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Methicillin-resistant Staphylococcus aureus (MRSA) is a drug-resistant
bacterium that can cause a range of infections with high morbidity and
mortality, including pneumonia, etc. Therefore, development of new drugs
or therapeutic strategies against MRSA is urgently needed. Increasing evidence
has shown that combining antibiotics with “antibacterial sensitizers” which
itself has no effect on MRSA, is highly effective against MRSA. Many studies
showed the development of antibacterial sensitizers from natural plants may be
a promising strategy against MRSA because of their low side effects, low toxicity
and multi-acting target. In our paper, we first reviewed the resistance
mechanisms of MRSA including “Resistance to Beta-Lactams”, “Resistance to
Glycopeptide antibiotics”, “Resistance to Macrolides, Aminoglycosides, and
Oxazolidinones” etc. Moreover, we summarized the possible targets for
antibacterial sensitizers against MRSA. Furthermore, we reviewed the
synergy effects of active monomeric compounds from natural plants
combined with antibiotics against MRSA and their corresponding
mechanisms over the last two decades. This review provides a novel
approach to overcome antibiotic resistance in MRSA.
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1 Introduction

Staphylococcus aureus is one of the most infectious Gram-positive bacteria affecting
people in hospitals and communities (de Oliveira Santos et al., 2022). Owing to its
relatively high virulence and plasticity, S. aureus can adapt to various environmental
conditions, and is resistant to almost all antimicrobial drugs (Mlynarczyk-Bonikowska
et al., 2022).

The emergence of methicillin-resistant Staphylococcus aureus (MRSA) strains makes
treatment of infections more complicated. MRSA can cause a series of infections such as
bacteraemia, pneumonia, as well as complicated skin and soft-tissue infections, which are
difficult to treat resulting in high morbidity and mortality (Liang et al., 2022). Furthermore,
treatment failure results in enormous medical costs. Therefore, there is an urgent need to
develop new and more effective antibacterial strategies to eradicate MRSA.
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At present, there are two main antibacterial strategies. The first
is “direct antibacterial strategy”, that is, structural modification of
existing antimicrobials to obtain compounds with higher activity
and fewer side effects. Using this strategy, oxazolidinones,
glycopeptides, quinolones, aminoglycosides, tetracyclines, and
ketonolactone analogues have entered the clinic
(Theuretzbacher, 2011). Unfortunately, with the promotion of
their clinical use, there has been a gradual emergence of
resistance owing to the selection pressure of antibiotics or the
spread of bacteria. For example, simultaneous resistance to
vancomycin, daptomycin, and ceftaroline was recently identified
in MRSA (Wüthrich et al., 2019). Therefore, it is risky to develop
antimicrobials with new targets and skeletons (Warren, 2011). The
second antibacterial strategy is the “indirect antibacterial strategy”,
which involves the development of drugs (antibacterial sensitizers)
that do not themselves have antibacterial activity but can enhance
the activity of existing antimicrobial agents. These drugs act by
changing or modifying the phenotype of bacteria, thereby allowing
existing antimicrobials to inhibit or kill them (Qin et al., 2013).
Because antibacterial sensitizers do not exert direct selection
pressure on bacteria, they do not induce the production of
drug-resistant strains. Thus, antimicrobial sensitizers can
enhance the antibacterial ability of existing antibiotics, restore
their viability against drug-resistant strains, and reduce
dependency on antibiotics (Tyers and Wright, 2019). The
clinical application of antibacterial sensitizers has had a
profound impact on the development of antimicrobial agents.

Plants are a huge treasure trove of antibacterial molecules and
sensitizers against MRSA. Plants contain a wide variety of secondary
metabolites that can resist external stress and pathogenic attacks.
These compounds are classified into terpenoids, alkaloids,
flavonoids, polyphenols, coumarins, and fatty acids (Shin et al.,
2018). The advent of high-throughput screening methods for the
assessment of large amounts of plant extracts containing putative
biologically active compounds has encouraged industrial interest in
plant research. Numerous studies have reported plant-derived small
molecules that increase the sensitivity of MRSA to antibiotics. This
could be a new strategy for overcoming MRSA infections.

This study reviewed the pharmacological action and preliminary
mechanism of small molecular antibacterial sensitizers from natural
products (excluding crude extract from plants) in the last 20 years.
The aim of this review was to provide new ideas for the research and
development of new antibacterial sensitizers.

2 Synergy and antagonism

Synergy is an important concept in the description of the
effects of drug combinations and forms the basis for most
antibiotic combinations. Synergy occurs when paired
combinations of agents exert inhibitory effects that are more
than the sum of their effects alone. Antagonism is the opposite of
synergy, occurring when the combined activity of components is
less than the sum of their individual activities. Synergy and
antagonism are calculated using the fractional inhibitory
concentration index (FICI) (Odds, 2003). A value of
FICI≤0.5 is required for synergy and FICI ≥4.0 is required for
antagonism (Tyers and Wright, 2019).

3 Resistant mechanisms of MRSA

3.1 Resistance to beta-lactams

Resistance to β-lactams is the most important mechanism of
MRSA resistance. β-lactams targeted at penicillin-binding proteins
(PBPs) which are responsible for peptidoglycan (PG) synthesis. PG
is the essential component of the cell wall, providing the strength to
resist high internal osmotic pressure and maintain cell shape in S.
aureus. The inhibition of bacterial cell-wall biosynthesis by β-
lactams will lead to bacterial cell death.

Several mechanisms of resistance are used, including the
synthesis of β-lactamase and a new PBP (called PBP2a), and
mutations in PBP genes (Mlynarczyk-Bonikowska et al., 2022).

3.1.1 Synthesising the beta-lactamases
MRSA commonly synthesises specific hydrolases called β-

lactamases, for resistance to β-lactams. The β-lactam ring can be
hydrolysed by β-lactamases, which inactivates the β-lactams (Bush
and Bradford, 2020). β-lactamases synthesised by S. aureus were
classified as group 2a (Bush and Jacoby, 2010) and class A by Ambler
(Tooke et al., 2019). At present, β-lactamase inhibitors have been
successfully used in the clinic, including clavulanic acid, sulbactam,
tazobactam, avibactam, and vaborbactam (Yahav et al., 2020), and
many β-lactamase inhibitors are being investigated in clinical studies
(Tooke et al., 2019).

3.1.2 Expressing PBP2a and its Co-Factors
The most important factor mediating the resistance of MRSA to

β-lactams is obtaining the mecA gene that can express penicillin-
binding protein 2a (PBP2a). PBP2a has a very low affinity for β-
lactams, but can compensate for the transpeptidase function of
PBP2, which is inhibited by β-lactam antibiotics, to maintain the
synthesis of the bacterial cell wall leading to bacterial resistance to
almost all β-lactam drugs (Vestergaard et al., 2019). However, in
several cases, differences in resistance levels did not correlate with
the PBP2a expression levels, suggesting that factors other than
PBP2a modulate strain-specific levels of β-lactam resistance (Luo
et al., 2020; Zhang et al., 2020). Indeed, genetic screening has
identified several auxiliary factors essential for methicillin
resistance, which are also critical for PBP2a-mediated resistance
to β-lactam antibiotics (Roemer et al., 2013). In general, these factors
are divided into three categories: (A) factors related to S. aureus cell
wall biogenesis, (B) factors related to S. aureus cell wall teichoic acid
synthesis, and (C) other factors. Table 1 lists the factors affecting β-
lactam resistance induced by PBP2a.

(A) Factors related to S. aureus cell wall biogenesis

As we mentioned before, PG, the target of β-lactams, maintain
cell shape in S. aureus. The PG monomer is synthesised within the
cytoplasm via a multistep process (Figure 1). First, UDP-GlcNAc is
converted to UDP-MurNAc through the activities of MurA and
MurB. PG ligases (MurC-F) then sequentially synthesise a
pentapeptide (L-Ala-D-Glu-L-Lys-D-Ala-D-Ala), forming UDP-
MurNAc-pentapeptide, the soluble PG precursor (van Heijenoort,
2001). Then, UDP-MurNAc-pentapeptide is linked to a lipid carrier
by the membrane protein MraY, forming lipid I. Finally, MurG
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utilises the UDP-GlcNAc substrate to build the final PG precursor,
lipid II (van Heijenoort, 2001; van Heijenoort, 2007). The S. aureus
lipid II is further modified by a family of peptidyltransferases (FemX,
FemA, and FemB) which completes a pentaglycine bridge peptide
extending from the pentapeptide L-Lys residue, ultimately allowing
for the efficient cross-linking of PG in the cell wall (Rohrer and
Berger-Bächi, 2003). FemA installs the second and third glycines,
forming Gly3-Lipid II, and FemB installs the fourth and fifth
glycines, forming Gly5-Lipid II (Severin et al., 2005). Gly5-Lipid
II is then flipped to the extracellular surface of the membrane, where
it is polymerised and cross-linked catalysed by PBPs, including
PBP2a in the case of MRSA. Because bacterial cell wall PGs are not
found in mammalian cells, these inhibitors show highly selective
toxicity to target cells.

In the process of S. aureus cell wall biogenesis, the peptidyl
transferase family (FemX, FemA, FemB) and theMur family (MurA,
MurB, and MurC-F) are two important targets of antibacterial
sensitizers.

(B) Factors related to S. aureus Wall Teichoic Acid synthesis

Wall teichoic acid (WTA) is a glycophosphate-rich cell-wall
polymer common to Gram-positive bacteria (Swoboda et al.,
2010). WTA polymers are sequentially synthesised on the
central undecaprenyl phosphate carrier lipid C55-P by a
series of Tar enzymes in the cytoplasm and then exported to
the cell surface by a two-component ABC transporter system
and cross-linked to PG by the LCP protein family (Pasquina
et al., 2013). S. aureus WTA is not required for cell survival, but
cells lacking WTA cannot complete cell division efficiently, lack
fitness, reduce virulence, and become sensitive to β-lactams
because PBP2a relies on glycosylated WTA to act as a
scaffold/platform (Weidenmaier et al., 2004; Brown et al.,
2012; Sewell and Brown, 2014). Thus, inhibitors of WTA
synthesis act synergistically with beta-lactams not only by
misdirecting PBP4, but also by destabilising PBP2a (Sewell
and Brown, 2014).

TABLE 1 PBP2a relevant factors that can induce beta-lactam resistance.

Categories Gene Function

Factors related to cell wall biogenesis femX Peptidyltransferase, addition of first glycine to pentaglycine bridge

femA Peptidyltransferase, addition of 2nd and 3rd glycine to pentaglycine bridge

femB Peptidyltransferase, addition of 4th and 5th glycine to pentaglycine bridge

murA Transferase; converts UDP-GlcNAc to UDP-GlcNAc-enoylpyruvate

murB Reductase, converts UDP-GlcNAc-enoylpyruvate to UDP-MurNAc

murC-F Mur ligases adding L-Ala, D-Glu, L-Lys, and D-Ala-D-Ala respectively to form the
UDP-MurNAc-pentapeptide

pbp1 PBP with transpeptidation activity

pbp2 PBP with transglycosylation and transpeptidation activity

pbp4 PBP with transpeptidation activity

tarO Phosphosugar transferase; forms first precursor in WTA synthesis (GlcNAc-
pyrophosphate-undecaprenol)

Factors related to the wall teichoic acid synthesis tarA N-acetylmannosamine transferase; forms second intermediate in WTA synthesis

tarB Glycerophosphate transferase; forms third intermediate in WTA synthesis

tarD WTA synthesis, produces CDP-glycerol substrate for TarB

tarL Ribitolphosphotransferase, required for poly ribitol-phosphate extension of WTA

Other factors ltaS Lipoteichoic acid synthase

vraSR two-component signal transduction systems

ftsZ the tubulin-like protein that forms the Z-ring involved in cell division

prsA the peptidyl-prolyl cis-trans isomerase to help PBP2a to fold correctly

floA role in membrane microdomain assembly

htrA1 protease involved in PBP2a quality control

pknB Eukaryotic-like serine/threonine kinase

spsB Signal peptidase I

sigB Alternate transcription factor
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(C) Other factors.

The cell wall is an important barrier that protects bacteria,
such as S. aureus, from the external environment. Factors
involved in cell wall synthesis and maintenance are also
important for the resistance of S. aureus to antimicrobial
agents (Scheffers and Pinho, 2005). Therefore, the cell wall
could be a target of antibacterial sensitizers.

In S. aureus, lipoteichoic acid (LTA) is essential for growth
and cell division (Gründling and Schneewind, 2007). Depletion of
the synthase gene ltaS of LTA strongly resensitises MRSA to β-
lactams in vitro (Therien et al., 2012). In addition, cell wall two-
component signal transduction systems (TCSs) sense cell surface
damage and trigger protective stress responses (Jordan et al.,
2008). The sentinel S. aureus cell wall TCS is encoded by vraSR
(Kuroda et al., 2003). Deletion of vraSR restored the efficacy of
oxacillin in animal infection models against the community-
acquired MRSA strain USA300 (Jo et al., 2011). FtsZ, a
tubulin-like protein that forms the Z ring involved in
cell division at the very beginning of cell wall synthesis, has
also attracted much attention (Ferrer-González et al., 2021).
PBP2a requires a chaperone, the peptidyl-prolyl cis-trans
isomerase PrsA, to fold correctly (Jousselin et al., 2015). In S.
aureus, staphyloxanthin is an unphosphorylated membrane
saccharolipid that lends bacterial colonies a golden
yellow colour (Liu et al., 2008). Inhibition of staphyloxanthin
synthesis resulted in reduced PBP2a oligomerisation in
the membrane and rendered MRSA cells susceptible to β-
lactam antibiotics in a mouse infection model (Hennessy et al.,
2016). Therefore, they may also be targets of antibacterial
sensitizers.

3.1.3 Mutation-dependent modification of PBP
proteins

The criterion for methicillin resistance in S. aureus is an oxacillin
MIC >2 mg/L according to the European Committee on Antimicrobial
Susceptibility Testing (EUCAST) and oxacillin MIC ≥4 mg/L
according to the Clinical and Laboratory Standards Institute (CLSI).
The cefoxitin resistance criterion was also used for S. aureus and is
defined by MIC >4 mg/L according to EUCAST and MIC ≥8 mg/L
according to CLSI. Some S. aureus strains without the mecA gene to
produce PBP2a are resistant to β-lactams because of mutations in genes
encoding PBP2 and PBP4, albeit very rarely (Boonsiri et al., 2020).
These strains were described as modified penicillin-binding protein S.
aureus (MODSA) or methicillin-resistant lacking mec (MRLM).

3.2 Resistance to glycopeptide antibiotics

To date, glycopeptide antibiotics are the most frequently used drugs
for the treatment of MRSA infections. However, there have been reports
of reduced susceptibility and resistance to vancomycin globally since
1990 (Unni et al., 2021). The main mechanism of vancomycin resistance
in MRSA is the acquisition of the vanA gene from enterococci (Gardete
and Tomasz, 2014) changing the antibiotic target.

3.3 Resistance to macrolides,
aminoglycosides, and oxazolidinones

The most common mechanism of resistance to macrolides in
MRSA is the modification of the target site. Modification is carried
out by the enzymes adenylyl-N-methyl transferase Erm

FIGURE 1
The biosynthesis of S. aureus cell wall.

Frontiers in Pharmacology frontiersin.org04

Li et al. 10.3389/fphar.2023.1118793

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1118793


(erythromycin ribosome methylation) and demethylating
adenine 2058, which leads to resistance to all macrolides
(Miklasińska-Majdanik, 2021). In addition, the expression of
efflux pumps belongs to the ATP-binding cassette (ABC) efflux
family, and inactivation of enzymes such as macrolide
phosphotransferases may also contribute towards resistance to
macrolides (Schmitz et al., 2000; Malbruny et al., 2002).

The mechanisms of resistance to aminoglycosides in MRSA
include (1) synthesis of transferases (acetyltransferases,
phosphotransferases, and nucleotidyl transferases) that modify
the aminoglycoside molecule (Chandrakanth et al., 2008); and (2)
lack of enzymes responsible for active transport of aminoglycosides
into the bacterial cell (Melter and Radojevič, 2010).

Linezolid, an oxazolidinone that is highly active against MRSA,
was introduced to treat MRSA after vancomycin-resistant strains
were discovered (Quiles-Melero et al., 2013). The main mechanism
of resistance to linezolid is mutations in a series of genes, which
modifies the target site preventing linezolid action (Mendes et al.,
2008; Hill et al., 2010; Liu et al., 2021).

3.4 Resistance to daptomycin

Daptomycin, a cyclic lipopeptide antibiotic, acts on the
cytoplasmic membrane of S. aureus, causing loss of potassium
ions from the cytoplasm. Resistance to this antibiotic has been
attributed to mutations in various genes (dltABCD,mprF, and rpoB)

that cause changes in membrane fluidity, cell wall thickness, and
membrane charge (Kaatz et al., 2006).

3.5 Resistance to other kind of antibiotics

Expressing efflux pumps is a common resistance mechanism in
MRSA against antibiotics such as tigecycline, tetracyclines, and
fluoroquinolones. For tigecycline, resistant phenotypes emerged
in 2008, and are considered to be caused by mutations in the
mepR and mepA genes resulting in the overexpression of efflux
pumps (Peterson, 2008). For tetracyclines, there is tet(K), which
derives its energy from the proton pump and is classified as major
facilitator super family (MFS) (Guay et al., 1993). Finally, for
fluoroquinolones, NorA, NorB, NorC, and SdrM, all classified as
MFS, are the main reasons for resistance (Xu et al., 2011). Table 2
summarized antibiotic resistant mechanisms in MRSA.

4 Antibacterial sensitizers

Antibiotic sensitizers are also called “antibiotic adjuvants” or
“antibiotic potentiators” (Wright, 2016). They have little or no
antibiotic activity, but can enhance the antimicrobial action of a
drug when combined with antibiotics. From the perspective of drug
discovery, this strategy offers the advantage of overcoming antibiotic
resistance.

4.1 Antibacterial sensitizers targeting beta-
lactamases and other hydrolytic enzymes

Todate, β-lactamase inhibitors have been successfully used in clinical
trials, including clavulanic acid, sulbactam, tazobactam, avibactam, and
vaborbactam (Yahav et al., 2020). Themost commonly reported enzyme
inhibitors in plants are β-lactamase inhibitors.

For example, epigallocatechin gallate (EGCG), the major catechin
present in Camellia sinensis (L.) Kuntze tea leaves, has been reported
to potentiate the activity of β-lactams against MRSA (Abreu et al.,
2012). A possible mechanism is the inhibition of β-lactamases in S.
aureus (Zhao et al., 2002) and interference with the integrity of the cell
wall through direct binding to PG (Zhao et al., 2001). Baicalein, the
active constituent of Scutellaria baicalensis, combined with penicillin,
showed potent synergistic activity against penicillinase-producing
MRSA in vitro (Qian et al., 2015). Alkaloid compounds from
Cienfuegosia digitata Cav. Combined with β-lactams showed
strong activity against MRSA, probably through the inhibition of
β-lactamase (Konaté et al., 2012). Tellimagrandin I, isolated from rose
red petals, showed a marked reduction in β-lactams against MRSA.
The same effect was observed for rugosin B, which is also a constituent
of rose red petals (Shiota et al., 2000). A possible mechanism is the
suppression of β-lactamase activity to some extent (Shiota et al., 2004).
A combination of ampicillin with 5-O-methylglovanon from
Glycosmis showed activity comparable to that of clavulanic acid in
combination with ampicillin (Zhou et al., 2011). The mechanism of 5-
O-methylglovanon involves the inhibition of β-lactamases (Obiang-
Obounou and Jang, 2011). SB-202742 isolated from Spondias mombin
showed strong inhibitory activity against β-lactamase and can also

TABLE 2 Summary of antibiotic resistant mechanisms in MRSA.

Antibiotic class Resistant mechanism

Penicillins and 4 generation of
Cephalosporins

Penicillinase, production of PBP2a

Carbapenems Development of PBP2a

Tetracyclines Ribosomal methylation of binding sites, efflux
pumps

Tigecyclines Efflux pumps

Macrolides and clindamycin Ribosomal methylation of binding sites, efflux
pumps

Fluoroquinolones Mutations in topoisomerase IV and DNA gyrase,
efflux pumps

Rifampicin Mutations in RNA polymerase gene

TMP/SMX Mutations in DHPS and DHFR

Aminoglycosides Aminoglycoside degradation enzymes

Daptomycin Electrostatic repulsion through increase to the
cell-surface charge

Vancomycin VRSA: altered structure of peptidoglycan
precursors from D-Ala-D-Ala to D-Ala-D-Lac;
VISA: increased production of peptidoglycan,
thicker cell wall, decoy D-Ala-D-Ala dipeptides
on cell surface

Linezolid Mutations to the 23S rRNA, altering required
modifications to the 23S rRNA, mutations to the
50S ribosomal L3 protein

Abbreviations: PBP, penicillin binding protein; TMP/SMX, trimethoprim-

sulfamethoxazole; DHPS, dihydropteroate synthase; DHFR, dihydrofolate reductase.
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sensitise MRSA to β-lactams (Coates et al., 1994). Activity against K.
pneumoniae ATCC 700603 was also observed for 2-methoxy
chrysophanol from Clutia myricoidesin combination with third-
generation cephalosporin antibiotics through the inhibition of
extended-spectrum β-lactamases (ESBL), with marked enlargement
of inhibition zones (>5 mm) (Elfaky et al., 2020).

Besides β-lactamases, there are other hydrolytic enzymes in MRSA
that hydrolyse other types of antibiotics. Aranorosin isolated from
Gymnascella aurantiaca inhibited the growth of a MRSA strain in
the presence of arbekacin and was confirmed to act by inhibiting a
bifunctional aminoglycoside-modifying enzyme (Labby and Garneau-
Tsodikova, 2013). Inhibitors of chloramphenicol acetyltransferase have
not been reported in the past 20 years Table 3 presents an overview of
antibacterial sensitizers that target β-lactamases and other hydrolytic
enzymes.

4.2 Antibacterial sensitizers targeting PBP2a
and its Co-Factors

4.2.1 Antibacterial sensitizers targeting PBP2a
MRSA contains an SCCmec box encoding PBP2a by

horizontal transfer which has a low affinity to most beta-
lactam antibiotics (Peacock and Paterson, 2015). Acquiring the
PBP2a protein is the most important mechanism underlying
MRSA resistance to β-lactams. Numerous studies have
indicated that small molecules from herbal medicines
combined with β-lactams have a synergistic effect, and their
target is PBP2a.

For example, the synergistic effect of oxacillin and morin, a
natural pentahydroxy flavonol, against MRSA occurs by reducing
the production of PBP2a, encoded by the mecA gene (Mun et al.,
2015). The ursolic/oleanolic acids extracted from the leaves of
Shea butter trees exhibited synergistic effects in combination with
ampicillin/oxacillin against MRSA. The mechanism of reversion
of the MRSA phenotype involves the ability to separate PBP2a
from the cleavage site of the spacer, which interferes with the
synthesis of PGs (Catteau et al., 2017). Another report showed

that ampicillin/sulbactam combined with EGCG from tea
catechins reversed ampicillin/sulbactam resistance against
MRSA in a dose-dependent manner through the direct binding
of PGs (Hu et al., 2001). This is consistent with a previous report
that oxacillin and EGCG elicit synergistic effects against MRSA by
reducing the production of PBP2a or its gene expression (Shiota
et al., 1999). The synergistic antimicrobial effect of oxacillin and
corilagin/tellimagrandin I demonstrated that corilagin and
tellimagrandin I play an important role in inhibiting the
activity of PBP2a rather than its production of PBP2a (Shiota
et al., 2004). Baicalein, a flavone isolated from this herb, showed
asynergistic effect in combination with benzylpenicillin against
MRSA in a dose-dependent manner. The mechanism of action of
baicalein is related to the inhibition of PBP2a or damage to PG
(Liu et al., 2000). 2,3,3-Trimethyl-octane and benzoic acid from
the methanolic bark extract of Toxicodendron vernicifluum have
been reported to metabolise novel bacterial topoisomerase
inhibitors (NBTI) and PBP2a, resulting in excellent
antibacterial activity (Saravanakumar et al., 2019). Table 4
presents an overview of antibacterial sensitizers that inhibit
PBP2a. (Table 4).

4.2.2 Antibacterial sensitizers targeting factors
involved in S. aureus cell wall biogenesis

Several small-molecule inhibitors have been discovered in the
field of Mur enzymes in the last decade. However, these inhibitors
are mostly derived from chemical synthesis and there are very few
small molecules that are derived from natural products (Hrast et al.,
2014).

4.2.3 Antibacterial sensitizers targeting factors
involved in S. aureus wall teichoic acid synthesis

Numerous studies have reported various molecules targeting
Tar enzymes, such as tunicamycin and ticlopidine as tarO inhibitors
(Campbell et al., 2011; Farha et al., 2013) as well as targosey and
clomiphene as tarG inhibitors (Swoboda et al., 2009; Farha et al.,
2015). However, Tar enzyme inhibitors from natural plants have not
been reported in the last 20 years.

TABLE 3 The compounds from natural products that affect beta-lactamases and other hydrolytic enzymes.

Name Source Mechanisms Ref

EGCG Tea Camellia sinensis (L.) Kuntze
leaves

Inhibition of beta-lactamases Zhao et al. (2002)

Baicalein Scutellaria baicalensis Inhibition of penicillinase Qian et al. (2015)

Alkaloid compounds Cienfuegosia digitata Cav Inhibition of beta-lactamases Konaté et al. (2012)

Tellimagrandin I and rugosin B rose red petals Inhibition of beta-lactamases Shiota et al. (2000)

Shiota et al. (2004)

5-O-Methylglovanon Glycosmis plant Inhibition of beta-lactamases Obiang-Obounou and Jang (2011)

SB-202742 Spondias mombin Inhibition of beta-lactamases Coates et al. (1994)

2-methoxy chrysophanol Clutia myricoides inhibiting Extended-Spectrum beta-lactamases (ESBL) Elfaky et al. (2020)

Aranorosin Gymnascella aurantiaca inhibiting the bifunctional aminoglycoside-modifying
enzyme

Labby and Garneau-Tsodikova
(2013)
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4.2.4 Antibacterial sensitizers targeting other
factors

Compound 1771 and Congo red are the only two inhibitors of
ltaS (Richter et al., 2013; Vickery et al., 2018). Novel FtsZ inhibitors,
1-methylquinolinium iodide derivative and quinuclidine 1, have
been reported to possess strong and synergistic antibacterial activity
against MRSA when combined with β-lactams (Chan et al., 2015;
Fang et al., 2018).

4.3 Antibacterial sensitizers targeting efflux
pumps

Baicalein has previously been shown to significantly reverse
ciprofloxacin resistance in MRSA, possibly by inhibiting the
NorA efflux pump in vitro (Chan et al., 2011). 5’-
Methoxyhydnocarpin (5’-MHC) was previously reported to
have no antimicrobial activity but strongly potentiated the
action of berberine and other NorA substrates, such as
ethidium bromide, against S. aureus (Stermitz et al., 2000a).
Piperine, in combination with ciprofloxacin, markedly reduced
the MICs of ciprofloxacin against MRSA. The enhanced
accumulation and decreased efflux of ethidium bromide in
the wild type and mutant (CIPr-1) strains in the presence of
piperine suggests its involvement in the inhibition of NorA
pumps (Khan et al., 2006). The ethanolic extract of Persea
lingue, kaempferol-3-O-alpha-L-(2, 4-bis-E-p-coumaroyl)
rhamnoside, when combined with ciprofloxacin, resulted in a
synergistic effect with antimicrobial activity against a NorA
overexpressor increasing to 8-fold higher than the activity of
ciprofloxacin monotherapy. However, a similar trend was not
observed against a norA deletion mutant (Holler et al., 2012).
Indirubin was isolated from a chloroform extract of W. tinctoria
R. Br. leaves, capsaicin from chilli peppers, and carnosol/
carnosic acid from Rosmarinus officinalis synergistically
potentiated the activity of ciprofloxacin and erythromycin,
probably by inhibiting the NorA efflux pump (Oluwatuyi
et al., 2004; Ponnusamy et al., 2010; Kalia et al., 2012).
Silybin, a flavonolignan component of milk thistle seed
extract, has been shown to restore the sensitivity of MRSA
41577 to antibiotics. The possible mechanism was related to
the reduction in the expression of the quinolone resistance
protein NorA (norA) and quaternary ammonium resistance

protein A/B (qacA/B) efflux genes in MRSA through reverse
transcription-quantitative polymerase chain reaction analysis
(Wang et al., 2018). Many herbal compounds can inhibit the
NorA pump in S. aureus to restore bacterial resistance to
antibiotics. Table 5 summarises the compounds from plants
that inhibit the NorA pump.

Except for NorA, the proton-driven multidrug efflux pump
LmrS actively exports structurally distinct antimicrobials. Cumin
inhibited the growth of S. aureus and LmrS ethidium transport in
a dose-dependent manner (Kakarla et al., 2017). In a previous
study, EGCG also enhanced oxytetracycline activity against
MRSA, and the MIC of oxytetracycline was reduced 4–12-fold
when it was combined with EGCG and the possible mechanism is
inhibition of the efflux pump tet(K) (Novy et al., 2013). Baicalein
also inhibits tet(K) pumps to potentiate tetracycline antibiotics
(Fujita et al., 2005). Diosmetin showed a strong synergistic effect
against MRSA strains when combined with antibiotics. The
probable mechanism may be the inhibition of efflux pumps
(Wang et al., 2014).

4.4 Antibacterial sensitizers targeting the
cell membrane and other targets

Gallic acid-grafted chitosans (I), which have the highest gallic acid
content, exhibited synergistic effects when combined with β-lactams
by damaging the cell membrane (Lee et al., 2014). The natural
polyphenolic flavonoid apigenin has been found to enhance
the activity of ampicillin and ceftriaxone against MRSA.
Apigenin may damage the MRSA cytoplasmic membrane and
cause subsequent leakage of intracellular constituents
(Akilandeswari and Ruckmani, 2016). In addition, many
compounds have synergistic effects when combined with
antibiotics and other mechanisms. It has been found that
lipoic acid derivatives exhibit excellent activity against
multidrug-resistant S. aureus with no cytotoxicity and sensitise
fluoroquinolones towards fluoroquinolone-resistant methicillin-
resistant S. aureus strains, with DNA gyrase B as the likely
molecular target, as determined by molecular dynamics (MD)
simulations (Panjla et al., 2019). C-geranylated flavonoids from
Paulownia tomentosa fruits have been reported to reverse the
antibiotic effects of oxacillin (Navrátilová et al., 2016). It is
mechanism was not determined.

TABLE 4 The compounds from natural products that inhibit PBP2a.

Name Source Mechanisms Ref

Morin Flavonol Reducing the production of PBP2a Mun et al. (2015)

Ursolic/Oleanolic acids leaves of shea butter trees Separating PBP2a from the cleavage site of the spacer Catteau et al. (2017)

EGCG Tea Camellia sinensis (L.) Kuntze
leaves

Binding of peptidoglycans, reducing the production of PBP2a or its
gene expression

Hu et al., 2001, Shiota et al.,
1999

Corilagin/Tellimagrandin I Inhibiting the activity of PBP2a Shiota et al. (2004)

Baicalein Inhibition of PBP2a or damage of peptidoglycans Liu et al. (2000)

2,3,3-trimethyl-Octane and
benzoic

Toxicodendron vernicifluum Metabolizing PBP2a Saravanakumar et al. (2019)
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5 Conclusion and perspectives

In this review, we have summarised the mechanisms of
resistance in MRSA and investigations regarding antibacterial
sensitizers from natural products and their possible mechanisms
over the last two decades. The main mechanisms of antibacterial

sensitizers were showed in Figure 2. There still were a lot of reports
showed that not only isolated pure natural products but also extracts
from plants exhibited strong synergy effects with antibiotics. So
antibacterial sensitizers and antimicrobial drugs combinations have
revealed promising results in the fight against multidrug-resistant
bacteria.

TABLE 5 The compounds from natural products that inhibit NorA pump.

Name Source Mechanism Ref

5-methoxyhydnocarpin (5-MHC) Hydnocarpus wightiana Inhibition of NorA pump Stermitz et al. (2000a)

Piperine Piper nigrum Khan et al. (2006)

Kaempferol-3-O-α-L-(2,4-bis-E-p-coumaroyl) rhamnoside Persea lingue Holler et al. (2012)

Capsaicin chili peppers Kalia et al. (2012)

Carnosol and carnosic acid Rosmarinus officinalis Oluwatuyi et al. (2004)

Indirubin Wrightia tinctoria Ponnusamy et al. (2010)

Porphyrin pheophorbide A Berberis species Stermitz et al. (2000b)

Sarothrin Alkanna Orientalis Bame et al. (2013)

Orizabin XIX Mexican morning glory species Pereda-Miranda et al. (2006)

Totarol Chamaecyparis nootkatensis Smith et al. (2007)

Terpenoid Euphorbia hirta Perumal and Mahmud (2013)

Arylbenzofuran aldehyde (Spinosan A) Dalea spinose Belofsky et al. (2006)

Flavanoid/phenolic compounds Dalea versicolor Belofsky et al. (2004)

FIGURE 2
The mechanisms of antibacterial sensitizers against MRSA.
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The rich chemical diversity of plants makes them a renewable
and attractive potential source of antimicrobial sensitizers.
Numerous studies have demonstrated the therapeutic potential of
phytochemical products as antibiotics. However, there are no
reports on the clinical applications of natural-product-derived
antibacterial sensitizers. The reasons may be as follows: (1) the
chemical complexity of plant extracts, often undocumented toxicity,
poor water solubility, and lack of standardisation (Cos et al., 2006;
Spížek et al., 2010), (2) the uncertainty in the chemical composition
of natural plants, (3) the inherent time consumption of working with
natural products, and (4) additional limitations such as the costs of
collection, extraction, and isolation (Harvey, 2008). Therefore, there
is still a long way to go before antimicrobial sensitizers from natural
plants can be used in clinical settings.

Because plant-derived antibacterial sensitizers faced so many
problems, there are several methods that may be used to solve them.
On one hand, we can use some new techniques to discover new
antibacterial sensitizers and their mechanisms of action. (1) With the
development of genomics, proteomics, and metabolomics, they create a
platform for the screening of antibacterial sensitizers and the study of
their pharmacological effect andmechanism. (2)Molecular docking and
simulation studies can also help researchers to quickly screen the
potential candidate drugs based on the resistant targets of MRSA,
and understand the possible relationship of antibacterial sensitizers
and targets. (3) Bioassay-guiding isolation of active products is crucial
to study the synergistic mechanism in-depth. On the other hand, we can
use some approaches to improve the sensitizing effect of existing
antibacterial sensitizers. (1) Improve the quality standard of active
compounds when they were extracted and separated. For example,
the picking season and origin of the herb, the process of extraction and
the using of solvent, etc., needed to be strictly controlled. (2) Optimizing
the combination ratio and proper dosage regimen of the combinations
are still important. (3) Furthermore, comparable pharmacokinetic
profiles of both drugs can bring more effective synergistic
combinations, so future studies could focus on pharmacokinetic
behaviours of antibacterial sensitizers and antibiotics.
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