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Abstract Staphylococcus aureus (S. aureus) produces a

wide variety of toxins that cause various diseases in humans.

S. aureus toxins are divided into three categories; (i)

superantigens (SAgs) that interfere with receptor function

and cause toxic shock syndrome (TSS) or staphylococcal

food poisoning (SFP), (ii) exfoliative toxins (ETs) that

destroy epidermal barrier functions and cause staphylococcal

scalded skin syndrome (SSSS), and (iii) cytotoxins that

cause cell lysis. Recently, anti-toxin neutralizing agents

have been engineered and proven to be effective in

preventing or treating staphylococcal diseases. However,

neutralization of a single toxin may not sufficiently protect

the host from S. aureus infection. Biofilm formation and

the pathogenesis of S. aureus are closely associated with

accessory gene regulator-quorum sensing (agr-QS) system

that controls the expressions of many virulence factors

including exotoxins. In addition to anti-toxin antibodies,

indirect approaches involving targeting of the agr-QS

system are considered a novel means of inhibiting the

virulence of S. aureus and controlling various diseases

caused by the pathogen. This review summarizes basic

concepts of the pathogenic roles of S. aureus toxins, the

molecular features of the agr-QS system, and of natural

product-based anti-virulence therapies that target virulence,

rather than growth.
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1. Introduction

Staphylococcus aureus (S. aureus) is a gram-positive

bacterium and produces a wide variety of toxins that cause

various diseases, which range from mild skin infections

to systemic, life-threatening diseases [1]. The virulence

factors produced by S. aureus include secreted proteins

(e.g., superantigens (SAgs), exfoliative toxins (ETs) and

cytotoxins), enzymes (e.g., proteases, staphylokinase and

coagulase), and surface proteins (e.g., protein A, fibronec-

tins, collagen adhesion and clumping factors) [2-4]. In this

review toxins are defined as secreted proteins that directly

or indirectly harm the host and cause diseases. 

Toxins secreted by S. aureus can be divided into three

categories, clinically important two exotoxins and cell

membrane-damaging cytotoxins; (i) SAgs that interfere

with receptor function, (ii) ETs that destroy epidermal barrier

function, and (iii) cell membrane-damaging cytotoxins that

act in a receptor-dependent or receptor-independent fashion

[5]. These toxins mainly modulate host immune response

by interfering with the receptor functions of immune cells

or facilitate tissue penetration by destroying intercellular

junctions or host cell membranes. Many virulence factors,

including exotoxins, are expressed under the control of the

accessory gene regulator-quorum sensing (agr-QS) system,

which is closely associated with the pathogenesis and

biofilm formation by S. aureus and with antibiotic resistance

[6-8].

S. aureus rapidly acquires antibiotic resistance, and the

emergence of multidrug-resistant strains is an enormous

burden. It has been reported the annual death toll due to

antibiotic-resistant infections has reached 10 million, and

that in 2050 it will exceed the number of deaths attributed

to cancer [9]. Thus, the appropriate uses of antibiotics and

alternative therapeutic approaches have become necessities.
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Recently, anti-toxin antibodies that neutralize individual

toxins have been engineered and shown to be effective at

preventing or treating staphylococcal diseases [10-12].

Even a combined anti-toxin/antibiotic therapy has been

reported to be effective at blocking the progressions of

staphylococcal diseases [9]. However, neutralization of a

single toxin may not adequately safeguard the host from

S. aureus infection. Thus novel therapeutic agents targeting

the agr-QS system might provide a more effective means

of inhibiting the virulence of S. aureus and controlling

staphylococcal diseases [10-12]. In particular, natural

compounds that exhibit anti-toxin properties or target the

agr-QS system do not affect bacterial growth or viability,

and thus, assuage concerns regarding the emergence of

antibiotic-resistant strains [13].

This review summarizes basic concepts concerning the

pathogenic roles of various S. aureus toxins, including

SAgs such as staphylococcal enterotoxins (SEs), which

cause staphylococcal food poisoning (SFP), and toxic-shock

syndrome toxin-1 (TSST-1), which cause toxic shock

syndrome (TSS), ETs, which cause staphylococcal scalded

skin syndrome (SSSS), and cytotoxins such as hemolysins,

leukotoxin, and phenol-soluble modulins (PSMs), which

cause cell lysis, and provides an overview of the molecular

mechanism of the agr-QS system [14-16]. Natural product-

based anti-virulence therapies that directly or indirectly

govern virulence, rather than growth, are also summarized.

2. Staphylococcus aureus Toxins: Basic Concepts of
Their Pathogenic Roles

2.1. Superantigens (SAgs) that interfere with receptor

function

Staphylococcal SAgs, the most potent T-cell mitogens,

include SEs that have emetic effects after oral admini-

stration, and staphylococcal enterotoxin-like toxins (SEls)

and TSST-1 that do not have emetic properties [17]. So far,

23 different staphylococcal SAgs have been described: the

SEs A–E, G–J, and R–T (SEA-SEE, SEG-SEJ, SER-SET,

Fig. 1. Schematic diagram of toxin-mediated diseases and of the cell membrane damage caused by Staphylococcus aureus (S. aureus)
toxins. Toxin-mediated diseases are induced by superantigens (SAgs) or exfoliative toxins (ETs). SAgs directly cross-link TCR Vβ
domains with conserved structures of major histocompatibility complex (MHC) class II, and trigger T cell activation and proliferation
without the need for antigen processing. Staphylococcal enterotoxins (SEs) cause staphylococcal food poisoning (SFP), and toxic shock
syndrome toxin-1 (TSST-1) causes toxic shock syndrome (TSS). ETs adhere to desmoglein1 (Dsg1) and destroy desmosomal cell
attachments, and thus, cause staphylococcal scalded skin syndrome (SSSS). Cell membrane damage is induced by a variety of S. aureus
toxins including α-, β-, γ-, and δ-hemolysins, leukotoxins and phenol-soluble modulins (PSMs), and eventually leads to hemolysis,
leukolysis, and bacterial invasion.
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respectively), the SEIs K–Q and U–X (SElK-SElQ, SElU-

SElX) and TSST-1 [15,17,18]. Most SAgs genes are

localized on mobile genetic elements (MGEs) and SAg

expression regulated by at least four global regulators, agr,

sarA, sarB and sarRS, whereas SElX is encoded on the

core genome [18-23].

The action mechanism of SAgs differs from that of

conventional peptide antigens. Conventional antigens are

internalized and processed by antigen presenting cells

(APCs) [24]. T-cells recognize major histocompatibility

complex (MHC) class II-restricted antigenic peptide displayed

on APC surfaces using hypervariable loops of T-cell

receptor (TCR) α and β chains [24]. However, SAgs can

directly cross-link TCR Vβ domains using conserved

MHC class II structures expressed on APCs, and thus,

trigger T cell activation and proliferation without the need

of antigen processing (Fig. 1) [25]. That is to say, stimulation

of T cells by SAgs is dependent on the composition of the

variable region of the TCR β chain (Vβ), not on the antigen

specificity of TCR. Furthermore, SAgs trigger cytokine

release from activated APCs via MHC class II and

mucosal cell barrier disruption [26,27]. Clinically, SAgs

result in hypotension by binding directly to MHC class II

on endothelial cells which then interact with SEB or TSST-1

and cause the release of vasoactive mediators such as

tumor necrosis factor-alpha (TNF-α) from host leukocytes

[28-30]. In the present study, we address SFP and TSS

caused by SEs and TSST-1, respectively, although SAgs

have been implicated in the pathogenesis of a various human

diseases including Kawasaki disease, atopic dermatitis and

airway allergies [14,31,32]. Details of various toxins

secreted by S. aureus are provided in Table 1.

2.1.1. Staphylococcal enterotoxins (SEs) 

SEs are secreted toxins of 20 to 30 kD that interfere with

intestinal function and cause SFP, which manifests clinically

as nausea, vomiting, abdominal pain and diarrhea without

signs of systemic toxicity such as fever or hypotension

[33,34]. SFP is a self-limiting disease that usually resolves

within 24 to 48 h of onset [35]. The mechanism responsible

for its emetic activity has not been clearly elucidated, but

SE-induced inflammation, rather than SE receptors, has

been implicated in the pathogenesis of SFP. The receptors

responsible for emetic response to SEs have not been

identified, but the clinical symptoms of SFP have been

correlated with a number of inflammatory mediators like

leukotriene B4 and prostaglandin E2, which are generated

in response to SEs [31]. SE-induced gastroenteritis is defined

by histologically characteristic inflammatory changes in

the gastrointestinal tract [28]. The most severe lesions with

hyperemic mucosa are found in the stomach and upper

small intestine and are accompanied by neutrophilic

infiltrates in epithelium and lamina propria, and damaged

brush borders, elongated crypts, and neutrophilic infiltrates

in lamina propria are observed in jejunum [14,36]. More

than 20 SEs (SEA—SElV) have been identified based on

Table 1. Virulence factors secreted by Staphylococcus Aureus

Name Abbreviation Function References

Enterotoxins SEs Superantigen activity, gastroenteric toxicity causing 
staphylococcal food poisoning

[14,28,35,36]

Toxic shock syndrome 
toxin-1

TSST-1 Superantigen activity, pro-inflammatory activity, endothelial 
toxicity causing toxic shock syndrome

[14,18,34,39-41]

Exfoliative toxins A, B and 
D

ETA/B/D Glutamate-specific serine protease activity that target desmoglein 
1, disruption of epidermal layers causing bullous impetigo, 
staphylococcal scalded skin syndrome

[49,51]

Hemolysin-α Hla, α-toxin Pore-forming activity that lyses RBCs, leukocytes except for 
neutrophils

[43,55-57]

Hemolysin-β Hlb, β-toxin Sphingomyelinase activity that lyses RBCs, monocytes except for 
lymphocytes, granulocytes

[58,59]

Hemolysin-γ Hlg, γ-toxin Bi-component pore-forming leukocytolytic activity that lyses 
neutrophils, monocytes, macrophages 

[61,62]

Leukocidins D, E
and M

LukD/E/M Bi-component (hetero-oligomeric) pore-forming leukocytolytic 
activity that lyses neutrophils, monocytes, macrophages

[63-67]

Leukocidins A and B 
(also called H and G)

LukAB/-HG Bi-component pore-forming leukocytolytic activity [67,68]

Panton-Valentine 
leukocidin

PVL Bi-component pore-forming leukocytolytic activity that lyses 
neutrophils, monocytes, macrophages

[68,70,71]

Phenol-soluble modulins PSMs Pore-forming cytolytic activity, pro-inflammatory activity [43]

Hemolysin-δ Hld, δ-toxin Cytolytic activity that lyses neutrophils, monocytes, mast cell 
degranulation

[53,75]
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antigenic heterogeneity [5,33]. Notably, staphylococcal

enterotoxin B (SEB) is considered a biological weapon,

and staphylococcal enterotoxin C (SEC) promotes infective

endocarditis, kidney injury, and sepsis in CA-MRSA strain

MW2 infections [37,38].

2.1.2. Toxic shock syndrome toxin-1 (TSST-1)

Staphylococcal enterotoxin F (SEF) was renamed TSST-1

[5]. In contrast to SEs, TSST-1 (22-kD) does not cause

emesis but rather induces the release of large quantities of

pro-inflammatory cytokines, such as interleukin (IL)-1, IL-

2, IL-8, and TNF-α from host T cells and macrophages

[14,18,34,39]. This cytokine storm results in the clinical

symptoms of TSS, which include high fever, erythematous

rash, desquamation, low blood pressure, and hypovolemic

shock leading to multiple organ failure [40,41]. These

symptoms are followed by T-cell anergic state, in which T-

cells are unable to proliferate, produce IL-2, or even

survive [42-44]. These effects of TSST-1 could provide an

evolutionary advantage to S. aureus by eliminating T-cells

that help antibody-producing B-cells exert adaptive immune

response [45]. Acute respiratory distress syndrome (ARDS)

and disseminated intravascular coagulation (DIC) are

common and lethal complications of TSS [27,46]. Prolonged

hypovolemic shock is the most prominent histologic

feature in fatal cases. In contrast to other forms of septic

shock, histopathologic abnormalities in menstruation-

associated cases include lymphocytic perivasculitis, hepatic

fatty change and periportal triaditis, extensive erythropha-

gocytosis, and ulcerating vaginitis [46,47]. 

2.2. Exfoliative toxins (ETs) 

S. aureus ETs include ETA, ETB and ETD, which are

encoded on different genetic elements, eta is located on a

temperate phage in the genome, whereas etb is found on

plasmids and etd on a genomic island [43]. The expressions

of the ETs are regulated by accessory gene regulator (agr)

[48]. ETs have glutamate-specific serine protease activity

and target a keratinocyte cell-cell adhesion molecule,

desmoglein 1 (Dsg1; desmosomal intercellular adhesion

molecule) [49]. ETs adhere to Dsg1, destroy desmosomal

cell attachments, and thus, cause epidermal detachment of

skin epidermis [50]. Disruption of epidermal layers

facilitates bacterial skin invasion and causes blistering

diseases like bullous impetigo and staphylococcal scalded

skin syndrome (SSSS) [51]. SSSS predominantly affects

neonates and infants, but adults with renal impairment or

immune deficiency are also at risk [52]. 

2.3. Cytotoxins 

S. aureus produces a variety of toxins that target the

cytoplasmic membrane [5,34]. These cytolytic toxins usually

form pores in the cell membrane, which results in the

efflux of metabolites and molecules, and finally causes cell

lysis [5,34]. Membrane-damaging toxins can be classified

to two subgroups; toxins that lyse target cells with high

specificity in a receptor-dependent fashion, and toxins that

interfere with cell membranes in a less specific fashion

independently of receptor interactions [5,34,53,55,56].

2.3.1. Receptor-dependent cytolytic toxins 

S. aureus toxins that require receptor interactions for their

lytic functions, include hemolysins that target red blood

cells (α-, β-, γ-toxin) and leukotoxins that target white blood

cells (Panton-Valentine leukocidin (PVL) and leukocidins

LukDE and LukAB (LukGH)) [43]. Bi-component toxins

are structurally similar to α-toxin and belong to the pore-

forming toxin family [43]. However, δ-toxin is classified as

a phenol-soluble modulins (PSMs) and does not require a

receptor for its hemolytic activity [53].

A. Hemolysin-α (Hla, α-toxin)

Hla is a water-soluble monomer of 33 kDa and is encoded

on the core genome and expressed by agr-regulated systems

[54]. Hla has pore-forming and pro-inflammatory properties

[43,55]. At high concentrations, it forms pores in a receptor-

independent fashion whereas at low concentrations, pore

formation requires interaction with ADAM10 (a disintegrin

and metalloproteinase) in a receptor-dependent fashion

[55,56]. The heptameric pore-formation of Hla destroys a

variety of host cells, including red blood cells, leukocytes

(except neutrophils), epithelial cells, and fibroblasts [43,57].

In particular, cleavage of E-cadherin in epithelial adherens

junctions and disruption of focal adhesion complexes can

reduce epithelium and endothelium barrier functions

ultimately paving the way for S. aureus invasion [55,56].

B. Hemolysin-β (Hlb, β-toxin) 

Hlb is a non-pore-forming toxin but lyses monocytes and

erythrocytes except lymphocytes and granulocytes [58].

Although its mode of action is unclear, the sphingomyelinase

activity of Hlb may hydrolyze sphingomyelin in the lipid

bi-layers of cell membranes, and induce apoptosis [5,59].

C. Hemolysin-γ (Hlg, γ-toxin)

Hlg is a bi-component toxin consisting of polypeptide S

(slow, HlgA or HlgC) and polypeptide F (fast, HlgB). Hlg

is encoded on the core genome [43]. The F component

(HlgB) has been proposed to bind to phosphatidylcholine

on target cells whereas the S components (HlgA or HlgC)

bind to cell membranes and eventually cause lysis [60,61].

The membrane-damaging activity of Hlg is apparent in the
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myleoid lineage, that is, in monocytes, macrophages, and

neutrophils [62]. 

D. Leukotoxins 

Leukotoxins of 32–35 kDa belong to the bi-component

(hetero-oligomeric) Luk toxin family and are composed of

one class S and one class F protein, which are encoded on

the core genome or phage [43]. Class S and F proteins

oligomerize to form a pore-structure [63]. Class F protein

consists of 5 subunits, namely HlgB, LukF-PV, LukD,

LukF’-PV and LukG, and class S protein consists of six

subunits, namely HlgA, HlgC, LukSPV, LukE, LukM, and

LukH [63-67]. LukAB (LukGH) is the only leukotoxin

capable of lysing neutrophils after phagocytosis without

receptor interaction [67,68]. Panton-Valentine leucocidin

(PVL) consists of lukF-PV and lukS-PV, which are encoded

on phage [69,70]. This group of toxins target the cells of

lineage such as neutrophils, monocytes, and macrophages

[69,70]. The leukocytolytic activity of leukotoxins is

dependent on receptor interaction. In humans, the receptor

for LukED is CCR5 on immune cells, whereas the receptors

for PVL and LukAB (LukGH) are C5aR, C5L2, and

CD11b, respectively [71-73]. Leukotoxins are presumed

supposed to be important for immune evasion by S. aureus

[64,67]. The leukocytotic activity of PVL has been reported

to be 100-fold greater than that of other leukotoxins, and

relations between PVL and necrotizing pneumonia and

skin and soft tissue infections (SSTIs) remain topics of

active discussion [74]. 

2.3.2. Receptor-independent cytolytic toxins 

As previously mentioned, hemolysin-δ (δ-toxin, Hld) is a

family of PSMs, which do not require receptor interaction

for cytolytic activity [53]. In addition, δ-toxin causes atopic

dermatitis by promoting mast cell degranulation [75]. 

A. Phenol-soluble modulins (PSMs)

PSMs are a family of multifunctional peptides that exhibit

cytolytic and pro-inflammatory properties during the patho-

geneses of staphylococcal infections [43]. Most PSMs are

encoded on the core genome, and their expressions are

regulated by agr [76,77]. PSMs are classified into two

subfamilies, PSMα1–4 and PSMβ1–2. The PSMα peptides

PSMα1–α4 are encoded in the psmα locus [43]. 

Hemolysin-δ (Hld, δ-toxin) is a member of the PSMα

subfamily [53]. PSMα1 and PSMα2 have antimicrobial

activities that inhibit colonization by competing pathogens

[78]. PSMs trigger inflammatory responses by interacting

with human formyl peptide receptor 2 (FPR2), but their

cytolytic activities for red and white blood cells are FPR2-

independent [77,79,80].

3. Control of Toxin Expression by the agr-QS
System

Quorum sensing (QS) is a bacterial cell-to-cell communi-

cation system [11]. S. aureus invades the host with increased

urgency using various virulence factors when a chemical

signal that the population of S. aureus has reached a

sufficient level is detected through the QS system, which is

encoded by the agr locus [10,81]. The agr operon has two

divergent promoters, P2 and P3 (Fig. 2) [82]. P2 generates

RNAII, which encodes for four proteins – AgrB, AgrD,

AgrC, and AgrA, whereas P3 produces RNAIII, which

encodes for hemolysin-δ and small regulatory RNA mole-

cule which regulates the expression of numerous secretory

toxins such as enterotoxins, hemolysins, leukotoxins and

proteases, and several cell-surface associated virulence

factors such as protein A, fibronectin-binding proteins, and

coagulases [76,83,84].

Autoinducing peptide (AIP) is a pheromone that induces

interactions between individual staphylococcal bacteria,

and its precursor is encoded on AgrD [85,86]. S. aureus

produces and accumulates AIP in the extracellular environ-

ment in response to fluctuations in cell-population density,

and AIP modulates toxic gene expressions by activating

the agr system when its concentration reaches a threshold

[76,82]. After binding to AIP, AgrC phosphorylates AgrA,

which activates P2 and P3 promoters and results in the

productions of various toxins [76,82]. 

Agr-QS system exerts its various biological functions by

regulating virulence factor expression, biofilm formation

and antibiotic resistance, and because these functions are

known to play crucial roles in the pathogenesis of S. aureus,

quorum quenchers have recently emerged as attractive

therapeutic agents that inhibit the virulence and control

staphylococcal diseases [6-8].

4. Anti-virulence Therapies and Natural Products

Antibiotics are first-line treatments that inhibit the bacterial

growth cycle by blocking the synthesis of essential survival

factors. As conventional treatments are ineffective against

infections caused by antibiotic-resistant strains such as

penicillin-resistant S. aureus (PRSA), methicillin-resistant

S. aureus (MRSA) or vancomycin-resistant S. aureus

(VRSA), innovative therapeutic approaches are required

[87]. Recently, anti-toxin antibodies that neutralize single

virulence factors have been engineered and shown to

prevent or treat staphylococcal diseases in various animal

models. Monocloncal antibodies such as mAbs 7B8 and

1A9, mAb 2A3.1, mAb LTM14 and mAb Hla-F#5,
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chemical compounds such as β-cyclodextrin derivatives

and ADAM10 inhibitor (GI254023X), and natural

compounds such as morin hydrate neutralize α-hemolysin

[88-96]. Monoclonal antibody Hla-F#5 is anti-toxin that

neutralize α-hemolysin and bi-component leukocidins,

bivalent and tetravalent anti-PVL mAbs for PVL and

γ-hemolysin, and anti-LukS-mut9 for PVL and other

leukotoxins, whereas huMAb-154, mAb 20B1 and soluble

Vβ protein are anti-toxins that neutralize SEB [92,97-102].

However, as mentioned above neutralization of single

virulence factor may not sufficiently protect the host from

S. aureus.

Combined anti-toxin/antibiotic therapies or indirect

approaches targeting the agr-QS system that governs

S. aureus virulence might be more effective at blocking the

progressions of staphylococcal diseases [9-12]. Recently,

RNAIII-inhibiting heptapeptide (RIP) and sarvirin were

reported to disrupt the Agr-QS system and reduce S. aureus

virulence [5]. Anti-virulence compounds can interfere with

virulence factors such as toxins or the agr-QS system.

Because these compounds do not affect bacterial growth or

viability, anti-virulence therapy is likely to reduce antibiotic

resistance, and thus, holds great promise as an effective

solution [13]. 

Natural compounds that exhibit anti-toxin properties or

target the agr-QS system could be novel therapeutic agents

for S. aureus infections. Bioactive natural components such

as staphylococcal toxin neutralizing agents (e.g., morin

hydrate and oroxylin glycoside) and quorum quenchers

that target the agr-QS system (e.g., isorhamnetin, chrysin,

puerarin, naringenin, ω-hydroxyemodin, ambuic acid, 224C-

F2 and 430D-F5) are summarized in Table 2.

4.1. Natural compounds that neutralize staphylococcal

toxins

Morin hydrate (also called 2′,3,4′,5,7-pentahydroxyflavone)

is a flavonoid found in Maclura pomifera (Osage orange),

Maclura tinctoria (old fustic), and in the leaves of Psidium

guajava (common guava), and was found to inhibit the

self-assembly of the heptameric transmembrane pore of

hemolysin-α in mouse model of pneumonia, and thus, to

inhibit hemolytic activity [96,103,104].

Three oroxylin glycosides, oroxin A (ORA), oroxin B

(ORB), and oroxylin A 7-O-glucuronide (OLG) are natural

Fig. 2. Schematic diagram of the accessory gene regulator (agr) quorum-sensing (QS) system in S. aureus. S. aureus has a QS system
encoded by the agr locus. The agr operon has two promoters, P2 and P3. P2 produces the RNAII transcript, which is an operon of four
genes (agrA, B, C, and D), which encode the main components of QS. A transmembrane protein AgrB converts AgrD to autoinducing
peptide (AIP) which is a ligand of another transmembrane protein AgrC, and their binding results in the autophosphorylation of AgrC.
And then, AgrA is phosphorylated and activated, subsequently binds to P2 and P3, and upregulates agr transcription of RNAII and
RNAIII. AgrA also induces the expressions of phenol-soluble modulins (PSMs). P3 produces the RNAIII transcript that yields small
regulatory RNA molecule, which acts as the primary effector of the QS system by upregulating the productions of numerous secreted
toxins and by downregulating the productions of cell-surface associated proteins. RNAIII also induces hemolysin-δ (Hld) production.
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flavonoids present in dry mature seeds, plants of the

Bignoniaceae family, strawberries, grapes, apples, onions

and other vegetables and fruits [105]. These compounds

share structural similarity and bind to the “stem” region of

Table 2. Natural products with possible therapeutic uses as anti-virulence agents

Name Chemical structure Isolation from Mechanism of action References

Neutralizing staphylococcal toxins

Morin hydrate Maclura pomifera, Maclura tinctoria, 
leaves of Psidium guajava

Inhibits self-assembly of the 
heptameric transmembrane pore 
of Hla

[96,103,104] 

Oroxin A Dry mature seeds, Bignoniaceae,  
fruits (strawberry, grapes, apples, and 
so on) vegetables (onions and so on)

Bind to the “stem” region of  Hla 
and restrict the conformational 
transition of toxin from monomer 
to oligomer

[105,106]

Oroxin B

Oroxylin A 
7-O-glucuronide

Targeting agr-QS system (quorum quenchers)

Isorhamnetin Fruits (apples, blackberries, cherries, 
pears) medicinal herbs and plants

Inhibits RNAIII expression and 
Hla expression

[107]

Chrysin Honey, propolis, passion flowers 
(Passiflora caerulea, Passiflora 
incarnata, Oroxylum

Inhibits RNAIII expression and 
Hla expression

[108,110]

Puerarin Root of the Pueraria lobate Ohwi Inhibits RNAIII expression and 
Hla expression

[109,111]

Naringenin Variety of fruits and herbs Inhibits the levels of agrA and hla 
transcript

[112-114]

hydroxyemodin 
(ω-OHM)

Fungus Penicillium restrictum Inhibits agr activity [115,116]

Ambuic acid Fungal metabolite Inhibits AIP and RNAIII 
production

[119]

224C-F2 Castanea sativa leaf Inhibits agr activity and Hld 
production

[120,121]

430D-F5 Schinus terebinthifolia berry Inhibits agr activity and Hld 
production

[122]

Chemical structures were redrawn from the references shown in italics.
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hemolysin-α, and by so doing, they restrict its conformational

transition from monomer to oligomer in vitro and inhibit its

hemolytic activity [105,106].

4.2. Natural compounds that target the agr-QS system

(quorum quenchers) 

4.2.1. Quorum quenchers with a flavone backbone

Isorhamnetin (also called 3′-methoxy-3,4′,5,7-tetrahydroxy-

flavone) is a metabolite of quercetin and a naturally

occurring O-methylated flavonol plentiful in apples,

blackberries, cherries, pears, and in medicinal herbs and

plants [107]. Chrysin (5, 7-dihydroxyflavone) is a flavone

found mainly in honey, propolis, the passion flowers

Passiflora caerulea and Passiflora incarnata, and Oroxylum

indicum [108]. Puerarin is the major bioactive ingredient

isolated from the root of Pueraria lobata Ohwi, which is

well known as Gegen in traditional Chinese medicine

[109]. Isorhamnetin, chrysin, and puerarin all quorum

quenchers with a flavone backbone and have been reported

to reduce RNAIII expression and subsequent hla expression

and thus could afford protection from MRSA or MSSA-

provoked pneumonia [107,110,111].

Naringenin, a predominant flavanone in grapefruit is

also found in a variety of fruits and herbs, and has been

reported to reduce the levels of agrA and hla transcripts

significantly in S. aureus culture and to diminish

hemolysin-α production and protect mice from S. aureus-

provoked pneumonia [112-114].

4.2.2. Quorum quenchers isolated from fungi

Omega-hydroxyemodin (ω-OHM) isolated from Penicillium

restrictum inhibited agr activity in strains expressing yellow

fluorescent protein (YFP) under the control of the agr::P3

promoter [115,116]. OHM inhibits agr function by targeting

AgrA binding to promoter DNA as determined by molecular

docking, an electrophoretic mobility shift assay, a bead-

based assay of DNA-transcription factor binding, and

surface plasmon resonance. Furthermore, in a mouse model

of MRSA skin infection, OHM specifically disrupted agr

signaling without directly effecting the host [12,117,118].

Ambuic acid is a fungal metabolite that targets AgrB,

and has been reported to inhibit AIP production in S. aureus

as determined by mass spectroscopy [119]. It was also

reported to inhibit hemolysin-α production by MRSA and

RNAIII production by Western blotting and quantitative

real-time PCR, respectively, which indicated it repressed

the agr-QS system. Furthermore, in a murine mouse model

of MRSA skin, a single 25g prophylactic dose of ambuic

acid almost completely prevented skin ulcer formation

over the course of the 14-day experiment [12,119].

4.2.3. Quorum quenchers isolated from plants

Castanea sativa leaf extract 224C-F2 was reported to inhibit

agr expression and thus, to reduce hemolysin-δ production,

as determined by high-performance liquid chromatography

(HPLC), and red blood cell lysis [120]. Furthermore, in an

in vivo model of MRSA infection, pretreatment with 224C-

F2 reduced infection-induced ulcer areas and significantly

attenuated morbidity [12,120,121].

Schinus terebinthifolia berry extract 430D-F5 was also

found to inhibit agr expression and significantly reduce

hemolysin-δ production and hemolytic activity in vitro, and

in a mouse model of MRSA skin infection, pretreatment

with a single 50 g dose of 430D-F5 reduced skin ulcer

formation markedly and significantly reduced morbidity

[12,122].

5. Conclusion 

S. aureus produces toxins that cause a wide variety of

diseases in humans, for example, SEs cause SFP, and

TSST-1 causes TSS, ETs cause SSSS and cytotoxins such

as hemolysins, leukotoxins, and PSMs cause cell lysis. The

Agr-QS system controls the expressions of virulence factors

and biofilm formation, and in order to eliminate antibiotic

resistance caused by biofilm formation, alternative therapeutic

drugs are urgently needed. Anti-virulence agents can

inhibit the activities of virulence factors and pathways that

mediate virulence. Recently, anti-virulence therapy has

attracted considerable interest, and natural products with

anti-toxin properties or that target the agr-QS system have

been shown to inhibit S. aureus virulence and control

staphylococcal diseases without affecting bacterial growth

or viability. For this reason, natural product-based anti-

virulence therapies offer the possibility of blocking the

progression of staphylococcal diseases without developing

antibiotic resistance. Although the molecular mechanisms

responsible for the activities of these natural compounds

have yet to be determined, these compounds provide

starting points for the development of novel anti-virulence

agents that target S. aureus.
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