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ABSTRACT

Methicillin-resistant Staphylococcus aureus (MRSA) is Gram-positive pathogen
known to cause severe disease in humans. MRSA’s resistance to the 3-lactam class of
antibiotics makes it an increasing healthcare concern. Over the last two decades there has
been arise in the incidence of community-associated MRSA, specifically pulsed-field gel
electrophoresis type USA300 (known to cause severe skin and soft tissue infections).

The development of drug therapies against MRSA infections that do not induce resistance
and have efficacy against MRSA is a pressing matter. In this study, we investigate the
potential of two components in licorice extracts, Glycyrrhizic acid (GA) and 18-f-
Glycyrrhetinic acid (GRA), as effective antimicrobials against MRSA. Using in vitro
survival assays, we determined that GRA is directly bactericidal to MRSA. Using a
murine model of skin and soft tissue infection, we discovered that topical treatment with
GRA reduced severity of MRSA skin and soft tissue infections more rapidly than
treatment with GA or a control. The increase in infection clearance was not due to a
reduction in bacterial burden, but results indicate that GRA may decrease severity of the
infection via an effect on the immune system. Treatment of an MRSA skin infection with
GRA reduced expression of KC and G-CSF. To further investigate how GRA treatment
led to a more rapid clearance of infection, we analyzed the expression of five S. aureus
virulence genes (saeR, hla, RNAIII transcript, mecA, and sbi) after treatment with GRA
or GA. GRA rapidly down-regulated four of the five virulence genes in vitro and all five
virulence genes in vivo in the skin infection model. The data presented here shows that
GRA is bactericidal, assists in decreasing the severity of MRSA infection via down-
regulation of virulence genes, and can induce an altered immune response in the host.



INTRODUCTION

Background

Staphylococcus aureus (S. aureus) is a Gram-positive pathogen known to cause
severe disease, ranging from skin and soft-tissue infections to bone, joint, and
endovascular disease (47,47). S. aureus has been a leading cause of bacterial infection
worldwide for decades (14,17,19,20) and has become known for how easily it incurs
antibiotic resistance (13). After the introduction of penicillin in the 1940’s, S. aureus
quickly became resistant to the antibiotic through the incorporation of a plasmid encoding
B-lactamase (19,39). Methicillin was introduced as an effective treatment against S.
aureus in the late 1950’s, and resistance to methicillin was seen as early as 1961 (6,19),
giving rise to methicillin-resistant Staphylococcus aureus (MRSA). Methicillin
resistance conferred resistance not only to methicillin, but to the entire class of B-lactam
antibiotics, including penicillins, cephalosporins, and carbapenems (13). Vancomycin
has become the treatment of choice against MRSA, but due to the rigorous course of
vancomycin prescribed to individuals afflicted with MRSA, vancomycin-resistant strains
of S. aureus arose in the late 1990’s (31,54,60,65,72,73,73). Also arising in the 1990’s
were strains of MRSA that are referred to as community-associated MRSA (CA-MRSA)
(1,30). CA-MRSA strains can infect otherwise healthy people, are more virulent than
other strains, and can spread more rapidly than other strains (30,66,69). S. aureus
colonizes approximately 30% of the United States population (7,37), and approximately

5% of the population in the United States is colonized with MRSA (7,42,48). This fairly
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widespread colonization is important to the bacteria’s ability to infect and spread among
individuals (13). In the United States, MRSA is one of the leading causes of death by a
bacterial pathogen (17,40). In 2005, there were 94,360 invasive MRSA infections in the

United States, resulting in 18,650 deaths (40).

Antimicrobial Resistance

S. aureus has developed many ways to resist killing by antibiotics. There are two
ways in which S. aureus can become resistant to f-lactam antibiotics: through production
of a penicillinase encoded by blaZ (confers resistance to penicillin only) or through
production of a B-lactam resistant penicillin-binding protein (PBP) (49). B-lactam
antibiotics target the transpeptidase-active sites of PBPs, preventing them from
completing peptidoglycan cell wall synthesis (24,49) The B-lactam resistant PBP, known
as PBP2a, is encoded by the mecA gene, has an altered active site, and confers resistance
to the entire class of B-lactam antibiotics (28,28,45,49,61,61). S. aureus strains
containing the mecA gene are classified as MRSA (13). The mecA gene was shown to be
part of a staphylococcal cassette chromosome (SCCmec) which is a mobile genetic
element (13,34,38). Eight different major SCCmec complexes have been identified
(SCCmecl-SCCmecVI1I), with the mecA gene fully present in all eight and variations on
the mecR1 and mecl regulatory genes present in all eight, as well (13). CA-MRSA
strains contain SCCmeclV or SCCmecV which contain a fully intact mecA and a
truncated mecR1(13). SCCmeclV is the most widely distributed of the cassettes in S.
aureus and isolates containing SCCmeclV grow faster than strains containing other

allotypes (13). Glycopeptide antibiotics, such as vancomycin, bind to a terminus of cell
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wall peptidoglycan and prevent cross-linking (49). Glycopeptide resistance comes from
one of two alterations: thickened or poorly cross-linked cell wall peptidoglycan that binds
glycopeptides, or various genetic changes over time (i.e. altering the terminal end of
peptidoglycan to prevent glycopeptide binding) (49). Resistance to some antibiotics can
be regulated by various two-component systems of the bacteria, such as the MecR1-Mecl
(methicillin resistance) and VanRS (vancomycin resistance) systems (49). Various
strains of MRSA have also developed resistance to other antimicrobials, such as the
protein synthesis inhibiting ketolides, aminoglycosides, and tetracyclines, and the DNA

replication inhibiting flouroquinolones (15,32,49).

Antimicrobial Targets

As published data shows, crude licorice extracts can directly alter the expression
of drug resistance genes in MRSA (43). There are also additional genetic elements in
MRSA that would make excellent targets for licorice treatment. Most antibiotics are
directed at synthesis machinery and metabolism (49). However, S. aureus has the ability
to modify its genome to avoid antimicrobial-mediated killing through antibacterial
inactivation (i.e. penicillinase), drug efflux (i.e. tetracycline efflux pumps), and
modification of drug target (i.e. mecA modification of cell wall elements) (49). A
treatment designed to attack elements of the bacterial genome that are necessary for
pathogenesis and survival is ideal due to the low possibility of these elements of the
bacterial genome modifying for resistance. Some of these genome targets are the sixteen
two-component systems (TCS) the bacteria uses to check its environment and regulate

gene expression in response to environmental changes (56). The Agr (accessory gene
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regulator) system controls cell wall-associated proteins and exoproteins such as alpha-
toxin, beta-hemolysin, leukotoxins, and toxic shock syndrome toxins through activation
of the RNAIII regulatory gene element (11). The Agr system has been successfully
targeted by antibodies to the agr auto-inducing peptide (AIP) and an RNAIII activating
protein (RAP), resulting in a decrease in lethality of the bacteria (5,59). Blocking
signaling in the Agr system causes a failure in Agr signaling and thus a lack of
production of virulence factors, causing a reduced ability to infect a host (5,22,59). The
SaeR/S (S. aureus exoprotein expression) TCS is important for dermonecrosis during
MRSA skin infection and in the transcription of the hla gene, which encodes for alpha-
hemolysin (51,56). Down-regulation or elimination of the SaeR/S TCS has been shown
to ameliorate MRSA invasive and skin and soft tissue infections (56). Due to the
importance of SaeR/S in disease caused by USA300, this TCS is another target for future
therapeutics. Investigators recently began targeting virulence factors instead of genes
essential for survival (such as cell wall particles), expecting that this method will
decrease development of resistance and result in reduced severity and incidence of S.
aureus disease (58). However, redundancy of virulence will require a treatment that is

able to target multiple virulence determinants at once (58).

MRSA and the Immune System

The host’s immune response to MRSA is extremely important in the development
and clearance of disease, and CA-MRSA strains have developed various methods of
immune evasion. During MRSA skin and soft tissue infections, the cytokines IL-1a, IL-

1B and IL-17, and yd T cells and neutrophils are important in the clearance of infection
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(18,50). Neutrophils are one of the first lines of defense against S. aureus infections.
They are able to bind, ingest, and kill invading bacteria, utilizing reactive oxygen species
(ROS), antimicrobial peptides (AMPs), and hydrogen peroxide produced within the cell
(18,25). Opsonization of bacteria with complement other serum proteins can increase
neutrophil activity against invading pathogens (18). CA-MRSA is able to block
opsonization through production of a second immunoglobulin-binding protein (Sbi) and
other complement inhibiting proteins (18,64). CA-MRSA strains can survive in a
neutrophil due to production of pigment (protects against ROS), degradation of AMPs,
and production of toxins such as leukocidins and hemolysins, some controlled by the
SaeR/S TCS, which contribute to leukocyte lysis (18,71). Lysis of activated neutrophils,
instead of apoptosis and ingestion by macrophages, releases neutrophil cytotoxic factors,
bacterial toxins, and bacteria into the host, further contributing to disease (18,27,71). A
moderation of the host immune response, specifically a reduction in neutrophils recruited
to the site of infection, can lead to a more rapidly cleared infection, and less damage to
the host (27). Thus, a therapeutic that is able to not only target virulence factors but also

modulate the host immune system in a favorable way would be an ideal drug candidate.

18-B-Glycyrrhetinic Acid

Presently, there is significant effort to develop new antimicrobials against MRSA,
however there are few candidate drugs currently undergoing trials that would be better
than the available treatment options (10,21). Some of the new antimicrobial agents
undergoing trials show no increase in the ability to mitigate infection, are not targeted

against MRSA directly but are broad-spectrum antimicrobials, cannot be administered
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orally, and are likely to infer resistance over a short time period (13). Traditional
antimicrobial therapy is not very effective for treating skin and soft tissue infections,
creating a need for topical therapy apart from incision and drainage (13,46,52).
Therefore, over the last decade there has been strong interest in the use of natural
medicines as treatments for common diseases. Natural medicines are expected to alter
immune function to prevent or clear infection (2,9,33,36,53,67,74) and also to alter the
genetic expression of the pathogen (inhibition of replication, reduction in virulence, etc.)
(29,43) One such natural medicine is a component of the licorice root plant Glycyrrhiza
glabra, known as 18-p-Glycyrrhetinic acid (GRA) (57). Licorice has been used for
centuries in Europe and Asia as treatment for ailments such as peptic ulcers and coughs
(4). Interest in licorice extracts as modern medicines arose in the 1950’s and continued
through the 1970’s, but this interest died down due to the emergence of some negative
effects of habitual usage such as hypertension and electrolyte imbalance (57). However,
renewed interest in the 1990°s led to the discovery of licorice extracts, specifically GRA,
as a treatment for many modern ailments and diseases (4). Various licorice extracts have
been shown to be anti-inflammatory (3,12,36), anti-bacterial (43), anti-viral (16,67,68),
and anti-tumor (35,63). Chloroform extracts from licorice root have been to shown to be
not only directly bactericidal to S. aureus strains, including MRSA strains, but also to
down-regulate genes necessary for methicillin resistance such as mecA, and mecRI.
(43,55). GRA was shown to down-regulate expression of hla and RNAIII (44). Based on
published data showing the effects of licorice compounds on S. aureus, and published

data showing the synergism between Agr and SaeR/S, and our preliminary data on SaeR
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expression, we believe that GRA treatment will alter the gene expression on multiple
virulence genes in MRSA (23). We hypothesize that GRA is able to reduce expression of
multiple virulence factors, thus decreasing the severity of infections caused by MRSA

and allowing the immune system to more readily clear an infection.

Licorice and the Immune System

Along with direct modification of pathogens, licorice extracts have also been
shown to modify a host’s immune system. GA has been shown to decrease MIP-1a and
TNF-a production in macrophages (62) and decrease reactive oxygen species production
in human PMNs (2), and GRA decreases TNF-a and IL-10 in macrophages (36) and
inhibits C2 mediated lysis of erythrocytes (41). We anticipate that GRA will alter the
immune system in a way that will contribute to clearance of MRSA and reduce the
negative impact of inflammation (release of reactive oxygen species and proteases) to the
host, leading to a reduction in disease severity. This could be very important in relation
to MRSA infections due to MRSA’s ability to evade and destroy parts of the host
immune system, specifically polymorphonuclear leukocytes (PMNSs), which contributes
to host damage by MRSA virulence factors and cytotoxic compounds produced by the
PMNs (70). PMNs are a first line of defense in S. aureus disease and are recruited to
sites of infection by chemotactic signaling, and ingest (phagocytose) and kill bacteria
through the production of reactive oxygen species and other bactericidal factors such as
antimicrobial peptides (AMPS) and proteases (26). However, MRSA can survive
phagocytosis and cause disease (26,27,70). MRSA has additional factors that help it to

evade a host immune system, including inhibition of neutrophil chemotaxis through
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binding of PSGL-1 (8), resistance to antimicrobial peptides and reactive oxygen species
through production of catalase, superoxide dismutase, and an AMP regulatory system, the
ability to sequester host antibodies using protein A, the ability to cause lysis of host
immune cells using leukocidins and hemolysins, and the inhibition of complement
(18,26). There have been no studies on the effects of GRA on PMNSs and their ability to
assist in clearing an MRSA infection. Based on preliminary observations we hypothesize
that GRA may increase the PMN’s ability to kill the bacteria. Treating an MRSA
infection with GRA should both reduce the bacteria’s ability to survive and infect and
increase the PMN’s ability to kill the bacteria, without inducing any genetic changes to

confer resistance.
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Abstract

Methicillin-resistant Staphylococcus aureus (MRSA) has become a major source
of infection in hospitals and in the community. Increasing antibiotic resistance in
Staphylococcus aureus (S. aureus) strains has created a need for alternative therapies to
treat disease. A compound from the licorice plant Glycyrrhiza uralensis, 18-
Glycyrrhetinic acid, has been shown to have antiviral, antitumor, and antibacterial
activity. This investigation explores the in vitro and in vivo effects of this substance on
MRSA pulsed-field gel electrophoresis (PFGE) type USA300. GRA exhibited
bactericidal activity at concentrations exceeding 0.223 uM and, at less than lytic
concentrations, inhibited growth over extended time periods. Upon exposure of S. aureus
to sub-lytic concentrations of GRA, we observed a reduction in gene expression of key
virulence factors, including SaeRS and hla. In murine models of skin and soft-tissue
infection, topical GRA treatment significantly reduced skin lesion size and decreased the
in vivo expression of saeRS and hla genes in S. aureus. Our investigation demonstrates at
high concentrations GRA is bactericidal to MRSA and at sublethal doses can reduce

virulence gene expression in S. aureus both in vitro and in vivo.

Introduction

Staphylococcus aureus is a Gram-positive bacterium that is known to cause severe
disease world-wide (21,60). Drug-resistant S. aureus is a major public health concern

(21) and methicillin-resistant S. aureus (MRSA\) are resistant to killing by the entire class
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of B-lactam antibiotics (21) . MRSA infections, once restricted to the hospital setting, are
now also common in the community (21). Besides being difficult to treat, infections
caused by MRSA result in significant morbidity and mortality (64). MRSA is a leading
cause of infections presenting to emergency departments across the United States,
accounting for ~59% of skin and soft-tissue infections (68). In addition, mortality caused
by MRSA in the United States exceed deaths caused by AIDS and tuberculosis combined
(45).
Due to MRSA’s resistance to 3-lactam antibiotics, other courses of antibiotics are used to
treat infections. However, the risk of increasing resistance is very high, and resistance is
already being seen in respect to other antibiotics, such as clindamycin and erythromycin
(21). Vancomycin remains the antibiotic used for definitive therapy (21). However, in
2002 the U.S. recorded its first case of vancomycin-resistant S. aureus (95). Thus, it is
readily apparent that the continued use currently available antibiotics against this
bacterium runs the risk of completely exhausting their usefulness (21). As an alternative
to antibiotic use, there has been increased interest in finding natural compounds that have
efficacy against bacterial infection (21,86).
One natural substance that has shown some antimicrobial promise is a triterpenoid
saponin isolated from Glycyrrhiza glabra, a member of the licorice family (4). The
isolated glycyrrhizic acid (GA) is considered metabolically inactive, and is hydrolyzed to
18-B-glycyrrhetinic acid (GRA) by commensal gut bacteria (38,46,79) at which point it
can be absorbed into the bloodstream (46,79). GRA has various anti-tumor, anti-viral,

anti-bacterial, and anti-inflammatory effects (4,25-27,55). GRA is able to restore the
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effects of B-lactam antibiotics against MRSA, inhibit replication of various viruses such
as HIV, activate T cells, to inhibit reactive oxygen species generation, and increase
macrophage-derived nitrogen oxide production (2,4,18,27,36,90). Collectively, GRA is
efficacious against pathogens and appears to also modulate the host response.
In this study, we demonstrate GRA has potent bactericidal activity in vitro and show that
GRA can reduce lesion size in vivo using a mouse model of S. aureus skin infection.
Moreover, we demonstrate that GRA reduces expression of key virulence factors both in
vitro and in vivo including hla, saeRS, RNAIII, mecA and shi. These data show potential
for GRA in treating MRSA skin infections and reveal that besides having antimicrobial
capabilities, GRA reduces the virulence of MRSA by directly reducing expression of key

virulence factors.

Results

GRA Attenuates Survival of MRSA In Vitro

Various crude licorice extracts have been shown to have bactericidal activity
(27,36,56,72). We investigated the antimicrobial activities of pure Glycyrrhizic acid
(GA) and 18-p- Glycyrrhetinic acid (GRA) extracts. Approximately 10’ colony forming
units (CFUs) of S. aureus, pulsed-field electrophoresis type USA300 strain LAC, were
incubated for one hour in TSB with varied concentrations of GA or GRA. Bacteria re-
suspended in DMSO and TSB were used as controls. Incubation with GA resulted in
over 100% survival at all concentrations (Fig. 1A). Incubation with GRA resulted in less

than 100% survival for all concentrations (Fig. 1B). Survival was dose-dependent,
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ranging from 0.023%=0.009 at 125 pg/ml to 67.13%=+11.34 at 7.8125 pg/ml. Bacterial
survival in control groups was over 350% (376.0%+35.86 for TSB+DMSO and

449.1%=60.35 for TSB only). These data suggest that GRA is bactericidal.

GRA Inhibits Growth of MRSA Over Time

Next we determined if GRA was bactericidal over a three hour time course.
Bacteria were incubated in TSB alone, TSB with DMSO, or TSB containing varied
concentrations of GA and GRA for three hours at 37°C, with shaking. The optical
density at 600 nm was measured every 15 minutes and at the end of the three hour time
period, the bacteria were plated to determine surviving CFUSs.

The survival over a three hour time period is shown in Figure 1 C-F, along with
correlated peak optical density. As observed in the previous experiment, GA did not
affect the survival of the bacteria (Fig. 1C). The survival of the bacteria in GA was equal
to the survival of bacteria in media alone. When incubated with GA, the peak optical
density after three hours was relatively the same across all GA concentrations and equal
to the optical density of bacteria in media alone (Fig. 1E). GRA demonstrated dose
dependent inhibition of growth (Fig. 1D). At the highest dose of 62.5ug/ml, the survival
following the three hour incubation was 0.26%+0.13. At 31.25ug/ml the survival rate
was 24.40%+13.41. The survival for both of these doses was statistically different from
that of the bacteria grown in TSB only and TSB with DMSO. The bactericidal effect of
GRA was lost at 15.625 pug/ml. At every concentration of GRA, there was a reduction in

the optical density which correlates with the survival curve (Fig. 1F). These results are
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congruent with previously published results on the anti-bacterial effects of licorice

extracts.

GRA Reduces Severity of MRSA Skin Infection

Using a mouse model of staphylococcal skin and soft tissue infection we
determined the effect of topical treatment of GRA on the severity of mouse skin
infections. Mice were infected subcutaneously with S. aureus (USA300). The injection
site was treated daily with a topical application of 600 pug GA or GRA suspended in 5 pl
DMSO or DMSO alone as a control. From day three to day seven, treatment with GRA
significantly reduced the size of the abscess by 39.97%+5.53 compared to DMSO
treatments when measured on days 3 and 7, while GA showed no activity (Fig. 2A).

Since GRA caused reduced bacterial survival in vitro, we performed experiments
to determine if reduced bacterial survival following treatment with GRA occurred in vivo.
One hour after infection, mice were treated with 600 pug GA or GRA suspended in
DMSO, DMSO alone, or given no treatment. Twelve and twenty-four hours after
infection mice were euthanized and the site of infection was excised and CFUs were
enumerated. There was no significant difference in bacterial CFUs recovered between

any of the other treatment groups at twelve hours or twenty-four hours (Fig. 2B).

GRA Modulates the Local Host Response to MRSA Infection

Previous studies have shown that GA has little effect on neutrophil function and
the pro-inflammatory cytokines IL-1p and IL-6, but contributes to anti-inflammatory

responses via inhibition of signaling pathways (such as the PI3K/Akt pathway) and
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inhibiting the induction of 1L-12 and IFN-y (2,83,87). GRA has been shown to inhibit
the classical complement pathway, reduce IL-6 expression, and inhibit inflammation via
the PI3K/Akt pathway (47,53). However, no studies have been published that explore the
effects of licorice extracts on immune responses in the skin. Since treatment with GRA
reduced the severity of infection but did not reduce bacterial burden we hypothesized that
GRA could influence the host response. Following skin infection and treatment with
GRA, GA, or DMSO alone we investigated the expression of thirteen cytokines via
cytometric bead array including: IL-10, IL-17A, TNF, IFN-y, IL-6, IL-4, IL-2, IL-1a, IL-
1B, G-CSF, GM-CSF, KC, and MIP-1pB. Of the thirteen cytokines investigated, only two
demonstrated significant differences between GRA treated mice and control DMSO
treated mice. At twelve hours post-inoculation, the level of KC in the tissue homogenate
of the infected but untreated mice was significantly lower compared to the expression of
KC in the infected and GRA treated mice (191,447+21386 pg/ml per g of tissue and
99301+5414 pg/ml per g of tissue, respectively) (Fig. 3A). At twenty-four hours post-
treatment, the level of KC in the tissue homogenate of the uninfected and untreated mice
was significantly lower than the level of KC in the uninfected but GRA treated mice
(65721101 pg/ml per g of tissue and 2141+466.3 pg/ml per g of tissue, respectively)
(Fig. 3B). At twenty-four hours post-inoculation, the expression of G-CSF in the infected
but untreated mice was significantly increased compared to the level of G-CSF in the
infected and GRA treated mice (278,877+46797 pg/ml per g tissue and 73083+13091
pg/ml per g of tissue, respectively) (Fig. 3C). These data suggest an anti-inflammatory

effect of GRA during MRSA skin and soft tissue infection.



24

GRA Alters Gene Expression of MRSA In Vitro

Previous studies have shown the effects of various licorice extracts on the in vitro
gene expression of MRSA, and showed changes in genes such as mecA and hla (56,57).
To determine if GA or GRA had any influence on virulence factor expression we
incubated USA300 with a sub-lethal dose of GRA or GA (52.5ug/ml) and measured
transcript abundance of key S. aureus virulence factors saeR, hla, RNAIII, sbi, and mecA
one hour post exposure to the licorice extracts. Transcript abundance of saeR, the
regulatory gene component of a global virulence regulatory system SaeR/S, which has
been shown to be very important in the development of staphylococcal skin lesions in
mice (74) was down-regulated 14-fold versus control (Fig. 4). Hla which encodes alpha-
toxin, a virulence factor responsible for dermo-necrosis in mouse skin infections (50) was
down-regulated 11-fold compared to control, while sbi, a gene encoding an
immunomodulatory protein important in antibody and complement evasion (85), was
down-regulated 74-fold (Fig. 4). In addition, mecA, which encodes for altered penicillin-
binding protein 2a to confer resistance to beta-lactam antibiotics, was down-regulated 18-
fold compared to control (Fig. 4). The only gene up-regulated upon incubation with
GRA was RNAIII transcript, the effector gene of the quorum-sensing Agr two-
component regulatory system (over 46-fold increase) (Fig. 4). The reduction in
expression of four major S. aureus virulence genes suggests that GRA may differentially

regulate an even larger number of S. aureus genes.
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GRA Alters Gene Expression of
Key MRSA Virulence Factors in
vivo During Murine Skin Infection

The severity of MRSA skin infection, based on the size of the abscesses, was
decreased upon treatment with GRA (Fig. 2) and this reduction was not due to a
significant decrease in bacterial burden. To further investigate why the severity of
infection was reduced upon treatment with GRA, mice were infected subcutaneously with
MRSA and then were treated with GRA or GA suspended in DMSO or DMSO alone as a
control. At designated time points mice were euthanized, and bacterial mMRNA was
extracted from infected tissue and subjected to TagMan RT-PCR with primers and probes
specific for the same genes investigated in vitro (saeR, hla, sbi, mecA, and RNAIII).

Twelve hours post-infection, GRA did not influence MRSA gene expression of
the selected targets relative to control, DMSO-treated mice (Fig. 5A). Down-regulation
of all five genes occurred in GA treated mice (ranging from -12.656+18.318 for RNAIII
to -66.402+69.429 for Hla) (Fig. 5A). However, at twenty-four hours post-infection, all
five genes virulence genes investigated were down-regulated in the GRA treated mice
(from -3.243+0.412 for shi to -6.798+4.816 for hla) while little to no differential
regulation was seen in the GA treated mice (all genes less than 1.5-fold change) (Fig.
5B). Seventy-two hours post-infection, saeR and hla were down-regulated in the GRA
treated mice (-27.204+20.596 and -37.297+28.558, respectively) and slightly up-
regulated in the GA treated mice (1.886+3.607 and 3.037+4.326, respectively) (Fig. 5C).
At ninety-six hours post-infection, saeR and hla were still slightly down-regulated in the

GRA treated mice (-3.016+2.280 and -6.538+4.590, respectively) as well as in GA
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treated mice (-2.973+3.334 and -3.676+3.907, respectively) (Fig. 5D). These data
suggest that the reduction in MRSA skin infection severity may be due to a reduction in

the virulence of USA300 upon treatment with GRA.

Discussion

In the current study, we found that GRA inhibits MRSA survival in a dose-
dependent manner, as determined by colony counts and optical density (Fig. 1B, D, F).
The data show a dose-dependent bactericidal effect over both short and extended time
courses, when grown in rich and basic media. GA, another licorice root extract, showed
no bactericidal activity and actually increased the survival of MRSA relative to controls
(Fig. 1A, C, E). These data in part support previously published work showing the
bactericidal effects of various crude licorice extracts, such as hexane fractionated licorice
root (27,37,56,72). These data also are in contrast to a recently published study showing
no antibacterial effect of GRA against various strains of S. aureus (57). While the basis
for these differences currently is not clear, they could be due to the variation in bacterial
strains used or variation in the preparation and delivery of the licorice extract.

The increased prevalence of skin and soft tissue infections (SSTIs) caused by
MRSA along with the increased resistance to antibiotics, an enhancement of virulence,
and the lack of a superior treatment for SSTIs caused by MRSA, demonstrates a need for
the development of new therapies (23,45,66) PFGE type USA300 is known to cause
severe SSTIs (45,68,73). Although we did not see a significant reduction in bacterial

survival in the wound, there was a significant increase in the resolution of the wound



27
when treated with GRA (Fig. 2A, B). During our investigation, we considered additional
methods of topical treatment in order to boost the efficacy of our treatment. We were not
able to develop an alternative treatment method that was satisfactory, however we are
still investigating additional treatment approaches. An option that results in longer
contact between the treatment and the site of infection could result in an increase in
abscess healing and may reach bactericidal levels. GA treatment resulted in a slight
decrease in abscess size. This may result from GA being transported through the
cardiovascular system to the liver for clearance, where it may have entered the gut, been
hydrolyzed into GRA, and circulated back through the cardiovascular system to the site
of infection (79).

Another consideration to take into account when exploring treatment for SSTIs
caused by MRSA is the immune response generated by the infection (65). The skin
contains a vast array of cells that initiate an immediate innate immune response once the
epidermal layer is breached. Antimicrobial peptides contained in the skin, along with
keratinocytes, Langerhans cells, and many other immune cell types are set to respond
immediately upon infection (65,77). Neutrophils are one of the most important immune
cells in combating MRSA skin infection, using a variety of mechanisms to mediate
MRSA killing (65). Neutrophils are recruited to the site of infection through cytokine
and chemokine signaling. We investigated the effect of GRA treatment on the levels of
various pro- and anti-inflammatory molecules in the skin of infected and uninfected mice.
Upon treating the mice with GRA, we saw a decrease in two neutrophil recruitment

factors, KC and G-CSF (Fig. 3A, B, C). Published studies have shown that a reduction,
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but not elimination, of neutrophils reduces bacterial burden and contributes to host
survival (34). The reduction in neutrophil recruitment molecules may correlate with
reduced neutrophil numbers at the site of infection which may account for less tissue
damage and smaller lesion sizes. Future studies will determine if reduced KC and G-CSF
correlate with reduced neutrophil numbers at the site of infection. This data indicates that
GRA does have an immunomodulatory effect, however this effect seems slight and may
not fully account for the reduction in abscess size after GRA treatment. The real
magnitude of the immunomodulatory effect is not yet clear and is being further explored.

Since the immunomodulatory influence of GRA seemed subtle under the
conditions of these experiments, we evaluated the virulence gene expression in S. aureus
after incubation with the two compounds. We assayed five important S. aureus virulence
genes. SaeR, the regulatory gene of the SaeR/S two-component system, is important for
the development of an abscess in a murine skin model of infection and regulates the
production of various virulence factors including hemolysins, DNase, and coagulase
(30,67,74). Hla, alpha-hemolysin, is regulated by the SaeR/S and Agr two-component
systems and has been shown to be an important factor in the development of CA-MRSA
skin infections (29,50,74,96). The Agr two-component system is known for its role in
quorum sensing but also plays a role in regulating virulence factors through the functions
of the RNAIII transcript (69,97). The Agr system has been shown to be important in
MRSA pathogenesis, and also in the regulation of methicillin resistance through the gene
mecA (17). MecA encodes for an altered penicillin-binding protein 2 (PBP2a) which

confers resistance to methicillin and the B-lactam class of antibiotics and is considered a
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target for antimicrobial therapies (14,63,86). Sbi, the second immunoglobulin-binding
protein of Staphylococcus aureus, is a complement inhibitor, inhibits neutrophil
phagocytosis, and has been shown to be regulated by the SaeR/S two-component system
(74,85,99).

We saw a decrease in the expression of saeR, hla, mecA, and shi after incubating
S. aureus with GRA in vitro (Fig. 4). The decrease in saeR expression partially explains
the down-regulation of hla and shi since these two genes are under strong transcriptional
control of the SaeR/S regulatory system (74). The down-regulation of mecA expression
has been shown in published studies and may contribute to an increase in susceptibility to
p-lactam antibiotics, leading to another avenue for treating MRSA infections (56).
Exposure of MRSA to fractionated licorice root extracts can increase oxacillin
susceptibility, which may stem from the reduction in mecA transcription (37). The up-
regulation of RNAIII transcript could result from the bacteria sensing low numbers and
thus turning on the Agr system in order to increase their rate of growth. The up-
regulation of RNAIII contradicts recent findings that show down-regulation of RNAIII
transcript after MRSA incubation with GRA, but this contradiction could be due to the
variation in technique, strains used, and formulation of GRA (57).

The same trend of gene expression was seen in vivo after treatment with GRA,
however RNAIII transcript was down-regulated at similar levels to the other four genes
assayed twenty-four hours after initial treatment supporting observations made by others
(Fig. 5A-D) (57). The down-regulation of these virulence genes correlates to the

decrease in abscess size after GRA treatment.



30
In the current study we report the effect of GA and GRA on the survival and
pathogenicity of MRSA PFGE Type USA300. We hypothesize that treatment with GRA
would have an effect on MRSA in additional infection models such as sepsis, peritonitis,
and endocarditis, leading to a more rapid clearance of bacteria and a reduction in the
severity of disease through a combination of direct effect and modulation of both the host
and pathogen. This study provides a foundation for future work to determine the effects

of GRA and GA on additional infection models.

Materials and Methods

Bacterial Strains and Culture.

S. aureus cultures were grown in tryptic soy broth (TSB) containing 0.5%
glucose. Cultures were inoculated from overnight growth at a dilution of 1/200 and
grown at 37°C with shaking at 250 rpm. For all studies, cultures were grown to mid-
exponential phase (ODggo = 1.5) for use. Two strains were used for the studies: pulse-
field gel electrophoresis types USA300 (LAC) and USA400 (MW?2). For in vitro studies,
cultures were washed and re-suspended in TSB or RPMI 1640 medium (Cellgro)
containing 10 mM HEPES to 10%/ml. For in vivo studies, cultures were washed and re-

suspended in sterile DPBS (Cellgro).

Glycyrrhizic Acid and 18-B-Glycyrrhetinic Acid Preparation.

Stocks of GA (Fluka Analytical) and GRA (Aldrich) were suspended in 100%

dimethyl sulphoxide (DMSO, Sigma). The stocks were frozen in aliquots of 25 pl at 25
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mg/ml. For use, the frozen stock was diluted to 1.25 mg/ml in appropriate media. For in

vivo studies, GA and GRA were prepared in DMSO at 60 mg/ml and 120 mg/ml.

Bactericidal Assays to Determine Effects
of GA and GRA on Bacterial Growth.

Bacteria (~10°) were re-suspended in RPMI or TSB with varied concentrations of
GA and GRA, diluted from frozen stock in RPMI or TSB, in a 96-well tissue culture
plate. The plate was incubated at 37°C for 1 hour and S. aureus was plated onto tryptic
soy agar (TSA, EMD). Colony forming units (CFUs) were enumerated the next day and

percent survival was calculated using the formula (CFU at t1/CFU at t0*100).

Bacterial Growth Kinetics.

Bacteria (~10°) were re-suspended in TSB with varied concentrations of GA and
GRA, in a 96-well tissue culture plate. Cultures were incubated on a Spectromax
spectrometer for three or six hours at 37°C with agitation. The ODgqq of cultures in each

of the wells was recorded at 15 minute intervals using SoftMax Pro v5.4 software.

In Vitro Gene Expression.

Bacteria (~10°) were re-suspended in TSB with 52.5 pg/ml of GA, GRA, or TSB
alone. The concentration of GRA and GRA used was 52.5 pg/ml. Samples were
incubated at 37°C for one hour and RNA was harvested and subjected to TagMan real-
time reverse transcriptase polymerase chain reaction (RT-PCR), as described previously
(73,74,93). The relative quantification of genes was determined by change in expression

of transcripts relative to expression of the housekeeping gene gyrB in untreated bacteria.



32
Data is expressed as change in transcript level after treatment with GA or GRA. The

sequences of the primers and probes used for analysis are listed in Table 1.

Mouse Models of Infection.

All animal studies conformed to the National Institutes of Health guidelines and
were approved by the Montana State University Institutional Animal Care and Use
Committee. Female Crl;SKH1-hrBR hairless mice were purchased from Charles River
Laboratories. Mice were inoculated subcutaneously with ~3.5*10"7 CFUs S. aureus,
LAC strain, in sterile PBS. Mice were treated daily beginning on day three with topical
application of 600 ug GA or GRA in DMSO or DMSO alone as a control. Abscess area
was calculated daily. Reduction of infected area was calculated using the following
formula:

% Change = (Current size-Prior Day size)/Prior Day size
For gene expression and cytokine assays, mice were treated immediately after inoculation
and then daily. Mice were then sacrificed at designated time points and abscesses were
excised using a 9 mm punch and weighed. Excised material was used to determine
CFUs, analyze gene expression (as described above), and to determine cytokine

expression.

Cytokine Assays

A Cytometric Bead Array (CBA, BD Biosciences) was used to determine the
concentration of 1L-10, IL-17A, TNF, IFN-y, IL-6, IL-4, and IL-2 and Bio-Plex Cytokine

Assays (Bio-Rad) were used to determine the levels of IL-1A, IL-1B, G-CSF, GM-CSF,
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KC, MIP-1A, and MIP-1B from infected excised material. For skin infection studies, the
abscesses were homogenized in sterile PBS and the supernatant from the resulting
homogenate was subjected to a CBA or Bio-Plex to determine the presence of cytokines

in the abscess. All assays were performed according to manufacturer instructions.

Statistical Analyses.

All data sets were analyzed using GraphPad Prism, version 5 for PC (GraphPad
Software, San Diego, CA). All data sets were analyzed using one-way ANOVA with

Tukey’s post-test or two-tailed t-test as indicated.

Acknowledgements

This work was supported by the National Institutes of Health grants NIH-
RR020185, GM-103500, and AT-004986 as well as Montana State University
Agriculture Experiment Station. The funders had no role in study design, data collection,
analysis, decision to publish, or preparation of the manuscript.

We would like to thank Dr. Mark Jutila and Dr. Mark Quinn for critical review of
the manuscript. We would like to thank Rob Watkins for technical assistance with CBA
analyses. We would like to thank Kyler B. Pallister and Shannon Griffith for assistance
on preliminary mouse studies. We would also like to thank Cassy Cooper for assistance
with mouse studies. All acknowledged individuals are in the Department of Immunology

and Infectious Diseases, Montana State University — Bozeman.



34

TABLE 1. List of probes and primers

Gene Probe or Primer Sequence

GyrB probe 5’-AATCGGTGGCGACTTTGATCTAGCGAAAG-3’
GyrB fwd 5’-CAAATGATCACAGCTTTGGTACAG-3’

GyrB rvs 5’-CGGCATCAGTCATAATGACGAT-3’

SaeR probe 5-ATTTACGCCTTAACTTTAGGTGCAGAT-3’
SaeR fwd 5’-CTGCCAAAACACAAGAACATGATAC-3’

SaeR rvs 5’-ATTTACGCCTTAACTTTAGGTGCAGAT-3’
Hla probe 5’-ATGAATCCTGTCGCTAATGCCGCAGA-3’

Hla fwd 5’-CAACAACACTATTGCTAGGTTCCATATT-3’
Hla rvs 5-CCTGTTTTTACTGTAGTATTGCTTCCA-3’
RNAIII probe 5’-TGCACAAGATATCATTTCAACAATCAGTGACTTAGTAAAA-3’
RNAIII fwd 5’-GTGATGGAAAATAGTTGATGAGTTGTTT-3’
RNAIII rvs 5’-GAATTTGTTCACTGTGTCGATAATCC-3’
MecA probe 5’-ATCTATAGCGCATTAGAAAA-3’

MecA fwd 5’-ACTGATTAACCCAGTACAGATCCTTTC-3’
MecA rvs 5’-TCCAAACTTTGTTTTTCGTGTCTTT-3’

Shi probe 5’-CAGGTAGCTTTATGGTTGCTACAAAAAT-3’
Shi fwd 5’-ATACATCAAAACATTACGCGAACAC-3’

Sbi rvs

5’-CTGGGTTCTTGCTGTCTTTAAGTG-3’
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Fig. 1. GRA inhibits MRSA survival in a dose-dependent manner. Approximately
10" cfu LAC were incubated in media with varied concentrations of GA or GRA. (A)
One-hour survival of LAC incubated in TSB with varied concentrations of GA (n=3).
(B) One-hour survival of LAC incubated in TSB with varied concentrations of GRA
(n=3). (C) Three-hour survival of LAC incubated, with shaking, in TSB with varied
concentrations of GA (n=4). (D) Three-hour survival of LAC incubated, with shaking,
in TSB with varied concentrations of GRA (n=4). (E) Peak OD600 of LAC incubated,
with shaking, for three hours in TSB with varied concentrations of GA (n=4). (F) Peak
ODG600 of LAC incubated, with shaking, for three hours in TSB with varied
concentrations of GRA (n=4). OD600, optical density measured at 600 nm. *P<0.05,
**P<(.01, and ***P<0.001, as determined by ANOVA and Tukey’s post-test.
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Fig. 2. GRA attenuates MRSA severity during skin infection. Mice were inoculated
subcutaneously with MRSA (2x10°). (A) Percent change in abscess size over four day
period. Abscess size was measured daily prior to treatment with DMSO, GA, or GRA.
(B) Survival of MRSA in murine skin at twelve and twenty-four hours post-inoculation.
DMSO, GA, or GRA was applied topically one hour post-inoculation. A significant
difference in CFUs was seen in untreated skin and GRA treated skin when compared to
GA treated skin. *P<0.05, ***P<0.001 as determined by two-tailed t-test.
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Fig. 3. GRA induces altered cytokine response in skin. (A) Concentration of KC at
site of inoculation/treatment twelve hours post-inoculation. There is significantly less
KC in infected and GRA treated (LAC+GRA) mice when compared to infected and
untreated mice (LAC). (B) Concentration of KC at site of inoculation/treatment twenty-
four hours post-inoculation. There is significantly less KC in uninfected and GRA
treated mice (GRA) than uninfected and untreated mice (NULL) (C) Concentration of
G-CSF at site of inoculation/treatment twenty-four hours post-inoculation. There is
significantly less G-CSF in infected and GRA treated mice (LAC+GRA) when compared
to infected and untreated mice (LAC). Results are from three mice. *P<0.05 as
determine by two-tailed t-test.
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Fig. 4. GRA alters S. aureus virulence gene expression in vitro. Relative
quantification of five S. aureus virulence genes after one hour incubation with GA or

GRA. Data is normalized to gyrB expression and fold-change is relative to S. aureus
incubated in media alone.
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Fig. 5. GRA alters S. aureus virulence gene expression in vivo. Mice were inoculated
subcutaneously with LAC (3x10°) and treated with DMSO, GA, or GRA post-
inoculation. At given time points, the site of inoculation was abscised and bacteria were
recovered from the skin. Gene expression of five S. aureus virulence genes was
investigated at (a) twelve and (b) twenty-four hours post-inoculation. Gene expression of
two S. aureus virulence genes was investigated at (c) seventy-two hours and (d) ninety-
six hours post-inoculation. Gene expression is normalized to gyrB expression and
relative to S. aureus in media alone.
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CHAPTER 3

PROSPECTIVE STUDIES AND CONCLUSIONS

Determination of MIC

The development of new drug therapies against MRSA infections of all types is
an important undertaking, but is expensive and time-consuming. Any new antimicrobial
agent will have to undergo many costly tests to ensure MRSA does not become readily
resistant, toxicity is non-existent or extremely low, efficacy is targeted to MRSA, and the
agent must be effective against various infection types (2,5). We used agar dilution
plates to determine the minimum inhibitory concentration (MIC) of GRA against MRSA
(Fig. 1). MRSA was grown on TSA containing varied concentrations of GRA and GA.
MRSA grew on plates containing 52.5 pg/ml and lower concentrations of GRA, but did
not grow on plates containing higher concentrations of GRA. No concentration of GA
was inhibitory to MRSA growth. Based on these results, we determined the MIC of
GRA to be 60 pg/ml. Future studies, including serial passage of MRSA on TSA agar
containing GRA at the MIC and determination of genetic variation in resistant colonies,

will need to be completed to determine if GRA can induce resistance in MRSA.

Survival of MRSA in GRA-Treated Blood Fractions

The bactericidal effects of licorice root are well documented (6,9,13,14,18). We

investigated whether sublethal doses of GRA would decrease the survival of MRSA in
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whole blood and serum. Bacteria were incubated in varied volumes of human whole
blood or 20% human serum with a sublethal concentration of GRA or GA (52.5 pg/ml)
for one hour. CFUs were enumerated and percent survival was calculated. There was no
significant difference in the survival of MRSA in serum between the treatment groups
(Fig. 2). In whole blood, the survival from all treatment groups was below 5%. The low
survival rate is most likely due to severe clumping of bacteria and immune cells that was
observed in the samples. Additional studies need to be completed which investigate the
optimum conditions for this experiment. Blood and serum volume, incubation time, and
a technique to disintegrate the blood clots and bacterial aggregates need to be explored

further.

GRA Reduces Lethality of MRSA Infection

Our research has shown that topical treatment with GRA can reduce the severity
of skin infections caused by MRSA. S. aureus skin and soft tissue infections, although
they are becoming more prevalent and are difficult to treat, are not the only health
concern arising from MRSA infections. MRSA can cause bacteremia, endocarditis, and
sepsis, conditions which have high morbidity and mortality rates (10,16,17). These
infections are becoming more difficult to treat due to an increase in antibiotic resistance
(10,16,17). We investigated the ability of GRA to prevent morbidity caused by a mouse
peritonitis model. The peritonitis model has been developed as a way to study the effects
of antimicrobials against S. aureus, effectively utilizing a whole organism system with a

functioning immune system and allowing pharmacokinetics to occur naturally (19). Mice
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received an intra-peritoneal injection of MRSA (~2x10’ CFU) twelve hours after intra-
peritoneal treatment with 250 pug GRA or GA suspended in PBS or PBS alone as a
control. Mice received a second treatment one hour post-inoculation. All infected mice
became sick (based on observations of mobility, food and water intake, weight loss, and
respiratory distress) within twelve hours of inoculation. All mice recovered within two
days, however, mice that received GRA treatment recovered more quickly than GA or
PBS treated mice (data not shown). We also investigated the ability of GRA to prolong
mouse survival after a lethal intra-venous injection of MRSA. Mice treated orally with
GRA survived six to twelve hours longer than their GA or PBS treated counterparts (Fig.
3, data not significant). These preliminary findings are favorable to the development of
GRA as a future antimicrobial, however future studies to investigate the effects of GRA
on invasive MRSA infections will need to be refined to determine the ideal inoculation,

time course of treatment, and physiologically relevant treatment doses.

Defining the Immune Response to GRA

A proper immune response is critical in host defense against pathogens. For
defense against S. aureus, the neutrophil, or polymorphonuclear leukocyte (PMN), is
extremely important. Individuals with neutrophil defects are extremely susceptible to
infection by S. aureus (4,7,8). However, it has been shown that too robust of a neutrophil
response can be detrimental to the host due to the release of cytotoxic factors from

apoptotic PMNs (7,8). Thus, a measured immune response, with minimal pro-



ol
inflammatory responses, to MRSA infection may result in an ideal outcome, with rapid
clearance of the pathogen and minimal damage to the host.

Published studies have shown GA and GRA to be anti-inflammatory. GA has
been shown to inhibit the arachidonic cascade pathway, decrease I1L-6 and IL-1 levels,
reduce oxidative stress, activate the PI3K/Akt pathway, reduce reactive oxygen species
generated by neutrophils, decrease IFN-f levels, reduce expression of pro-inflammatory
genes for cytokines such as IL-1a, IL-1B and MIP-1a, block TNF-a release, and inhibit
Ng-kB and MAPK pathways (1,11,15,20,21). GRA has been shown to inhibit
inflammation through glucocorticoid receptor signaling, decrease 1L-6 levels, and inhibit
the classical complement pathway (11,12).

To investigate the effects of GA and GRA on the immune system, excluding
infection, we gave mice an intra-peritoneal injection of GA or GRA suspended in PBS or
PBS alone as a control. At specified time points after injection, the mice were sacrificed
and peritoneal exudates were analyzed for cytokine presence, cellular influx, and
neutrophil levels. The results from the cytokine assays were inconclusive due to the
exudates being too dilute for analysis (data not shown). Exudates were stained with Diff-
Quick and analyzed for cellular content. The exudates from mice receiving GRA
treatment contained a much higher number of total cells than the exudates from mice
receiving GA or PBS (Fig. 4). To further evaluate the contents of the exudates, we
stained the cells with neutrophil markers Ly6G and CD11b and analyzed the population
by flow cytometry. The exudates from GRA treated mice had significantly higher

neutrophil content than exudates from mice receiving GA or PBS (Fig. 5). The influx of
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neutrophils seems to contradict previous findings on the anti-inflammatory effects of
GRA. However, to our knowledge there are no published studies on the direct effect of
GRA on neutrophil recruitment and chemotaxis. Also, the concentration of GRA used
may result in different effects from previous studies. Future studies will further define

the effect of GRA and GA on the immune system during normal and infected states.

Conclusions

Antimicrobial resistance continues to be one of the most pressing healthcare
concerns. Resistance to current antibiotics is on the rise and there are few options
currently being investigated (2,3). In this study we investigate the effects of a licorice
root extract, 18-f-glycyrrhetinic acid, on the survival and virulence gene expression of
methicillin-resistant Staphylococcus aureus. We demonstrated the dose-dependent
bactericidal activity of GRA and also showed that GA has no direct effect on MRSA
survival in vitro. Topical treatment with GRA significantly decreased the size of a skin
abscess resulting from MRSA infection when compared to GA and control treated skin
abscesses, however this reduction in size was not due to a reduction in bacterial burden.
Further analysis of the infected tissue showed an alteration in the cytokine response to
infection after treatment with GRA, implicating an effect of GRA on the immune system.
Direct application with GRA resulted in a decrease in the expression of four key
virulence genes in MRSA and an increase in the transcript of RNAIII, the effector of the
Agr quorum-sensing system. GRA topical treatment of skin infections cause by MRSA

also resulted in a down-regulation of five S. aureus virulence genes.
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Determining if MRSA can develop resistance to GRA is an important step in
evaluating the future use of GRA as an effective treatment against MRSA infections. We
have determined the MIC of GRA, and future studies will need to be completed to
investigate if, and how quickly, MRSA develops resistance to GRA. GRA has also
shown promise as a treatment option against invasive MRSA infections, including
peritonitis and bacteremia. Further investigation into the full effect of GRA against
invasive infection is yet to be accomplished. The immune system plays a large role in the
pathogenesis of MRSA, and we have shown that GRA is able to induce neutrophil-heavy
cellular influx in the peritoneum. Further investigation into the effect of GRA on the
immune system excluding infection, and during infection, will determine the mechanism
behind this influx and whether the increase in immune cells is beneficial to clearance of
infection or detrimental to the host. This study is a first step in determining if GRA has
potential for future use as a therapeutic against MRSA skin and soft tissue and invasive
infections, and provides a foundation for future work elucidating the full effect of GRA

on both a pathogenic microorganism and the host immune system.
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Fig. 1. Bactericidal effect of GRA on MRSA grown on agar. Approximately 10* CFUs
LAC was plated on tryptic soy agar (TSA) and incubated overnight. TSA contained
varying concentrations of GRA and GA to determine MIC. (A) Growth on TSA-only
plates used for positive control. (B) No growth was seen on plates containing 125 pg/ml
or 105 pg/ml GRA, but growth equal to the control was seen on TSA plates containing
125 or 105 pg/ml GA. (C) Only one or two colonies grew on TSA containing 75 pg/ml
and 60 pg/ml GRA, respectively. Growth equal to the control was seen on TSA plates
containing 75 or 60 pg/ml GA. (D) Approximately 70 CFUs grew on TSA containing
52.5 pg/ml GRA and an un-enumerable amount of colonies grew on TSA containing 40
pg/ml. Growth equal to the control was seen on TSA containing 52.5 or 40 pug/ml GA.
(E) Un-enumerable colonies grew on TSA plates containing 26.25 and 20 pg/ml GRA,
but the growth was not equal to that seen on the control TSA. Growth equal to the
control was seen on TSA plates containing 10 or 5 pg/ml GRA, and TSA containing
26.25, 20, 10, or 5 pg/ml GA.
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Fig. 2. Sub-lethal concentrations of GRA do not affect survival of LAC in serum.
Approximately 2x10” CFUs were incubated in 20% human serum containing 52.5 pg/ml
GRA or GA, or sterile PBS, for one hour. Survival of LAC in all three treatment groups
was approximately 100%.
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Fig. 3. Intra-peritoneal treatment with GRA prolongs mouse survival after infection with
MRSA. Mice received a dose of approximately 2x10" LAC via intra-venous injection
through the tail vein. Mice received a dose of GRA, GA, or PBS via oral gavage twelve
hours prior to, and one and twenty-four hours after, inoculation. Mice were checked
every three hours after inoculation and euthanized if moribund. Graph shows survival of
mice over a seventy-two hour period.
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Fig. 4. Intra-peritoneal injection of GRA increased cellular influx into the peritoneal
cavity. Mice received an intra-peritoneal dose of 600 ug GRA or GA suspended in 100
pl sterile PBS, or PBS alone. Twenty-four hours post-injection, the mice were sacrificed
and peritoneal exudates were collected. The cellular exudates were stained using Diff-
Quick and viewed under a microscope (40x) to determine cellular make-up of the
exudates. Peritoneal fluid from mice injected with (A) PBS and (B) GA contained far
fewer cells than peritoneal fluid from mice injected with (C) GRA. Photos are
representative of three different mice with similar results.
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Fig. 5. Intra-peritoneal injection of GRA increases neutrophil influx into the peritoneal
cavity. Mice were given an intra-peritoneal injection of 600 pg GRA or GA suspended
in 100 pl PBS, or PBS alone. (A) Eight or (B) twenty-four hours later, the mice were

sacrificed and peritoneal exudates were collected. The exudates were analyzed for
neutrophil content via flow cytometry.




10.

11.

58

Literature Cited

Akamatsu, H., J. Komura, Y. Asada, and Y. Niwa. 1991. Mechanism of anti-
inflammatory action of glycyrrhizin: effect on neutrophil functions including
reactive oxygen species generation. Planta Med 57:119-121.

Chambers, H. F. and F. R. Deleo. 2009. Waves of resistance: Staphylococcus
aureus in the antibiotic era. Nat Rev Microbiol 7:629-641.

Deleo, F. R. and H. F. Chambers. 2009. Reemergence of antibiotic-resistant
Staphylococcus aureus in the genomics era. J Clin Invest 119:2464-2474.

Deleo, F. R., B. A. Diep, and M. Otto. 2009. Host defense and pathogenesis in
Staphylococcus aureus infections. Infect Dis Clin North Am 23:17-34.

Deleo, F. R., M. Otto, B. N. Kreiswirth, and H. F. Chambers. 2010. Community-
associated meticillin-resistant Staphylococcus aureus. Lancet 375:1557-1568.

Fukai, T., A. Marumo, K. Kaitou, T. Kanda, S. Terada, and T. Nomura. 2002.
Antimicrobial activity of licorice flavonoids against methicillin-resistant
Staphylococcus aureus. Fitoterapia 73:536-539.

Graves, S. F., S. D. Kobayashi, and F. R. Deleo. 2010. Community-associated
methicillin-resistant Staphylococcus aureus immune evasion and virulence. J Mol
Med (Berl) 88:109-114.

Gresham, H. D., J. H. Lowrance, T. E. Caver, B. S. Wilson, A. L. Cheung, and F. P.
Lindberg. 2000. Survival of Staphylococcus aureus inside neutrophils contributes to
infection. J Immunol 164:3713-3722.

Hatano, T., Y. Shintani, Y. Aga, S. Shiota, T. Tsuchiya, and T. Yoshida. 2000.
Phenolic constituents of licorice. VIII. Structures of glicophenone and
glicoisoflavanone, and effects of licorice phenolics on methicillin-resistant
Staphylococcus aureus. Chem.Pharm.Bull.(Tokyo) 48:1286-1292.

Ippolito, G., S. Leone, F. N. Lauria, E. Nicastri, and R. P. Wenzel. 2010.
Methicillin-resistant Staphylococcus aureus: the superbug. Int.J.Infect.Dis. 14 Suppl
4:S7-11.

Kao, T. C., M. H. Shyu, and G. C. Yen. 2010. Glycyrrhizic acid and 18beta-
glycyrrhetinic acid inhibit inflammation via PI3K/Akt/GSK3beta signaling and
glucocorticoid receptor activation. J Agric.Food Chem 58:8623-8629.



12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

59

Kroes, B. H., C. J. Beukelman, A. J. van den Berg, G. J. Wolbink, D. H. van, and R.
P. Labadie. 1997. Inhibition of human complement by beta-glycyrrhetinic acid.
Immunology 90:115-120.

Lee, J. W., Y. J. Ji, M. H. Yu, M. H. Bo, H. J. Seo, S. P. Lee, and I. S. Lee. 2009.
Antimicrobial effect and resistant regulation of Glycyrrhiza uralensis on
methicillin-resistant Staphylococcus aureus. Nat Prod.Res 23:101-111.

Li,H. E., J. Z. Qiu, Z. Q. Yang, J. Dong, J. F. Wang, M. J. Luo, J. Pan, X. H. Dali,
Y. Zhang, B. L. Song, and X. M. Deng. 2012. Glycyrrhetinic acid protects mice
from Staphylococcus aureus pneumonia. Fitoterapia 83:241-248.

Li, X. L., A. G. Zhou, L. Zhang, and W. J. Chen. 2011. Antioxidant status and
Immune activity of glycyrrhizin in allergic rhinitis mice. Int.J.Mol.Sci. 12:905-916.

Lowy, F. D. 1998. Staphylococcus aureus infections. N Engl.J Med 339:520-532.

Miller, L. G. and S. L. Kaplan. 2009. Staphylococcus aureus: a community
pathogen. Infect.Dis.Clin.North Am. 23:35-52.

Nitalikar, M. M., Munde, K. C., Dhore, B. V., and Shikalgar, S. N. Studies of
Antibacterial Activities of Glycyrrhiza glabra Root Extract. 2(1), 899-901. 1-20-
0010.

Sandberg, A., J. H. Hessler, R. L. Skov, J. Blom, and N. Frimodt-Moller. 20009.
Intracellular activity of antibiotics against Staphylococcus aureus in a mouse
peritonitis model. Antimicrob.Agents Chemother. 53:1874-1883.

Schrofelbauer, B., J. Raffetseder, M. Hauner, A. Wolkerstorfer, W. Ernst, and O. H.
Szolar. 2009. Glycyrrhizin, the main active compound in liquorice, attenuates pro-
inflammatory responses by interfering with membrane-dependent receptor
signalling. Biochem.J 421:473-482.

Shamsa F, Ohtsuki K, and Rezazadeh Sh. 2010. The Anti-Inflammatory and Anti-
viral Effects of an Ethnic Medicine: Glycyrrhizin. Journal of Medicinal Plants 9.



60

REFERENCES



61

REFERENCES

1999. Four pediatric deaths from community-acquired methicillin-resistant
Staphylococcus aureus - Minnesota and North Dakota, 1997-1999. MMWR
Morb.Mortal. Wkly.Rep. 48:707-710.

Akamatsu, H., J. Komura, Y. Asada, and Y. Niwa. 1991. Mechanism of anti-
inflammatory action of glycyrrhizin: effect on neutrophil functions including
reactive oxygen species generation. Planta Med 57:119-121.

Amagaya, S., E. Sugishita, Y. Ogihara, S. Ogawa, K. Okada, and T. Aizawa. 1984.
Comparative studies of the stereoisomers of glycyrrhetinic acid on anti-
inflammatory activities. J Pharmacobiodyn. 7:923-928.

Asl, M. N. and H. Hosseinzadeh. 2008. Review of pharmacological effects of
Glycyrrhiza sp. and its bioactive compounds. Phytother.Res 22:709-724.

Balaban, N., T. Goldkorn, R. T. Nhan, L. B. Dang, S. Scott, R. M. Ridgley, A. Rasooly,
S. C. Wright, J. W. Larrick, R. Rasooly, and J. R. Carlson. 1998. Autoinducer of
virulence as a target for vaccine and therapy against Staphylococcus aureus.
Science 280:438-440.

Barber, M. 1961. Methicillin-resistant staphylococci. J Clin Pathol. 14:385-393.

Barnes, B. E. and D. A. Sampson. 2011. A literature review on community-acquired
methicillin-resistant Staphylococcus aureus in the United States: clinical
information for primary care nurse practitioners. J Am Acad Nurse Pract 23:23-32.

Bestebroer, J., M. J. Poppelier, L. H. Ulfman, P. J. Lenting, C. V. Denis, K. P. van
Kessel, J. A. van Strijp, and C. J. de Haas. 2007. Staphylococcal superantigen-like 5
binds PSGL-1 and inhibits P-selectin-mediated neutrophil rolling. Blood 109:2936-
2943.

Blackburn, W. D., Jr., L. W. Heck, and R. W. Wallace. 1987. The bioflavonoid quercetin
inhibits neutrophil degranulation, superoxide production, and the phosphorylation
of specific neutrophil proteins. Biochem.Biophys.Res Commun. 144:1229-1236.

Boucher, H. W., G. H. Talbot, J. S. Bradley, J. E. Edwards, D. Gilbert, L. B. Rice, M.
Scheld, B. Spellberg, and J. Bartlett. 2009. Bad bugs, no drugs: no ESKAPE! An
update from the Infectious Diseases Society of America. Clin Infect Dis 48:1-12.

Bronner, S., H. Monteil, and G. Prevost. 2004. Regulation of virulence determinants in
Staphylococcus aureus: complexity and applications. FEMS Microbiol Rev 28:183-
200.



62

Capasso, F., N. Mascolo, G. Autore, and M. R. Duraccio. 1983. Glycyrrhetinic acid,
leucocytes and prostaglandins. J Pharm Pharmacol 35:332-335.

Chambers, H. F. and F. R. Deleo. 2009. Waves of resistance: Staphylococcus aureus in
the antibiotic era. Nat Rev Microbiol 7:629-641.

Chambers, H. F. and F. R. Deleo. 2009. Waves of resistance: Staphylococcus aureus in
the antibiotic era. Nat Rev Microbiol 7:629-641.

Champney, W. S. and C. L. Tober. 2000. Specific inhibition of 50S ribosomal subunit
formation in Staphylococcus aureus cells by 16-membered macrolide, lincosamide,
and streptogramin B antibiotics. Curr Microbiol 41:126-135.

Cheung, G. Y., R. Wang, B. A. Khan, D. E. Sturdevant, and M. Otto. 2011. Role of the
accessory gene regulator agr in community-associated methicillin-resistant
Staphylococcus aureus pathogenesis. Infect.Immun. 79:1927-1935.

Cohen, J. I. 2005. Licking latency with licorice. J Clin Invest 115:591-593.

Deleo, F. R. and H. F. Chambers. 2009. Reemergence of antibiotic-resistant
Staphylococcus aureus in the genomics era. J Clin Invest 119:2464-2474.

Deleo, F. R., B. A. Diep, and M. Otto. 2009. Host defense and pathogenesis in
Staphylococcus aureus infections. Infect Dis Clin North Am 23:17-34.

Deleo, F. R., M. Otto, B. N. Kreiswirth, and H. F. Chambers. 2010. Community-
associated meticillin-resistant Staphylococcus aureus. Lancet 375:1557-1568.

Diekema, D. J., M. A. Pfaller, F. J. Schmitz, J. Smayevsky, J. Bell, R. N. Jones, and M.
Beach. 2001. Survey of infections due to Staphylococcus species: frequency of
occurrence and antimicrobial susceptibility of isolates collected in the United
States, Canada, Latin America, Europe, and the Western Pacific region for the
SENTRY Antimicrobial Surveillance Program, 1997-1999. Clin Infect Dis 32
Suppl 2:5114-S132.

Dryden, M. S. 2010. Complicated skin and soft tissue infection. J.Antimicrob.Chemother.
65 Suppl 3:iii35-iii44.

European Centre for Disease Prevention and Control/European Medicines Agency Joint
Technical Report. The bacterial challenge: time to react. 2009.

Fiore, C., M. Eisenhut, E. Ragazzi, G. Zanchin, and D. Armanini. 2005. A history of the
therapeutic use of liquorice in Europe. J.Ethnopharmacol. 99:317-324.

Fiore, C., M. Eisenhut, R. Krausse, E. Ragazzi, D. Pellati, D. Armanini, and J.
Bielenberg. 2008. Antiviral effects of Glycyrrhiza species. Phytother.Res. 22:141-
148.



63

Fukai, T., A. Marumo, K. Kaitou, T. Kanda, S. Terada, and T. Nomura. 2002.
Antimicrobial activity of licorice flavonoids against methicillin-resistant
Staphylococcus aureus. Fitoterapia 73:536-539.

George, E. A. and T. W. Muir. 2007. Molecular mechanisms of agr quorum sensing in
virulent staphylococci. Chembiochem 8:847-855.

Giraudo, A. T., A. L. Cheung, and R. Nagel. 1997. The sae locus of Staphylococcus
aureus controls exoprotein synthesis at the transcriptional level. Arch.Microbiol.
168:53-58.

Giraudo, A. T., C. Mansilla, A. Chan, C. Raspanti, and R. Nagel. 2003. Studies on the
expression of regulatory locus sae in Staphylococcus aureus. Curr.Microbiol.
46:246-250.

Giraudo, A. T., H. Rampone, A. Calzolari, and R. Nagel. 1996. Phenotypic
characterization and virulence of a sae- agr- mutant of Staphylococcus aureus.
Can.J Microbiol 42:120-123.

Goffin, C. and J. M. Ghuysen. 1998. Multimodular penicillin-binding proteins: an
enigmatic family of orthologs and paralogs. Microbiol.Mol.Biol.Rev. 62:1079-
1093.

Graves, S. F., S. D. Kobayashi, and F. R. Deleo. 2010. Community-associated
methicillin-resistant Staphylococcus aureus immune evasion and virulence. J Mol
Med (Berl) 88:109-114.

Graves, S. F., S. D. Kobayashi, and F. R. Deleo. 2010. Community-associated
methicillin-resistant Staphylococcus aureus immune evasion and virulence. J Mol
Med (Berl) 88:109-114.

Gresham, H. D., J. H. Lowrance, T. E. Caver, B. S. Wilson, A. L. Cheung, and F. P.
Lindberg. 2000. Survival of Staphylococcus aureus inside neutrophils contributes to
infection. J Immunol 164:3713-3722.

Hartman, B. J. and A. Tomasz. 1984. Low-affinity penicillin-binding protein associated
with beta-lactam resistance in Staphylococcus aureus. J Bacteriol. 158:513-516.

Hatano, T., M. Kusuda, K. Inada, T. O. Ogawa, S. Shiota, T. Tsuchiya, and T. Yoshida.
2005. Effects of tannins and related polyphenols on methicillin-resistant
Staphylococcus aureus. Phytochemistry 66:2047-2055.

Hatano, T., Y. Shintani, Y. Aga, S. Shiota, T. Tsuchiya, and T. Yoshida. 2000. Phenolic
constituents of licorice. VIII. Structures of glicophenone and glicoisoflavanone, and
effects of licorice phenolics on methicillin-resistant Staphylococcus aureus.
Chem.Pharm.Bull.(Tokyo) 48:1286-1292.



64

Hattori, T., S. Ikematsu, A. Koito, S. Matsushita, Y. Maeda, M. Hada, M. Fujimaki, and
K. Takatsuki. 1989. Preliminary evidence for inhibitory effect of glycyrrhizin on
HIV replication in patients with AIDS. Antiviral Res 11:255-261.

Herold, B. C., L. C. Immergluck, M. C. Maranan, D. S. Lauderdale, R. E. Gaskin, S.
Boyle-Vavra, C. D. Leitch, and R. S. Daum. 1998. Community-acquired
methicillin-resistant Staphylococcus aureus in children with no identified
predisposing risk. JAMA 279:593-598.

Hiramatsu, K., N. Aritaka, H. Hanaki, S. Kawasaki, Y. Hosoda, S. Hori, Y. Fukuchi, and
I. Kobayashi. 1997. Dissemination in Japanese hospitals of strains of
Staphylococcus aureus heterogeneously resistant to vancomycin. Lancet 350:1670-
1673.

Hooper, D. C. 2000. Mechanisms of action and resistance of older and newer
fluoroguinolones. Clin Infect Dis 31 Suppl 2:524-S28.

Ippolito, G., S. Leone, F. N. Lauria, E. Nicastri, and R. P. Wenzel. 2010. Methicillin-
resistant Staphylococcus aureus: the superbug. Int.J.Infect.Dis. 14 Suppl 4:S7-11.

Ito, M., A. Sato, K. Hirabayashi, F. Tanabe, S. Shigeta, M. Baba, C. E. De, H.
Nakashima, and N. Yamamoto. 1988. Mechanism of inhibitory effect of
glycyrrhizin on replication of human immunodeficiency virus (HIV). Antiviral Res
10:289-298.

Ito, T., Y. Katayama, K. Asada, N. Mori, K. Tsutsumimoto, C. Tiensasitorn, and K.
Hiramatsu. 2001. Structural comparison of three types of staphylococcal cassette
chromosome mec integrated in the chromosome in methicillin-resistant
Staphylococcus aureus. Antimicrob Agents Chemother 45:1323-1336.

Jo, E. H., S. H. Kim, J. C. Ra, S. R. Kim, S. D. Cho, J. W. Jung, S. R. Yang, J. S. Park, J.
W. Hwang, O. I. Aruoma, T. Y. Kim, Y. S. Lee, and K. S. Kang. 2005.
Chemopreventive properties of the ethanol extract of chinese licorice (Glycyrrhiza
uralensis) root: induction of apoptosis and G1 cell cycle arrest in MCF-7 human
breast cancer cells. Cancer Lett. 230:239-247.

Johnson, J. K., T. Khoie, S. Shurland, K. Kreisel, O. C. Stine, and M. C. Roghmann.
2007. Skin and soft tissue infections caused by methicillin-resistant Staphylococcus
aureus USA300 clone. Emerg.Infect Dis 13:1195-1200.

Kao, T. C., M. H. Shyu, and G. C. Yen. 2010. Glycyrrhizic acid and 18beta-
glycyrrhetinic acid inhibit inflammation via PI3K/Akt/GSK3beta signaling and
glucocorticoid receptor activation. J Agric.Food Chem 58:8623-8629.



65

Kao, T. C., M. H. Shyu, and G. C. Yen. 2010. Glycyrrhizic acid and 18beta-
glycyrrhetinic acid inhibit inflammation via PI3K/Akt/GSK3beta signaling and
glucocorticoid receptor activation. J Agric.Food Chem 58:8623-8629.

Kaslow, D. C. and J. W. Shiver. 2011. Clostridium difficile and methicillin-resistant
Staphylococcus aureus: emerging concepts in vaccine development. Annu.Rev Med
62:201-215.

Katayama, Y., T. Ito, and K. Hiramatsu. 2000. A new class of genetic element,
staphylococcus cassette chromosome mec, encodes methicillin resistance in
Staphylococcus aureus. Antimicrob Agents Chemother 44:1549-1555.

Kennedy, A. D., W. J. Bubeck, D. J. Gardner, D. Long, A. R. Whitney, K. R. Braughton,
O. Schneewind, and F. R. Deleo. 2010. Targeting of alpha-hemolysin by active or
passive immunization decreases severity of USA300 skin infection in a mouse
model. J.Infect.Dis. 202:1050-1058.

Kirby, W. M. 1944, Extraction of a highly potent penicillin inactivator from penicillin
resistant Staphylococci. Science 99:452-453.

Klevens, R. M., M. A. Morrison, J. Nadle, S. Petit, K. Gershman, S. Ray, L. H. Harrison,
R. Lynfield, G. Dumyati, J. M. Townes, A. S. Craig, E. R. Zell, G. E. Fosheim, L.
K. McDougal, R. B. Carey, and S. K. Fridkin. 2007. Invasive methicillin-resistant
Staphylococcus aureus infections in the United States. JAMA 298:1763-1771.

Kroes, B. H., C. J. Beukelman, A. J. van den Berg, G. J. Wolbink, D. H. van, and R. P.
Labadie. 1997. Inhibition of human complement by beta-glycyrrhetinic acid.
Immunology 90:115-120.

Kroes, B. H., C. J. Beukelman, A. J. van den Berg, G. J. Wolbink, D. H. van, and R. P.
Labadie. 1997. Inhibition of human complement by beta-glycyrrhetinic acid.
Immunology 90:115-120.

Kuehnert, M. J., D. Kruszon-Moran, H. A. Hill, G. McQuillan, S. K. McAllister, G.
Fosheim, L. K. McDougal, J. Chaitram, B. Jensen, S. K. Fridkin, G. Killgore, and
F. C. Tenover. 2006. Prevalence of Staphylococcus aureus nasal colonization in the
United States, 2001-2002. J Infect Dis 193:172-179.

Lee,J. W, Y. J.Ji, M. H. Yu, M. H. Bo, H. J. Seo, S. P. Lee, and I. S. Lee. 2009.
Antimicrobial effect and resistant regulation of Glycyrrhiza uralensis on
methicillin-resistant Staphylococcus aureus. Nat Prod.Res 23:101-111.

Li,H. E., J. Z. Qiu, Z. Q. Yang, J. Dong, J. F. Wang, M. J. Luo, J. Pan, X. H. Dai, Y.
Zhang, B. L. Song, and X. M. Deng. 2012. Glycyrrhetinic acid protects mice from
Staphylococcus aureus pneumonia. Fitoterapia 83:241-248.



66

Li, X. L., A. G. Zhou, L. Zhang, and W. J. Chen. 2011. Antioxidant status and immune
activity of glycyrrhizin in allergic rhinitis mice. Int.J.Mol.Sci. 12:905-916.

Lim, D. and N. C. Strynadka. 2002. Structural basis for the beta lactam resistance of
PBP2a from methicillin-resistant Staphylococcus aureus. Nat.Struct.Biol. 9:870-
876.

Llera, J. L. and R. C. Levy. 1985. Treatment of cutaneous abscess: a double-blind clinical
study. Ann.Emerg.Med. 14:15-109.

Lowy, F. D. 1998. Staphylococcus aureus infections. N Engl.J Med 339:520-532.

Mainous, A. G., Ill, W. J. Hueston, C. J. Everett, and V. A. Diaz. 2006. Nasal carriage of
Staphylococcus aureus and methicillin-resistant S aureus in the United States, 2001-
2002. Ann Fam.Med 4:132-137.

McCallum, N., B. Berger-Bachi, and M. M. Senn. 2010. Regulation of antibiotic
resistance in Staphylococcus aureus. Int J Med Microbiol 300:118-129.

Miller, L. G. and S. L. Kaplan. 2009. Staphylococcus aureus: a community pathogen.
Infect.Dis.Clin.North Am. 23:35-52.

Miller, L. S. and J. S. Cho. 2011. Immunity against Staphylococcus aureus cutaneous
infections. Nat.Rev.Immunol. 11:505-518.

Moellering, R. C., Jr. 2010. The problem of complicated skin and skin structure
infections: the need for new agents. J.Antimicrob.Chemother. 65 Suppl 4:iv3-iv8.

Montgomery, C. P., S. Boyle-Vavra, and R. S. Daum. 2010. Importance of the global
regulators Agr and SaeRS in the pathogenesis of CA-MRSA USA300 infection.
PL0S.One. 5:e15177.

Moran, G. J., A. Krishnadasan, R. J. Gorwitz, G. E. Fosheim, L. K. McDougal, R. B.
Carey, and D. A. Talan. 2006. Methicillin-resistant S. aureus infections among
patients in the emergency department. N Engl.J Med 355:666-674.

Morfeldt, E., D. Taylor, G. A. von, and S. Arvidson. 1995. Activation of alpha-toxin
translation in Staphylococcus aureus by the trans-encoded antisense RNA, RNAIII.
EMBO J. 14:4569-4577.

Mori, K., H. Sakai, S. Suzuki, Y. Akutsu, M. Ishikawa, M. Imaizumi, K. Tada, M.
Aihara, Y. Sawada, M. Yokoyama, and . 1990. Effects of glycyrrhizin (SNMC:
Stronger Neo-Minophagen C) in hemophilia patients with HIV-1 infection. Tohoku
J Exp Med 162:183-193.



67

Nannini, E., B. E. Murray, and C. A. Arias. 2010. Resistance or decreased susceptibility
to glycopeptides, daptomycin, and linezolid in methicillin-resistant Staphylococcus
aureus. Curr.Opin.Pharmacol. 10:516-521.

Nitalikar, M. M., Munde, K. C., Dhore, B. V., and Shikalgar, S. N. Studies of
Antibacterial Activities of Glycyrrhiza glabra Root Extract. 2(1), 899-901. 1-20-
0010.

Nygaard, T. K., F. R. Deleo, and J. M. Voyich. 2008. Community-associated methicillin-
resistant Staphylococcus aureus skin infections: advances toward identifying the
key virulence factors. Curr.Opin.Infect.Dis. 21:147-152.

Nygaard, T. K., K. B. Pallister, P. Ruzevich, S. Griffith, C. Vuong, and J. M. Voyich.
2010. SaeR binds a consensus sequence within virulence gene promoters to advance
USA300 pathogenesis. J Infect Dis 201:241-254.

Olukoga, A. and D. Donaldson. 2000. Liquorice and its health implications. J
R.Soc.Promot.Health 120:83-89.

Otto, M. 2007. Antibodies to block Staph virulence. Chem Biol. 14:1093-1094.

Otto, M. 2010. Staphylococcus colonization of the skin and antimicrobial peptides.
Expert.Rev.Dermatol. 5:183-195.

Park, J., R. Jagasia, G. F. Kaufmann, J. C. Mathison, D. I. Ruiz, J. A. Moss, M. M.
Meijler, R. J. Ulevitch, and K. D. Janda. 2007. Infection control by antibody
disruption of bacterial quorum sensing signaling. Chem Biol. 14:1119-1127.

Ploeger, B., T. Mensinga, A. Sips, W. Seinen, J. Meulenbelt, and J. DeJongh. 2001. The
pharmacokinetics of glycyrrhizic acid evaluated by physiologically based
pharmacokinetic modeling. Drug Metab Rev 33:125-147.

Renzoni, A., W. L. Kelley, P. Vaudaux, A. L. Cheung, and D. P. Lew. 2010. Exploring
innate glycopeptide resistance mechanisms in Staphylococcus aureus. Trends
Microbiol. 18:55-56.

Reynolds, P. E. and D. F. Brown. 1985. Penicillin-binding proteins of beta-lactam-
resistant strains of Staphylococcus aureus. Effect of growth conditions. FEBS Lett.
192:28-32.

Sandberg, A., J. H. Hessler, R. L. Skov, J. Blom, and N. Frimodt-Moller. 2009.
Intracellular activity of antibiotics against Staphylococcus aureus in a mouse
peritonitis model. Antimicrob.Agents Chemother. 53:1874-1883.

Schrofelbauer, B., J. Raffetseder, M. Hauner, A. Wolkerstorfer, W. Ernst, and O. H.
Szolar. 2009. Glycyrrhizin, the main active compound in liquorice, attenuates pro-



68

inflammatory responses by interfering with membrane-dependent receptor
signalling. Biochem.J 421:473-482.

Shamsa F, Ohtsuki K, and Rezazadeh Sh. 2010. The Anti-Inflammatory and Anti-viral
Effects of an Ethnic Medicine: Glycyrrhizin. Journal of Medicinal Plants 9.

Sheela, M. L., M. K. Ramakrishna, and B. P. Salimath. 2006. Angiogenic and
proliferative effects of the cytokine VEGF in Ehrlich ascites tumor cells is inhibited
by Glycyrrhiza glabra. Int Immunopharmacol. 6:494-498.

Smith, E. J., L. Visai, S. W. Kerrigan, P. Speziale, and T. J. Foster. 2011. The Shi protein
is a multifunctional immune evasion factor of Staphylococcus aureus.
Infect.Immun. 79:3801-38009.

Stapleton, P. D. and P. W. Taylor. 2002. Methicillin resistance in Staphylococcus aureus:
mechanisms and modulation. Sci.Prog. 85:57-72.

Thiyagarajan, P., C. V. Chandrasekaran, H. B. Deepak, and A. Agarwal. 2011.
Modulation of lipopolysaccharide-induced pro-inflammatory mediators by an
extract of Glycyrrhiza glabra and its phytoconstituents. Inflammopharmacology.
19:235-241.

Tristan, A., M. Bes, H. Meugnier, G. Lina, B. Bozdogan, P. Courvalin, M. E. Reverdy,
M. C. Enright, F. Vandenesch, and J. Etienne. 2007. Global distribution of Panton-
Valentine leukocidin--positive methicillin-resistant Staphylococcus aureus, 2006.
Emerg.Infect Dis 13:594-600.

Utsunomiya, T., M. Kobayashi, R. B. Pollard, and F. Suzuki. 1997. Glycyrrhizin, an
active component of licorice roots, reduces morbidity and mortality of mice
infected with lethal doses of influenza virus. Antimicrob Agents Chemother 41:551-
556.

van Rossum, T. G., A. G. Vulto, R. A. de Man, J. T. Brouwer, and S. W. Schalm. 1998.
Review article: glycyrrhizin as a potential treatment for chronic hepatitis C.
Aliment.Pharmacol Ther 12:199-205.

Vandenesch, F., T. Naimi, M. C. Enright, G. Lina, G. R. Nimmo, H. Heffernan, N.
Liassine, M. Bes, T. Greenland, M. E. Reverdy, and J. Etienne. 2003. Community-
acquired methicillin-resistant Staphylococcus aureus carrying Panton-Valentine
leukocidin genes: worldwide emergence. Emerg.Infect Dis 9:978-984.

Voyich, J. M., C. Vuong, M. DeWald, T. K. Nygaard, S. Kocianova, S. Griffith, J. Jones,
C. Iverson, D. E. Sturdevant, K. R. Braughton, A. R. Whitney, M. Otto, and F. R.
Deleo. 2009. The SaeR/S gene regulatory system is essential for innate immune
evasion by Staphylococcus aureus. J.Infect.Dis. 199:1698-1706.



69

Voyich, J. M., K. R. Braughton, D. E. Sturdevant, A. R. Whitney, B. Said-Salim, S. F.
Porcella, R. D. Long, D. W. Dorward, D. J. Gardner, B. N. Kreiswirth, J. M.
Musser, and F. R. Deleo. 2005. Insights into mechanisms used by Staphylococcus
aureus to avoid destruction by human neutrophils. J Immunol 175:3907-39109.

Walsh, C. 1999. Deconstructing vancomycin. Science 284:442-443.

Weigel, L. M., D. B. Clewell, S. R. Gill, N. C. Clark, L. K. McDougal, S. E. Flannagan,
J. F. Kolonay, J. Shetty, G. E. Killgore, and F. C. Tenover. 2003. Genetic analysis
of a high-level vancomycin-resistant isolate of Staphylococcus aureus. Science
302:1569-1571.

Xiong, Y. Q., J. Willard, M. R. Yeaman, A. L. Cheung, and A. S. Bayer. 2006.
Regulation of Staphylococcus aureus alpha-toxin gene (hla) expression by agr,
sarA, and sae in vitro and in experimental infective endocarditis. J.Infect.Dis.
194:1267-1275.

Yarwood, J. M. and P. M. Schlievert. 2003. Quorum sensing in Staphylococcus
infections. J.Clin.Invest 112:1620-1625.

Yoshida, T., S. Yoshida, M. Kobayashi, D. N. Herndon, and F. Suzuki. 2010. Pivotal
advance: glycyrrhizin restores the impaired production of beta-defensins in tissues
surrounding the burn area and improves the resistance of burn mice to
Pseudomonas aeruginosa wound infection. J Leukoc.Biol. 87:35-41.

Zhang, L., K. Jacobsson, J. Vasi, M. Lindberg, nd L. Frykberg. 1998. A second 1gG-
binding protein in Staphylococcus aureus. Microbiology 144 ( Pt 4):985-991.



