R: 5′-GTAAAATCAAGTCCACCRCG-3′; DNA

barcoding primers (Hollingsworth, 2011). PCR used a total

volume of 20 μL with 10 μL BioMix (BioLine, United

Kingdom), 1 μL of each primer (10 μM) and 1 μL of the DNA

template (50 ng/µL) and 7 μL distilled water. PCR involved 1

cycle (94°C for 3 min), 35 cycles (94°C for 1 min, 55°C for 1 min,

and 72°C for 1 min), and 1 cycle (72°C for 7 min). The resulting

600 bp band was sequenced using a 3730xl DNA Analyzer

(Applied Biosystems, United Kingdom), with the same

primers used for PCR. The derived sequences were assessed

using BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi). The rbcL

sequence was submitted to GenBank (accession number:

MN431197).

Sequence of bioassay-guided purification

A measure of 800 g of dried material of D. crassirhizoma was

ground into a powder and was extracted sequentially using
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n-hexane, dichloromethane (DCM), and methanol (MeOH) at

room temperature with continuous stirring for 24 h, respectively.

Bioactivity-linked fractionation of the n-hexane extract was

based on the ability to suppress the growth of MRSA.

Approximately 94 g of n-hexane extract of D. crassirhizoma

was fractionated using silica gel column chromatography (CC)

(4 × 50 cm, 150 g of SiO2). The column was eluted with n-

hexane–EtOAc (1:0 to 0:1, at 10% gradient, 500 × 4 ml of each

eluent) and EtOAc–MeOH (1:0 to 1:2, 500 ml × 3 of each eluent)

to yield 16 fractions (designated H for “n-hexane” and A through

to P; thus, HA through to HP). Fraction HB (59.11 g) was again

subjected to silica CC (4 × 50 cm, 150 g of SiO2) eluting with n-

hexane–EtOAc (1:0 to 3:20, 1% gradient, 500 ml × 4 of each eluent)

and EtOAc–MeOH (1:0 to 1:2, 5% gradient, 500 ml × 5 of each

eluent) to yield 8 fractions (1 through 8; thus HB1–HB8). The

HB5 fraction (10 g) was fractionated again using silica gel CC (4 ×

50 cm, 150 g of SiO2) and eluted with n-hexane–EtOAc (1:0 to 1:

10, 1% gradient, 500 m × 4 of each eluent), n-hexane–EtOAc (1:

10 to 0:1, 10% gradient, 500 ml × 4 of each eluent), and

EtOAc–MeOH (1:0 to 1:2, 10% gradient, 500 ml × 2 of each

eluent). This resulted in 14 fractions, a through n: HB5a–HB5n.

Fractions HB5d and HB5e showed similarity in components

detected by UHPLC-MS and were combined (800 mg) and

further fractionated with silica CC (4 × 33 cm, 150 g of SiO2).

Eluting with n-hexane–DCM (1:0 to 0:1, 10% gradient, 500 ml ×

4 of each eluent) and DCM–MeOH (1:0 to 1:2, 500 ml × 4 of each

eluent) yielded four fractions HB5d/e1–HB5d/e8. All the

fractions were assessed by thin-layer chromatography (TLC)

to check for purity.

Bacterial growth and minimum inhibitory
concentration calculation

All procedures were performed in a biosafety level 2 (BSL2)

cabinet. Samples were dissolved inmethanol:water (1:1) to give a final

concentration of 5 mg/ml. The antimicrobial activity of all the extracts

and isolated compoundswas evaluated in 96-well plates by themicro-

dilution technique over a concentration range (500 μg/ml to

1.5625 μg/ml). Serial two-fold dilutions were performed in nutrient

broth (for Escherichia coli ATCC 25922, Pseudomonas aeruginosa

ATCC 27853, S. aureus ATCC 29213, and MRSA = methicillin-

resistant S. aureus USA300) and nutrient broth supplemented with

0.05% Tween 80 and 0.2% glycerol (for Mycobacterium smegmatis

NCTC 333). All diluted extracts and compounds were tested in

triplicate in an initial bacterial concentration of 5.0 × 105 CFU/ml.

The MIC was determined as the lowest concentration of a drug at

which no growth was visible at 37°C after 24 h for E. coli, P.

aeruginosa, S. aureus, and MRSA and after 72 h with M.

smegmatis. Rifampicin and gentamycin sulfate (50 μg/ml) were

used as positive controls. The optical density OD600 was measured

using a Hidex plate (Hidex Sense, United Kingdom). Growth was

assessed by adding 20 μL of 0.5 mg/ml 3-(4, 5-dimethylthiazol-2-yl)-

2, 5-diphenyltetrazolium bromide (MTT) stain.

Ultra-high-performance liquid
chromatography–high-resolution mass
spectrometry

Fractions were analyzed on an Exactive Orbitrap mass

spectrometer (Thermo Fisher Scientific), which was coupled to

an Accela Ultra High-Performance Liquid Chromatography

(UHPLC) system (Thermo Fisher Scientific).

Chromatographic separation was performed on a reverse-

phase (RP) Hypersil Gold C18 1.9 µm, 2.1 × 150 mm column

(Thermo Scientific) with water using 0.1% formic acid (v/v,

pH 2.74) as the mobile phase solvent A and acetonitrile:

isopropanol (10:90) with 10 mM ammonium acetate as mobile

phase solvent B. Each sample (20 μL) was analyzed using 0–20%

gradient of B from 0.5 to 1.5 min and then to 100% in 10.5 min.

After 3 min isocratic at 100% B, the column was re-equilibrated

with 100% A for 7 min.

HepG2 cell culture and MTT assay

Human Caucasian hepatocyte carcinoma (HepG2) (Sigma-

Aldrich, cat# 85011430) was used for the cytotoxicity

experiments. Targeted fractions were assessed for 50% of

cytotoxicity (CC50) at concentrations from 200 to 1 μM in

triplicate. Cell viability was performed using the MTT assay as

described by Crusco et al. (2019).

Standardization of antibiotic dosage

Antibiotic treatments were standardized to concentrations

which inhibited growth by 50% (MIC50) at 6 h following

microdilution of all antibiotics of a bacterial culture of OD600

0.6 compared to untreated controls. The antibiotics used were

chloramphenicol (CH), gentamicin (G), levofloxacin (L),

nalidixic acid (N), streptomycin (S), and vancomycin (V),

which were obtained from Sigma-Aldrich Ltd.

(United Kingdom) and D. crassirhizoma metabolites.

Sample preparation for metabolomics

The procedure previously described by Baptista et.al (2018)

was followed with minor modifications. The bacteria treated with

antibiotics and the untreated control group were independently

cultured (n = 6 replicates) at constant shaking at 200 rpm at 37°C

(Gallenkamp Orbital Incubator).
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All samples were collected during the mid-exponential

growth phase. A 3 ml aliquot of bacterial culture (OD600 at

time 0 h was 0.6) was harvested at 0, 2, 4, and 6 h after the

treatment with each respective antibiotic and control. The

samples were centrifuged at 2 min, 10°C at 4500 rpm, and the

pellet was resuspended with 3 ml of cold saline solution

(0.85% NaCl in H2O w/v). The samples were stored at

-80°C after the cellular metabolism was rapidly quenched

with liquid N2 until analysis. On analysis, samples were

thawed and centrifuged at 10°C at 4500 rpm for 2 min, and

the pellet was washed in 4 ml of cold saline solution (0.85%

NaCl in H2O w/v) and re-centrifuged (10°C at 4500 rpm for

2 min). All samples were adjusted to an OD600 of 1 and

centrifuged to ensure similarly sized bacterial populations

were assessed. A volume of 70 μL of the chloroform:

methanol:water (1: 3: 1) mixture was added to the pellet,

and extractions involved four freeze–thaw cycles with periodic

vortexing. After final centrifugation at 4500 rpm, 60 μL of the

particle-free supernatant was transferred into a

microcentrifuge tube. An additional extraction with 50 μL

of chloroform:methanol:water (1: 3: 1) was carried out, and

the new supernatant, after final centrifugation, was combined

with the supernatant from the first extraction. From this

mixture, 50 μL was transferred into an HPLC vial

containing a 0.2-ml flat-bottomed micro-insert for FIE-

HRMS analysis.

Metabolomic analyses

Extracted metabolites were analyzed by flow-infusion

electrospray ionization high-resolution mass spectrometry (FIE-

HRMS) in the High-Resolution Metabolomics Laboratory

(HRML), Aberystwyth University. Metabolite fingerprints were

created in both positive and negative ionization modes. Ion

intensities were acquired between m/z 55 and 1200 for 3.5 min

in the profilingmode at a resolution setting of 280,000 (atm/z 200)

resulting in 3 (±1) ppm mass accuracy. Samples (20 μL volume)

were injected using an autosampler into a flow of 100 μL/min

methanol/water (70:30, v/v). Electrospray ionization (ESI) source

parameters were set based on the manufacturer’s

recommendations. An in-house data aligning routine in

MATLAB (R2013b, MathWorks) was used to join mass spectra

around the apex of the infusion maximum into a single mean

intensity matrix (runs × m/z) for each ionization mode and

normalized to total ion count. The derived matrices are shown

in Supplementary Table S1 (https://zenodo.org/record/7111606#.

YzCBjHbMKUk). Data were log10-transformed and used for

statistical analysis performed by MetaboAnalyst 4.0 (Chong

et al., 2018), which was also used to perform principal

component analysis (PCA) and heat maps. The MetaboAnalyst

4.0—MS Peaks to Pathways module was used to identify

metabolites (tolerance = 3 ppm) and significantly affected

metabolic pathways (model organism = S. aureus) (Chong et al.

, 2018). Pathway enrichment assessments used the mummichog

algorithm based on mass spectrometry data, avoiding the a priori

identification of metabolites (Li et al., 2013). Mummichog plots all

possible matches in the metabolic network and then looks for local

enrichment, providing reproduction of true activity, as the false

matches will distribute randomly (Li et al., 2013).

Conclusion

The study also attempts to characterize the bioactives in D.

crassirhizoma responsible for the anti-MRSA activity.

Norflavaspidic acid AB and flavaspidic acid AB were identified

as the major components of the fractions. The mode of action of

A3 was further explored using metabolomics. Although it is

currently not unequivocally established how A3 causes the

observed MRSA cell death, our metabolomic approach suggested

some potential mechanisms. Whether one or more of these

mechanisms are the main effects or how far they are to the so-

called off-target effects requires further work. However, this study

demonstrated that the phloroglucinol derivatives inD crassirhizoma

including norflavaspidic acid AB and flavaspidic acid AB have

potent antibacterial activity against MRSA. One or both

compounds may be a new class of anti-MRSA antibiotics. Taken

together, we have demonstrated how bioactives in TCM can be

targeted and purified and, using metabolomic approaches, a likely

mode of action can be suggested. This approach would be extended

more widely to define drug leads in TCM.

Data availability statement

The datasets presented in this study can be found in online

repositories. The names of the repository/repositories and

accession number(s) can be found at: NCBI GenBank,

MN431197

Author contributions

Conceptualization, LM and JS; methodology, SB and MB;

formal analysis, SB; resources, MB; writing—original draft

preparation, SB; writing—review and editing, LM and JS;

supervision, LM and JS; project administration, LM and JS;

and funding acquisition, LM. All authors have read and

agreed to the published version of the manuscript.

Frontiers in Pharmacology frontiersin.org10

Bhowmick et al. 10.3389/fphar.2022.961087

https://zenodo.org/record/7111606#.YzCBjHbMKUk
https://zenodo.org/record/7111606#.YzCBjHbMKUk
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.961087


Funding

SB was supported by an AberDoc Ph.D. scholarship from

Aberystwyth University, United Kingdom.

Acknowledgments

The authors appreciate the technical support provided for

mass spectroscopy by Helen Phillips (Aberystwyth University,

United Kingdom). The authors also kindly thank Dr. Gilda Padalino

and Prof. Karl Hoffmann (AberystwythUniversity, United Kingdom)

for the cytotoxicity assessments based on HepG2 cells.

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.

Supplementary material

The Supplementary Material for this article can be found

online at: https://www.frontiersin.org/articles/10.3389/fphar.

2022.961087/full#supplementary-material

SUPPLEMENTARY TABLE S1
m/z matrix derived following flow-infusion electrospray mass
spectrometry. https://zenodo.org/record/7111606#.YzCBjHbMKUk

References

Baptista, R., Fazakerley, D. M., Beckmann, M., Baillie, L., and Mur, L. A. J. (2018).
Untargeted metabolomics reveals a new mode of action of pretomanid (PA-824).
Sci. Rep. 8, 5084. doi:10.1038/s41598-018-23110-1

Bassetti, M., and Righi, E. (2015). “Development of novel antibacterial drugs to
combat multiple resistant organisms,” in Langenbeck’s Archives of Surgery. doi:10.
1007/s00423-015-1280-4

Beites, T., Jansen, R. S., Wang, R., Jinich, A., Rhee, K. Y., Schnappinger, D., and Ehrt, S.
(2021). Multiple acyl-CoA dehydrogenase deficiency kills Mycobacterium tuberculosis
in vitro and during infection. Nat. Commun. 12, 6593. doi:10.1038/s41467-021-26941-1

Bounthavong, M., Zargarzadeh, A., Hsu, D. I., and Vanness, D. J. (2011). Cost-
effectiveness analysis of linezolid, daptomycin, and vancomycin in methicillin-
resistant staphylococcus aureus: Complicated skin and skin structure infection
using Bayesian methods for evidence synthesis. Value Health 14, 631–639. doi:10.
1016/j.jval.2010.12.006

Burnett, D. A., Lysenko, N., and Ockner, R. K. (1979). Flavaspidic acid: Effects on
cell respiration and oxidative phosphorylation in isolated hepatocytes. Biochem.
Biophys. Res. Commun. 89, 116–121. doi:10.1016/0006-291X(79)90951-3

Carter, A. P., Clemons, W. M., Brodersen, D. E., Morgan-Warren, R. J.,
Wimberly, B. T., and Ramakrishnan, V. (2000). Functional insights from the
structure of the 30S ribosomal subunit and its interactions with antibiotics.
Nature 407, 340–348. doi:10.1038/35030019

Chang, X., Li,W., Koike, K., Wu, L., and Nikaido, T. (2006). Phenolic constituents
from the rhizomes of Dryopteris crassirhizoma. Chem. Pharm. Bull. 54, 748–750.
doi:10.1248/cpb.54.748

Chong, J., Soufan, O., Li, C., Caraus, I., Li, S., Bourque, G., Wishart, D. S., and Xia, J.
(2018). MetaboAnalyst 4.0: towards more transparent and integrative metabolomics
analysis. Nucleic Acids Res. 46 (W1), W486–W494. doi:10.1093/nar/gky310

Committee, E. (1999).Materia Medica of China. Shanghai: Shanghai Science and
Technology Publishing House.

Cragg, G. M., and Newman, D. J. (2005). Biodiversity: A continuing source of
novel drug leads. Pure and Applied Chemistry 77, 7–24. doi:10.1351/
pac200577010007

Crusco, A., Whiteland, H., Baptista, R., Forde-Thomas, J. E., Beckmann, M., Mur,
L. A. J., Nash, R. J., Westwell, A. D., and Hoffmann, K. F. (2019). Antischistosomal
Properties of Sclareol and Its Heck-Coupled Derivatives: Design, Synthesis,
Biological Evaluation, and Untargeted Metabolomics. ACS Infect. Dis. 5 (7),
1188–1199. doi:10.1021/acsinfecdis.9b00034

Diep, B. A., and Otto, M. (2008). The role of virulence determinants in
community-associated MRSA pathogenesis. Trends Microbiol. 16, 361–369.
doi:10.1016/j.tim.2008.05.002

Dinges,M.M., Orwin, P.M., and Schlievert, P.M. (2000). Exotoxins of Staphylococcus
aureus. Clin. Microbiol. Rev. 13, 16–34. doi:10.1128/CMR.13.1.16-34.2000

Yang, X, Chen, A, Ma, Y, Gao, Y, Gao, Z, and Fu, B (2003). Encyclopedic Reference
of Traditional Chinese Medicine. doi:10.1007/978-3-662-05177-1

Ganie, S. H., Upadhyay, P., Das, S., and Prasad Sharma, M. (2015).
Authentication of medicinal plants by DNA markers. Plant Gene 4, 83–99.
doi:10.1016/j.plgene.2015.10.002

Gao, Z., Ali, Z., Zhao, J., Qiao, L., Lei, H., Lu, Y., and Khan, I. A. (2008).
Phytochemical investigation of the rhizomes of Dryopteris crassirhizoma.
Phytochemistry Letters 1, 188–190. doi:10.1016/j.phytol.2008.09.005

Grundmann, H., Aires-de-Sousa, M., Boyce, J., and Tiemersma, E. (2006).
Emergence and resurgence of meticillin-resistant Staphylococcus aureus as a
public-health threat. Lancet 368, 874–885. doi:10.1016/S0140-6736(06)68853-3

Hamad, B. (2010). The antibiotics market. Nat. Rev. Drug Discov. 9, 675–676.
doi:10.1038/nrd3267

Hidayat, L. K., Hsu, D. I., Quist, R., Shriner, K. A., andWong-Beringer, A. (2006).
High-dose vancomycin therapy for methicillin-resistant Staphylococcus aureus
infections: Efficacy and toxicity. Arch. Intern. Med. 166, 2138–2144. doi:10.1001/
archinte.166.19.2138

Hollingsworth, P. M. (2011). Refining the DNA barcode for land plants. Proc.
Natl. Acad. Sci. U. S. A. 108, 19451–19452. doi:10.1073/pnas.1116812108

Itani, K. M. F., Dryden, M. S., Bhattacharyya, H., Kunkel, M. J., Baruch, A. M., and
Weigelt, J. A. (2010). Efficacy and safety of linezolid versus vancomycin for the
treatment of complicated skin and soft-tissue infections proven to be caused by
methicillin-resistant Staphylococcus aureus.Am. J. Surg. 199, 804–816. doi:10.1016/
j.amjsurg.2009.08.045

Kaufman, P., Cseke, L., Warber, S., Brielmann, H., and Duke, J. (2010). “Natural
Products from Plants,” in Natural Products from Plants. doi:10.1201/9781420049350

Kocsis, B., Gulyás, D., and Szabó, D. (2021). Delafloxacin, Finafloxacin, and
Zabofloxacin: Novel Fluoroquinolones in the Antibiotic Pipeline. Antibiotics 10
(12), 1506. doi:10.3390/antibiotics10121506

Lee, H. B., Kim, J. C., and Lee, S. M. (2009). Antibacterial activity of two
phloroglucinols, flavaspidic acids AB and PB, from Dryopteris crassirhizoma.
Arch. Pharm. Res. 32 (5), 655–659. doi:10.1007/s12272-009-1502-9

Lee, S. M., Na, M. K., Na, R. B., Min, B. S., and Lee, H. K. (2003). Antioxidant
activity of two phloroglucinol derivatives from Dryopteris crassirhizoma. Biol.
Pharm. Bull. 26, 1354–1356. doi:10.1248/bpb.26.1354

Li, S., Park, Y., Duraisingham, S., Strobel, F. H., Khan, N., Soltow, Q. A., Jones,
D. P., and Pulendran, B. (2013). Predicting Network Activity from High

Frontiers in Pharmacology frontiersin.org11

Bhowmick et al. 10.3389/fphar.2022.961087

https://www.frontiersin.org/articles/10.3389/fphar.2022.961087/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2022.961087/full#supplementary-material
https://zenodo.org/record/7111606
https://doi.org/10.1038/s41598-018-23110-1
https://doi.org/10.1007/s00423-015-1280-4
https://doi.org/10.1007/s00423-015-1280-4
https://doi.org/10.1038/s41467-021-26941-1
https://doi.org/10.1016/j.jval.2010.12.006
https://doi.org/10.1016/j.jval.2010.12.006
https://doi.org/10.1016/0006-291X(79)90951-3
https://doi.org/10.1038/35030019
https://doi.org/10.1248/cpb.54.748
https://doi.org/10.1093/nar/gky310
https://doi.org/10.1351/pac200577010007
https://doi.org/10.1351/pac200577010007
https://doi.org/10.1021/acsinfecdis.9b00034
https://doi.org/10.1016/j.tim.2008.05.002
https://doi.org/10.1128/CMR.13.1.16-34.2000
https://doi.org/10.1007/978-3-662-05177-1
https://doi.org/10.1016/j.plgene.2015.10.002
https://doi.org/10.1016/j.phytol.2008.09.005
https://doi.org/10.1016/S0140-6736(06)68853-3
https://doi.org/10.1038/nrd3267
https://doi.org/10.1001/archinte.166.19.2138
https://doi.org/10.1001/archinte.166.19.2138
https://doi.org/10.1073/pnas.1116812108
https://doi.org/10.1016/j.amjsurg.2009.08.045
https://doi.org/10.1016/j.amjsurg.2009.08.045
https://doi.org/10.1201/9781420049350
https://doi.org/10.3390/antibiotics10121506
https://doi.org/10.1007/s12272-009-1502-9
https://doi.org/10.1248/bpb.26.1354
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.961087


Throughput Metabolomics. PLoS Comput. Biol. 9, e1003123. doi:10.1371/
journal.pcbi.1003123

Mariño, G., Pietrocola, F., Eisenberg, T., Kong, Y., Malik, S. A., Andryushkova, A.,
Schroeder, S., Pendl, T., Harger, A., Niso-Santano, M., Zamzami, N., Scoazec, M.,
Durand, S., Enot, D. P., Fernández, Á. F., Martins, I., Kepp, O., Senovilla, L., Bauvy,
C., and Kroemer, G. (2014). Regulation of Autophagy by Cytosolic Acetyl-
Coenzyme A. Mol. Cell 53, 710–725. doi:10.1016/j.molcel.2014.01.016

McDougal, L. K., Steward, C. D., Killgore, G. E., Chaitram, J. M., McAllister, S. K., and
Tenover, F. C. (2003). Pulsed-Field Gel Electrophoresis Typing of Oxacillin-Resistant
Staphylococcus aureus Isolates from the United States: Establishing a National Database.
J. Clin. Microbiol. 41, 5113–5120. doi:10.1128/JCM.41.11.5113-5120.2003

Micek, S. T. (2007). Alternatives to Vancomycin for the Treatment of Methicillin-
Resistant Staphylococcus aureus Infections. Clin. Infect. Dis. 45 Suppl 3, S184–S190.
doi:10.1086/519471

Michael, C. A., Dominey-Howes, D., and Labbate, M. (2014). The Antimicrobial
Resistance Crisis: Causes, Consequences, and Management. Frontiers in Public
Health 2, 145. doi:10.3389/fpubh.2014.00145

Min, B. S., Nakamura, N., Miyashiro, H., Bae, K. W., and Hattori, M. (1998).
Triterpenes from the spores of Ganoderma lucidum and their inhibitory activity
against HIV-1 protease. Chem. Pharm. Bull. 46, 1607–1612. doi:10.1248/cpb.46.
1607

Na, M. K., Jang, J. P., Min, B. S., Lee, S. J., Lee, M. S., Kim, B. Y., Oh, W. K., and
Ahn, J. S. (2006). Fatty acid synthase inhibitory activity of acylphloroglucinols
isolated from Dryopteris crassirhizoma. Bioorg. Med. Chem. Lett. 16, 4738–4742.
doi:10.1016/j.bmcl.2006.07.018

Noro, Y., Okuda, K., Shimada, H., Hisada, S., Inagaki, I., Tanaka, T., and
Yokohashi, H. (1973). Dryocrassin: A new acylphloroglucinol from Dryopteris
crassirhizoma. Phytochemistry 12, 1491–1493. doi:10.1016/0031-9422(73)80591-6

O’Neill, J. (2016). “Tackling drug resistant infections globally: Final report and
recommendations,” in The Review on AMR. doi:10.1016/j.jpha.2015.11.005

Paul, M. D. (2002). “A Biosynthetic Approach,” in Medicinal Natural Prodcuts.

Pham, V. C., Kim, O., Lee, J. H., Min, B. S., and Kim, J. A. (2017). Inhibitory
effects of phloroglucinols from the roots of Dryopteris crassirhizoma on
melanogenesis. Phytochemistry Letters 21, 51–56. doi:10.1016/j.phytol.2017.05.022

Queenan, A. M., Shang, W., Kania, M., Page, M. G. P., and Bush, K. (2007).
Interactions of ceftobiprole with β-lactamases from molecular classes A to D.
Antimicrob. Agents Chemother. 51, 3089–3095. doi:10.1128/AAC.00218-07

Ren, Q., Quan, X., Wang, Y., andWang, H. (2016). Isolation and Identification of
Phloroglucinol Derivatives from Dryopteris crassirhizoma by HPLC-LTQ-Orbitrap
Mass Spectrometry. Chem. Nat. Compd. 52, 1137–1140. doi:10.1007/s10600-016-
1887-x

Shaker, E., Mahmoud, H., and Mnaa, S. (2010). Silymarin, the antioxidant
component and Silybum marianum extracts prevent liver damage. Food Chem.
Toxicol. 48 (3), 803–806. doi:10.1016/j.fct.2009.12.011

Shi, L., and Tu, B. P. (2015). Acetyl-CoA and the regulation of metabolism:
Mechanisms and consequences. Curr. Opin. Cell Biol. 33, 125–131. doi:10.1016/j.
ceb.2015.02.003

Shinozaki, J., Shibuya, M., Masuda, K., and Ebizuka, Y. (2008). Dammaradiene
synthase, a squalene cyclase, from Dryopteris crassirhizoma Nakai. Phytochemistry
69, 2559–2564. doi:10.1016/j.phytochem.2008.07.017

Shiojima, K., Arai, Y., and Ageta, H. (1990). Seasonal fluctuation of triterpenoid
constituents from dried leaflets of dryopteris crassirhizoma. Phytochemistry 29,
1079–1082. doi:10.1016/0031-9422(90)85406-6

Silver, L. L. (2011). Challenges of antibacterial discovery. Clin. Microbiol. Rev. 24,
71–109. doi:10.1128/CMR.00030-10

Yang, Y., Lee, G. J., Yoon, D. H., Yu, T., Oh, J., Jeong, D., Lee, J., Kim, S. H., Kim,
T. W., and Cho, J. Y. (2013). ERK1- and TBK1-targeted anti-inflammatory activity
of an ethanol extract of Dryopteris crassirhizoma. J. Ethnopharmacol. 145 (2),
499–508. doi:10.1016/j.jep.2012.11.019

Zetola, N., Francis, J. S., Nuermberger, E. L., and Bishai, W. R. (2005).
“Community-acquired meticillin-resistant Staphylococcus aureus: An emerging
threat,” in Lancet Infectious Diseases. doi:10.1016/S1473-3099(05)70112-2

Frontiers in Pharmacology frontiersin.org12

Bhowmick et al. 10.3389/fphar.2022.961087

https://doi.org/10.1371/journal.pcbi.1003123
https://doi.org/10.1371/journal.pcbi.1003123
https://doi.org/10.1016/j.molcel.2014.01.016
https://doi.org/10.1128/JCM.41.11.5113-5120.2003
https://doi.org/10.1086/519471
https://doi.org/10.3389/fpubh.2014.00145
https://doi.org/10.1248/cpb.46.1607
https://doi.org/10.1248/cpb.46.1607
https://doi.org/10.1016/j.bmcl.2006.07.018
https://doi.org/10.1016/0031-9422(73)80591-6
https://doi.org/10.1016/j.jpha.2015.11.005
https://doi.org/10.1016/j.phytol.2017.05.022
https://doi.org/10.1128/AAC.00218-07
https://doi.org/10.1007/s10600-016-1887-x
https://doi.org/10.1007/s10600-016-1887-x
https://doi.org/10.1016/j.fct.2009.12.011
https://doi.org/10.1016/j.ceb.2015.02.003
https://doi.org/10.1016/j.ceb.2015.02.003
https://doi.org/10.1016/j.phytochem.2008.07.017
https://doi.org/10.1016/0031-9422(90)85406-6
https://doi.org/10.1128/CMR.00030-10
https://doi.org/10.1016/j.jep.2012.11.019
https://doi.org/10.1016/S1473-3099(05)70112-2
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.961087

	Identification and metabolomic characterization of potent anti-MRSA phloroglucinol derivatives from Dryopteris crassirhizom ...
	Introduction
	Results
	Bioassay-guided isolation of bioactives from D. crassirhizoma
	Untargeted metabolomics suggested the activities of the phloroglucinol derivatives

	Discussion
	Materials and methods
	Plant materials
	DNA barcoding of plant samples
	Sequence of bioassay-guided purification
	Bacterial growth and minimum inhibitory concentration calculation
	Ultra-high-performance liquid chromatography–high-resolution mass spectrometry
	HepG2 cell culture and MTT assay
	Standardization of antibiotic dosage
	Sample preparation for metabolomics
	Metabolomic analyses

	Conclusion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


