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Abstract: Virulence factor expression is integral to pathogenicity of Staphylococcus aureus. We pre-
viously demonstrated that aspirin, through its major metabolite, salicylic acid (SAL), modulates
S. aureus virulence phenotypes in vitro and in vivo. We compared salicylate metabolites and a struc-
tural analogue for their ability to modulate S. aureus virulence factor expression and phenotypes:
(i) acetylsalicylic acid (ASA, aspirin); (ii) ASA metabolites, salicylic acid (SAL), gentisic acid (GTA)
and salicyluric acid (SUA); or (iii) diflunisal (DIF), a SAL structural analogue. None of these com-
pounds altered the growth rate of any strain tested. ASA and its metabolites SAL, GTA and SUA
moderately impaired hemolysis and proteolysis phenotypes in multiple S. aureus strain backgrounds
and their respective deletion mutants. Only DIF significantly inhibited these virulence phenotypes
in all strains. The kinetic profiles of ASA, SAL or DIF on expression of hla (alpha hemolysin), sspA
(V8 protease) and their regulators (sigB, sarA, agr (RNAIII)) were assessed in two prototypic strain
backgrounds: SH1000 (methicillin-sensitive S. aureus; MSSA) and LAC-USA300 (methicillin-resistant
S. aureus; MRSA). DIF induced sigB expression which is coincident with the significant inhibition of
RNAIII expression in both strains and precedes significant reductions in hla and sspA expression. The
inhibited expression of these genes within 2 h resulted in the durable suppression of hemolysis and
proteolysis phenotypes. These results indicate that DIF modulates the expression of key virulence
factors in S. aureus via a coordinated impact on their relevant regulons and target effector genes. This
strategy may hold opportunities to develop novel antivirulence strategies to address the ongoing
challenge of antibiotic-resistant S. aureus.
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1. Introduction

Staphylococcus aureus is an important human pathogen responsible for a broad range
of infections causing significant morbidity and mortality worldwide [1–5]. The ability of
S. aureus to cause myriad disease manifestations is mediated by the coordinated expression
of an extensive repertoire of virulence factors, including exotoxins and proteolytic enzymes.
Moreover, the rapid emergence of strains exhibiting multidrug resistance phenotypes
(e.g., methicillin-resistant S. aureus (MRSA); vancomycin-intermediate S. aureus (VISA))
has accelerated the search for novel strategies to prevent or mitigate S. aureus infections.

Antibiotics 2023, 12, 902. https://doi.org/10.3390/antibiotics12050902 https://www.mdpi.com/journal/antibiotics

https://doi.org/10.3390/antibiotics12050902
https://doi.org/10.3390/antibiotics12050902
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/antibiotics
https://www.mdpi.com
https://orcid.org/0000-0003-2567-4418
https://orcid.org/0009-0008-1543-9039
https://orcid.org/0000-0003-1968-0192
https://doi.org/10.3390/antibiotics12050902
https://www.mdpi.com/journal/antibiotics
https://www.mdpi.com/article/10.3390/antibiotics12050902?type=check_update&version=1


Antibiotics 2023, 12, 902 2 of 13

Therefore, the identification of molecules that interfere with virulence factor regulation
and/or expression represents a potentially viable therapeutic strategy.

Salicylate compounds have previously been found to modulate S. aureus gene expres-
sion and virulence in vitro and in vivo [6–11]. Specifically, aspirin (acetyl-salicylic acid;
ASA) and its primary metabolite, salicylic acid (SAL) appear to reduce the severity and pro-
gression of S. aureus infections in multiple clinical settings, including infective endocarditis
(IE), hemodialysis-related tunnel catheter bacteremia, pacemaker- and other cardiac device-
related infections and prosthetic joint infections [12–16]. Furthermore, ASA and SAL have
demonstrated efficacy against MRSA in several experimental models of infection, including
IE, bacteremia and osteomyelitis [10–12,17]. Our original studies [18–22], subsequently
supported by other reports, suggested that such salicylates attenuate virulence through
interactions with global regulatory systems [10,23,24].

In the current study, ASA and its major metabolites, SAL, gentisic acid (GTA) and
salicyluric acid (SUA), as well as structural analogue, diflunisal (DIF) (Figure 1) were
each assessed for their ability to inhibit virulence regulation and associated phenotypes in
well-characterized S. aureus strains. Each of these metabolites is physiologically relevant,
as nearly all ASAs are rapidly converted to SAL, GTA and SUA in vivo [25,26]. These
compounds have been shown to exert beneficial anti-infective and anti-inflammatory
properties in humans and experimental models of disease [27,28]. Similar to ASA, DIF is
a non-steroidal anti-inflammatory drug (NSAID) that is frequently prescribed in clinical
settings for the treatment of cardiac amyloidosis and arthritis [29,30]. In addition to
its antivirulence effects on S. aureus in vitro, as well as in cutaneous and endovascular
models of infection [10,11,18–22,24], DIF has been shown to reduce bone destruction during
experimental S. aureus osteomyelitis [16]. Specifically, the impact of the above compounds
on hemolysin and protease phenotypes, as well as on the kinetics of their respective
regulatory (sigB, agr, sarA) and effector genes (hla (α-hemolysin), sspA (V8 protease)) were
compared using a panel of strategic S. aureus strains (Table 1).
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Figure 1. Chemical structure of study compounds. Study compounds included the parent compound
ASA (aspirin; acetylsalicylic acid) (A), SAL (salicylic acid) (B), GTA (gentisic acid) (C) and SUA
(salicyluric acid) (D) and the salicylate analogue DIF (diflunisal) (E).

Table 1. Staphylococcus aureus strains used in this study.

Strain Description Reference

SH1000 Laboratory strain: 8325-4 with repaired rsbU mutation American Type Culture Collection

SH1000 agr- agr-null mutant of SH1000 [31]

COL Original MRSA strain American Type Culture Collection

COL agr- agr-null mutant of COL [32]

FDA486 Prototypic MRSA with intact rsbU [33]

FDA486 rsbU- rsbU-null mutant of FDA486 [34]

FDA486 rsbV- rsbV-null mutant of FDA486 [34]

FDA486 rsbW- rsbW-null mutant of FDA486 [34]

RN6390 8325-4 derivative with 11-bp deletion in rsbU [33]

ISP479C Plasmid-cured derivative of ISP479 (derived from 8325-4) [35]
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Table 1. Cont.

Strain Description Reference

ISP479R snoD mutant of ISP479C [23]

ATCC29213 Laboratory reference strain American Type Culture Collection

MW2 CA-MRSA USA400 [36]

LAC CA-MRSA USA300 isolated from Los Angeles County Jail [37]

2. Results
2.1. Study Compounds Did Not Impede S. aureus Growth

The impact of the study compounds on the growth of SH1000 and LAC S. aureus
strains in vitro was assessed. No observable growth impairment of either strain occurred
over a 24 h time course (Figure 2).
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Figure 2. Study compounds do not affect growth of S. aureus strains. Growth curve analyses were
performed to assess the direct anti-staphylococcal activity of test compounds. Log-phase organisms
were inoculated into fresh BHI broth (OD600 = 0.05; inoculum 5 × 107 CFU/mL) containing a given
study compound (range: 0, 10, 25, 50, 100 µg/mL) and incubated at 37 ◦C with shaking. Bacterial
growth was analyzed by spectrophotometry (OD600) at 1–8 and 24 h timepoints. (# Control; • ASA
25 µg/mL;4 SAL 25 µg/mL; N GTA 25 µg/mL; � SUA 25 µg/mL; � DIF 25 µg/mL).

2.2. Study Compounds Differentially Modulated Hemolysin Activity in S. aureus

The impact of the study compounds on hemolytic phenotypes is summarized in
Figures 3 and 4. Overall, the study compounds exerted differential effects on hemolysis
in the S. aureus study strain set. DIF exposures resulted in marked reductions in the
percentage of hemolysis relative to control for all study strains as compared to ASA or any
of its metabolites. This outcome was true regardless of genetic background (e.g., USA100
(COL), USA300 (LAC), USA400 (MW2)) or classical laboratory (RN6390) or reference strain
(ATCC29213). As SAL is the primary biometabolite of ASA, compounds were compared to
SAL in reducing hemolysis.
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Figure 3. Study compounds affect hemolysis production of S. aureus strains. Log-phase organisms
inoculated onto blood agar plates containing 25 µg/mL of ASA, SAL, GTA, SUA or DIF, or no
compound. Plates were incubated for 24 h for bacterial growth followed by cold shock (4 ◦C, 4 h)
for hemolysin activity. Zones of clearing were measured and normalized to no compound control.
Closed circled colony (top left) is SH1000. Dotted circled colony (third row, second position) is LAC.
Data are presented in Figure 4 as percent of control. Top row (left to right): SH1000 (1), SH1000 ∆agr
(2), RN6390 (3); second row (left to right) FDA486 (wt) (4), FDA486 ∆rsbU (ALC2128) (5), FDA486
∆rsbV (ALC2129) (6), FDA486 ∆rsbW (ALC2130) (7); third row (left to right) MW2 (8), LAC (9),
ISP479R (10), ISP479C (11); fourth row (left to right) ATCC29213 (12), COL (13), COL ∆agr (14).
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Figure 4. Relative hemolysis of S. aureus strains exposed to study compounds. Quantitative analyses
of zones of clearing were measured and normalized to no compound control. Mean (bold) values and
standard deviations (brackets) for each strain and compound combination are presented. Statistics
were performed using two-way ANOVA and presented as: * p < 0.05, ** p < 0.01 and *** p < 0.001 for
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compound vs. ASA. ˆ p < 0.05, ˆˆ p < 0.01 and ˆˆˆ p < 0.001 for DIF vs. SAL. + p < 0.05 and ++ p < 0.01
for mutant vs. parent. Significantly decreased values are presented in blue while increased values are
presented in red. * See statistical outcomes key in the Materials and Methods section for more details.

To explore the role of virulence factor regulation relative to compound efficacy, a
panel of strategic mutants was evaluated. When comparing mutants against WT parents,
only ASA yielded a greater inhibition of hemolysis in the SH1000 agr-deficient mutant
(78.82 vs. 98.79; p = 0.05). However, this mutant had a significantly greater hemolysis
in the presence of SAL or GTA (98.34 vs. 89.35; p = 0.02 and 100.22 vs. 109.81; p = 0.01,
respectively) as compared to ASA (Figure 4). To explore the impact of the sigB regulon on
hemolysis modulation by study compounds, rsbU-, rsbV- and rsbW-deficient mutants were
studied in the FDA486 MSSA background (Figures 3 and 4). Only GTA exposure revealed
a significantly greater hemolysis in the FDA486 rsbU-deficient mutant as compared to its
parent (116.29 vs. 88.94; p = 0.0017; Figure 4). No significant differences in the inhibitory
effects of other study compounds were observed with respect to rsb-deficient mutants as
compared to the parent. Likewise, SAL, GTA SUA and DIF exerted a greater modulation
of hemolysis than SAL in RN6390 and ISP479C, but only DIF did so in the ISP479 snoD
mutant. Overall, DIF exhibited a significantly greater inhibition of hemolysis relative to all
other study compounds in the diverse panel of strains tested.

2.3. Study Compounds Differentially Inhibited Proteolysis Activity in S. aureus

The impacts of ASA, its metabolites or DIF on proteolytic phenotypes are summarized
in Figures 5 and 6. Only DIF exerted significant reductions in the percentage of proteolysis
relative to control for all study strains. Moreover, DIF achieved a significantly greater
inhibition of proteolysis than ASA in all study strains. Relative to SAL, only DIF exhibited
a significantly greater inhibition of proteolysis in most strains studied. No significant
differences were observed in terms of DIF inhibition of proteolysis in any parent vs. mutant
strain pairs.
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Figure 5. Study compounds affect proteolysis production of S. aureus strains. Log-phase organisms
were inoculated onto standard-method caseinate agar plates containing 25 µg/mL of ASA, SAL,
GTA, SUA or DIF, or no compound. Plates were incubated for 24 h for bacterial growth followed by
cold shock (4 ◦C, 4 h) for hemolysin activity. Zones of clearing were measured and normalized to
no compound control. Closed circled colony (top left) is SH1000. Dotted circled colony (third row,
second position) is LAC. Data are presented in Figure 6 as percent of control. Top row (left to right):
SH1000 (1), SH1000 ∆agr (2), RN6390 (3); second row (left to right) FDA486(wt) (4), FDA486 ∆rsbU
(ALC2128) (5), FDA486 ∆rsbV (ALC2129) (6), FDA486 ∆rsbW (ALC2130) (7); third row (left to right)
MW2 (8), LAC (9), ISP479R (10), ISP479C (11); fourth row (left to right) ATCC29213 (12), COL (13),
COL ∆agr (14).
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Figure 6. Relative proteolysis of S. aureus strains exposed to study compounds. Quantitative analyses
of zones of clearing were measured and normalized to no compound control. Mean (bold) values and
standard deviations (brackets) for each strain and compound combination are presented. Statistics
were performed using two-way ANOVA and presented as: * p < 0.05, ** p < 0.01 and *** p < 0.001 for
compound vs. ASA; ˆ p < 0.05, ˆˆ p < 0.01 and ˆˆˆ p < 0.001 for DIF vs. SAL. Significantly decreased
values are presented in blue while increased values are presented in red. * See statistical outcomes
key in the Materials and Methods section for more details.

In comparison to hemolysis, the components of the rsb regulon had significant differ-
ences relative to their impact on DIF efficacy in suppressing proteolysis (Figures 5 and 6).
For example, as compared to the parent, proteolysis in rsbU- and rsbW-deletion mutants
was significantly less inhibited by DIF (19.90 vs. ≤ 5; p = 0.006 and 32.69 vs. ≤ 5; p = 0.001,
respectively). However, relative to the rsbW-deletion mutant, DIF exerted a significantly
greater inhibition of proteolysis in the rsbU- and rsbV-deletion mutants (19.90 vs. 32.69;
p = 0.029 and 9.64 vs. 32.69; p = 0.03, respectively). Together, these data suggest that the rsb
regulon contributes to DIF efficacy in modulating proteolysis inhibition.

2.4. ASA, SAL and DIF Exhibited Differential Kinetics of Virulence Gene Inhibition

To explore the mechanistic basis of study compounds which inhibited virulence
phenotypes, we assessed the transcriptional kinetics of target structural and regulatory
genes involved in hemolysis and proteolysis. Transcriptional profiles for two prototype
strains (SH1000; and LAC-USA300) are summarized in Figure 7.
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Figure 7. DIF inhibited virulence factor mRNA expression. Expression of regulatory genes RNAIII
(agr), sarA, sigB as well as the predominant hemolysin hla (α–hemolysin) and protease sspA (V8
protease) genes were quantified over the course of 6 h, following exposure to ASA, SAL or DIF
(25 µg/mL) as compared to control. DIF inhibited mRNA expression of RNAIII, hla and sspA as
compared to ASA (* = p < 0.05; *** = p < 0.001) or SAL (+ = p < 0.05; +++ = p < 0.001) in SH1000 (MSSA)
or LAC (MRSA USA300).

The compounds ASA, SAL and DIF were the focus of transcriptomic studies as these
agents were phenotypically the most impactful on hemolysis and proteolysis. These com-
pounds had differential effects on the quantity and kinetics of regulatory gene transcription
in these two S. aureus strains (Figure 7; Supplementary Figure S1).

DIF significantly reduced RNAIII transcription within 2 h in both strains. The peak
inhibition of RNAIII transcription occurred at 4 h for SH1000 (15-fold reduction; p = 0.001 vs.
0.5-h) and at 2 h for LAC (40-fold reduction; p < 0.0001 vs. 0.5-h). Consistent with this effect,
the RNAIII counter-regulatory genes sarA or sigB increased in their expression in SH1000
or LAC, respectively. The sarA peak transcription occurred at 4 h post-exposure to ASA in
SH1000 (p = 0.06 vs. 0.5-h). The sigB peak transcription occurred by 2 h post-exposure to
DIF in LAC (p = 0.15 vs. 0.5 h). Study compounds did not significantly differ in their impact
on sarA or sigB expression. Interestingly, sarA transcription did not appreciably increase in
LAC, and sigB transcription did not appreciably increase in SH1000, regardless of time or
compound. Notably, regulatory gene transcription essentially returned to baseline in both
strains by 6 h post-exposure regardless of the study compound.

Study compounds also had differential effects on the quantity and kinetics of virulence
gene transcription in comparative S. aureus strains (Figure 7). Consistent with downregu-
lated RNAIII transcription, in SH1000, DIF caused a significant reduction in hla (~140-fold)
transcription at 4 h as compared to baseline; this effect was significantly greater than ASA or
SAL (Figure 7). The reduction in hla transcription by DIF was observed at every time point
in LAC, but did not reach significance relative to baseline or other compounds. In both
strains, DIF inhibition of sspA expression was significant at 4 h post-exposure as compared
to ASA or SAL (Figure 7). In SH1000, hla expression remained highly suppressed by DIF at
6 h, but did not achieve significance as compared to baseline or other study compounds.
Likewise, DIF inhibition of sspA expression trended to return to baseline by 6 h in SH1000.
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In contrast, DIF inhibition of sspA expression in LAC continued to remain significant over
the 6 h study period as compared to baseline (p = 0.01 vs. 0.5-h), but was only significant at
4 h as compared to ASA (Figure 7).

3. Discussion

Recent serendipitous clinical observations revealed that ASA exerts beneficial anti-
infective efficacy in multiple human infectious diseases. For example, low-dose ASA and
its de-acetylated metabolite SAL significantly decrease the risk of S. aureus bacteremia in
patients with hemodialysis tunneled catheters and with infected prosthetic joints [12,13].
Experimental models also show that these compounds reduce the severity and progression
of infective endocarditis [10,11,17]. These observations have prompted increasing interest
in the potential to repurpose ASA or other nonsteroidal anti-inflammatory drugs (NSAIDs)
as novel adjunctive anti-infective therapies.

In the current study, the impact of ASA, its salicylate metabolites (SAL, GTA, SUA)
and the fluorinated structural analogue, DIF, were studied for their modulation of virulence
phenotypes and transcriptional regulation using a panel of defined S. aureus strains in vitro.
ASA, SAL and DIF exerted inhibitory effects on hemolysis and proteolysis capabilities.
However, only DIF inhibited both virulence phenotypes in all study strains, and did
so significantly greater than ASA and SAL (Figures 4 and 6). Interestingly, in SH1000
lacking agr, a greater inhibition of hemolysis was observed by ASA as compared to the
wild-type parent strain. In contrast, agr did not significantly impact DIF efficacy in either
SH1000 or COL backgrounds (Figure 4). Similarly, the presence or absence of agr did not
affect proteolysis inhibition by DIF or other study compounds in all genetic backgrounds
(Figure 6). These findings suggest agr alone is not a primary mechanism of DIF inhibition
of hemolysis or proteolysis activity in S. aureus. The impact of genes within the sigB locus
(rsbU, rsbV, rsbW) on study compound efficacy was also investigated. The deletion of rsbV
or rsbW had no significant effect on hemolysis or proteolysis as compared to wild-type
FDA486. However, the absence of rsbU (considered to be the “sensor” of this operon) [33]
promoted hemolysis in the presence of GTA as compared to the parent. By comparison,
the deletion of any of the rsb genes consistently reduced the efficacy of DIF proteolysis
inhibition; none of these differences achieved statistical significance as compared to control.
These findings suggest that sigB and its rsb components are involved directly or indirectly
in the inhibitory mechanisms of DIF against proteolysis (Figure 6).

Next, we explored the transcriptional kinetics of target regulatory and effector genes in
response to compounds ASA, SAL or DIF that were shown to inhibit virulence phenotypes.
Gene expression was monitored over a 6 h period in prototypic MRSA and MSSA strains
to enable the temporal assessment of transcriptional profiles in response to compound
exposure. In prototypic MSSA and MRSA strains, distinct kinetic patterns of transcription
were identified in response to specific study compounds. In SH1000 (MSSA), an increased
expression of sarA by 4 h post-DIF exposure coincided with a significant suppression
of RNAIII. By comparison, in LAC (MRSA), an increased expression of sigB by 2 or 4 h
post-DIF exposure paralleled with the significant inhibition of RNAIII. These findings are
consistent with sigB as a strong counter regulator of RNAIII [38,39]. Regardless of sarA or
sigB regulation, suppression of RNAIII was strongly correlated with the inhibition of hla
and sspA. These transcriptional profiles were concordant with the significant inhibition
of hemolysis and proteolysis by DIF. It is notable that rapid transcriptional inhibition
of hla and sspA by 2–4 h resulted in a durable suppression of their respective virulence
phenotypes even at 24 h. Given that gene expression had largely returned to baseline by
6 h, early and/or temporary interference in virulence gene expression can have lasting
effects that may benefit antivirulence efficacy. Neither ASA nor SAL significantly altered
virulence gene expression in these strains over 6 h.

We recognize several potential limitations with our investigation. First, these in vitro
outcomes may not fully represent S. aureus virulence regulation within the host. Preliminary
data not presented here, support the efficacy of DIF in antibiotic therapy of MRSA infection
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in vivo [24]. Second, study compounds appeared to have relatively different degrees of
activity against different S. aureus strains. However, the fact that DIF strongly inhibited
RNAIII, hla and sspA expression, as well as hemolysis and proteolysis phenotypes in
every studied strain is promising as a therapeutic strategy regardless of S. aureus genetic
background. Third, the observation that hemolysis was not abolished in agr-deleted
SH1000 and COL backgrounds suggests agr-independent regulation of hla and sspA. This
unexpected finding has also been reported by Liu et al. [23,40] and suggests that novel
anti-infective targets of virulence inhibition are yet to be explored.

The currents studies further substantiate our original findings regarding the antivir-
ulence properties of ASA, its metabolites and the structural analogue DIF [20–22,24]. A
hypothetical model integrating the putative mechanisms of DIF is illustrated in Figure 8.
Our original observations have also been supported by work from several other laborato-
ries [16,41–43]. In light of the burgeoning threat of MRSA resistance to multiple antibiotic
classes, novel approaches to attenuate virulence without inducing resistance are attractive
strategies. For example, the complementary inhibition of virulence factor expression and
targets of conventional antibiotics may translate to a greater microbicidal impact, reduced
emergence of resistance and enhanced immune-mediated efficacy in MRSA infection. The
current findings provide further proof of concept that DIF and the structural analogues of
SAL attenuate prototypic virulence factor expression in S. aureus. The translation of these
strategies is currently under investigation in our laboratories.
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Figure 8. Hypothetical model of DIF–induced effects on regulatory and virulence gene expression in
S. aureus. We hypothesize that DIF acts on sigB to inhibit agr and/or activate sarA gene expression.
The downstream consequence of this regulatory effect is the repression of sspA and hla as well as other
unknown targets (denoted as gene xyz). These latter genes are the subject of ongoing investigations.

4. Materials and Methods

In this study, the potential for ASA and its relevant metabolites and DIF to modulate
virulence factor expression in S. aureus was investigated. Study compounds included the
parent ASA and metabolites, SAL, SUA and GTA; the salicylate analogue DIF was tested in
parallel (diflunisal) (Figure 1).

4.1. Compounds

Unless otherwise noted, the following compounds were obtained from Sigma-Aldrich,
Inc. (St. Louis, MO, USA) and prepared as stock solutions from powder: ASA; SAL; SUA
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(Acros Organics, NJ, USA); GTA; and DIF (Figure 1). Stock solutions were prepared in
ethanol and stored at 4 ◦C until use.

4.2. Bacterial Strains

Staphylococcus aureus strains (MSSA; and MRSA) used in this study are described in
Table 1. Strains included both prototypic laboratory and well-characterized clinical isolates
with known genotypes and phenotypes. For experiments detailed below, all strains were
cultured to mid-logarithmic or stationary phase in brain–heart infusion broth (BHI; Difco
Laboratories, Detroit, MI, USA), at 37 ◦C with agitation, washed, and resuspended in
phosphate-buffered saline (PBS; Irvine Scientific, Santa Ana, CA, USA; pH 7.2). Experimen-
tal inocula were determined by spectrophotometry and validated by quantitative culture.

4.3. Anti-Staphylococcal Activity of Compounds

Growth curve analyses were performed to assess the direct anti-staphylococcal activity
of all test compounds. To do so, log-phase organisms were inoculated into fresh BHI broth
(OD600 = 0.05; inoculum 5 × 107 CFU/mL) containing a given study compound (range: 0,
10, 25, 50, 100 µg/mL) and incubated at 37 ◦C with shaking. At selected time-points (1–8 h
and 24 h), cultures were analyzed by spectrophotometry (OD600) and quantitative culture
in comparison to respective untreated controls (Figure 1).

4.4. Influence of Compounds on Hemolysin or Protease Expression

Two pivotal phenotypes in S. aureus that govern many of its virulence capacities in-
volve secretion of hemolysins and proteases [44]. The effects of our study compounds on
expression of secreted hemolysins and proteases were compared in the panel of S. aureus
strains summarized in Table 1. In these assays, blood agar-tryptic soy agar plates (TSA;
Beckton Dickinson, CA) contained either 5% sheep or 5% rabbit blood (Hardy Diagnostics,
CA) and 25 µg/mL of ASA, SAL, GTA, SUA or DIF, or no compound. These concentra-
tions encompassed the known human blood levels for ASA and DIF after standard dose
regimens [45]. Likewise, for protease assays, standard-method caseinate agar (SMCA)
plates containing 25 µg/mL of each study compound were compared to control plates
without these compounds. For these assays, strain inocula were prepared as above. To
ensure that maximal hemolysin activity was detected, hemolysin assay plates were cold-
shocked (4 ◦C for 4 h) prior to reading zones of hemolysis (α-hemolysin activity facilitated
by temperature shock [46]). Zones of hemolytic or proteolytic activity were measured
by quantitative imaging (AlphaEaseFC imager and software; Alpha Innotec, Kasendorf,
Bayern, Germany). Statistics were performed using two-way ANOVA. Data are presented
as: * p < 0.05, ** p < 0.01 and *** p < 0.001 for compound vs. ASA. ˆ p < 0.05, ˆˆ p < 0.01 and
ˆˆˆ p < 0.001 for DIF vs. SAL. + p < 0.05 and ++ p < 0.01 for mutant vs. parent.

4.5. Influence of Compounds on Gene Expression

To identify the influence of the study compounds on transcriptional correlates of the
above two virulence phenotypes, expression of selected virulence regulon or effector genes
were compared in prototypic MSSA (SH1000) and MRSA (LAC) strains. Expressions of
regulatory genes RNAIII (agr), sarA and sigB, as well as the predominant hemolysin gene,
hla (producing α-hemolysin) and the protease gene, sspA (producing V8 protease) were
quantified over a 6 h time course, following exposure to ASA, or its analogues (vs. untreated
controls). In brief, 109 CFU of log phase cells were isolated and exposed for 1 h to ASA,
SAL, GTA, SUA or DIF (concentration, 25 µg/mL). Control samples were exposed to buffer
alone in the absence of the compound. In parallel experiments, organisms were cultured
for 2 h, 4 h or 6 h in a fresh medium, and then exposed to these compounds as above. The
expression of target genes-of-interest (Supplemental Table 1) as assessed by quantitative
real-time PCR (qRT–PCR). In brief, mRNA was extracted from cells treated as above using
standard methods, and purified using RNeasy (QIAGEN Inc., Germantown, MD, USA) and
Turbo DNA-free (Ambion, Austin, TX, USA) kits per manufacturer’s instructions. Resulting
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mRNA was converted to cDNA using the RETROscript kit for reverse transcriptase PCR
(RT-PCR; Ambion) per manufacturer’s instructions. Each cDNA template was then used for
qRT-PCR based on target gene primers and optimized for ABI 7000 system implementing a
SYBR green PCR master mix (Applied Biosystems, Foster City, CA, USA). In all cases, the
threshold cycle (Ct) values were normalized to 16S rRNA. Relative fold changes in gene
expression were determined using the 2−∆∆Ct method.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/antibiotics12050902/s1, Table S1: Quantitative heatmap of
SAL and DIF impact on MRSA and MSSA virulence gene mRNA expression. Expression of regulatory
(REG) genes RNAIII (agr), sarA, sigB as well as the predominant virulence factors (VIR) hemolysin hla
(α-hemolysin) and protease sspA (V8 protease) genes were quantified over the course of 6 h following
exposure to SAL or DIF (25 µg/mL) as compared to control. DIF inhibited the expression of RNAIII,
hla and sspA as compared to SAL in SH1000 (MSSA) and USA300 (MRSA) backgrounds.

Author Contributions: Conceptualization, L.C.C., A.S.B. and M.R.Y.; data curation, L.C.C., M.P.,
H.K.L., S.C. and M.R.Y.; formal analysis, L.C.C., M.P., H.K.L., S.C., R.A.P. and M.R.Y.; funding
acquisition, L.C.C., A.S.B. and M.R.Y.; methodology, L.C.C., M.P., H.K.L., S.C., A.S.B. and M.R.Y.;
project administration, M.R.Y.; writing—original draft, L.C.C., M.P. and M.R.Y.; writing—review and
editing, all authors. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded in part by grants from the U.S. National Institutes of Health,
including an R21/R33 Innovation Award (NIAID AI-111661-01 to M.R.Y.) and a UCLA CTSI KL2-
TR001882-05 (to L.C.C.).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article (Figures 2, 4, 6 and 7). Additional
datasets are available upon request.

Conflicts of Interest: MRY holds patents on novel anti-infective therapy, immunotherapy and vac-
cines, and is a consultant for Genentech-Roche, Alexion/AstraZeneca and Horizon Pharmaceuticals,
which are involved in the development of immunotherapeutic agents and strategies. ASB holds
patents on novel anti-infective therapy. RAP is a consultant for IBT, which is producing a multivalent
antitoxin vaccine and is a member of the review board for the University of Rochester, which is
involved in an anti-Gmd vaccine effort. Other authors report no disclosures.

References
1. Fowler, V.G., Jr.; Das, A.F.; Lipka-Diamond, J.; Schuch, R.; Pomerantz, R.; Jáuregui-Peredo, L.; Bressler, A.; Evans, D.C.; Moran, G.J.;

Rupp, M.E.; et al. Exebacase for patients with Staphylococcus aureus bloodstream infection and endocarditis. J. Clin. Investig. 2020,
130, 3750–3760. [CrossRef] [PubMed]

2. Fowler, V.G., Jr.; Kaye, K.S.; Simel, D.L.; Cabell, C.H.; McClachlan, D.; Smith, P.K.; Levin, S.; Sexton, D.J.; Reller, L.B.;
Corey, G.R.; et al. Staphylococcus aureus bacteremia after median sternotomy: Clinical utility of blood culture results in the
identification of postoperative mediastinitis. Circulation 2003, 108, 73–78. [CrossRef] [PubMed]

3. Fowler, V.G., Jr.; Nelson, C.L.; McIntyre, L.M.; Kreiswirth, B.N.; Monk, A.; Archer, G.L.; Federspiel, J.; Naidich, S.; Remortel,
B.; Rude, T.; et al. Potential associations between hematogenous complications and bacterial genotype in Staphylococcus aureus
infection. J. Infect. Dis. 2007, 196, 738–747. [CrossRef]

4. Fowler, V.G., Jr.; Olsen, M.K.; Corey, G.R.; Woods, C.W.; Cabell, C.H.; Reller, L.B.; Cheng, A.C.; Dudley, T.; Oddone, E.Z. Clinical
identifiers of complicated Staphylococcus aureus bacteremia. Arch. Intern. Med. 2003, 163, 2066–2072. [CrossRef]

5. Fowler, V.G., Jr.; Proctor, R.A. Where does a Staphylococcus aureus vaccine stand? Clin. Microbiol. Infect. 2014, 20 (Suppl. 5), 66–75.
[CrossRef] [PubMed]

6. Muller, E.; Al-Attar, J.; Wolff, A.G.; Farber, B.F. Mechanism of salicylate-mediated inhibition of biofilm in Staphylococcus epidermidis.
J. Infect. Dis. 1998, 177, 501–503. [CrossRef]

7. Riordan, J.T.; O’Leary, J.O.; Gustafson, J.E. Contributions of sigB and sarA to distinct multiple antimicrobial resistance mechanisms
of Staphylococcus aureus. Int. J. Antimicrob. Agents 2006, 28, 54–61. [CrossRef]

8. Nicolau, D.P.; Marangos, M.N.; Nightingale, C.H.; Quintiliani, R. Influence of aspirin on development and treatment of
experimental Staphylococcus aureus endocarditis. Antimicrob. Agents Chemother. 1995, 39, 1748–1751. [CrossRef] [PubMed]

9. Nicolau, D.P.; Tessier, P.R.; Nightingale, C.H. Beneficial effect of combination antiplatelet therapy on the development of
experimental Staphylococcus aureus endocarditis. Int. J. Antimicrob. Agents 1999, 11, 159–161. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/antibiotics12050902/s1
https://doi.org/10.1172/JCI136577
https://www.ncbi.nlm.nih.gov/pubmed/32271718
https://doi.org/10.1161/01.CIR.0000079105.65762.DB
https://www.ncbi.nlm.nih.gov/pubmed/12821547
https://doi.org/10.1086/520088
https://doi.org/10.1001/archinte.163.17.2066
https://doi.org/10.1111/1469-0691.12570
https://www.ncbi.nlm.nih.gov/pubmed/24476315
https://doi.org/10.1086/517386
https://doi.org/10.1016/j.ijantimicag.2006.01.013
https://doi.org/10.1128/AAC.39.8.1748
https://www.ncbi.nlm.nih.gov/pubmed/7486913
https://doi.org/10.1016/S0924-8579(98)00092-2
https://www.ncbi.nlm.nih.gov/pubmed/10221420


Antibiotics 2023, 12, 902 12 of 13

10. Kupferwasser, L.I.; Yeaman, M.R.; Nast, C.C.; Kupferwasser, D.; Xiong, Y.-Q.; Palma, M.; Cheung, A.L.; Bayer, A.S. Salicylic acid
attenuates virulence in endovascular infections by targeting global regulatory pathways in Staphylococcus aureus. J. Clin. Investig.
2003, 112, 222–233. [CrossRef]

11. Kupferwasser, L.I.; Yeaman, M.R.; Shapiro, S.M.; Nast, C.C.; Sullam, P.M.; Filler, S.G.; Bayer, A.S. Acetylsalicylic acid reduces veg-
etation bacterial density, hematogenous bacterial dissemination, and frequency of embolic events in experimental Staphylococcus
aureus endocarditis through antiplatelet and antibacterial effects. Circulation 1999, 99, 2791–2797. [CrossRef] [PubMed]

12. Sedlacek, M.; Gemery, J.M.; Cheung, A.L.; Bayer, A.S.; Remillard, B.D. Aspirin treatment is associated with a significantly
decreased risk of Staphylococcus aureus bacteremia in hemodialysis patients with tunneled catheters. Am. J. Kidney Dis. 2007, 49,
401–408. [CrossRef]

13. Najafi, F.; Kendal, J.K.; Peterson, N.V.; Ciesielka, K.-A.; Restrepo, C.; Parvizi, J.; Bernthal, N.M. Low-Dose Aspirin for Venous
Thromboembolism Prophylaxis is Associated With Lower Rates of Periprosthetic Joint Infection After Total Joint Arthroplasty.
J. Arthroplast. 2022, 37, 2444–2448.e1. [CrossRef] [PubMed]

14. Habib, A.; Irfan, M.; Baddour, L.M.; Le, K.Y.; Anavekar, N.S.; Lohse, C.M.; Friedman, P.A.; Hayes, D.L.; Wilson, W.R.; Steckelberg,
J.M.; et al. Impact of prior aspirin therapy on clinical manifestations of cardiovascular implantable electronic device infections.
Europace 2013, 15, 227–235. [CrossRef]

15. Herrmann, M. Salicylic acid: An old dog, new tricks, and staphylococcal disease. J. Clin. Investig. 2003, 112, 149–151. [CrossRef]
[PubMed]

16. Ford, C.A.; Spoonmore, T.J.; Gupta, M.K.; Duvall, C.L.; Guelcher, S.A.; Cassat, J.E. Diflunisal-loaded poly(propylene sulfide)
nanoparticles decrease S. aureus-mediated bone destruction during osteomyelitis. J. Orthop. Res. 2021, 39, 426–437. [CrossRef]

17. Nicolau, D.P.; Freeman, C.D.; Nightingale, C.H.; Quintiliani, R.; Coe, C.J.; Maderazo, E.G.; Cooper, B.W. Reduction of bacterial
titers by low-dose aspirin in experimental aortic valve endocarditis. Infect. Immun. 1993, 61, 1593–1595. [CrossRef]

18. Chan, L.C.; Lee, H.K.; Yeaman, M.R. Synergistic Efficacies of Diflunisal and Phenyl-Hydroxy-Benzoate Compounds in Mitigating MRSA
Resistance and Pathogenesis; American Society of Microbiology: San Francisco, CA, USA, 2019.

19. Lee, H.K.; Chan, L.C.; Proctor, R.A.; Bayer, A.S.; Yeaman, M.R. Diflunisal and Structural Analogues Synergize with Antibiotics and
Mitigate MRSA Resistance and Virulence Factor Expression; American Society of Microbiology: San Francisco, CA, USA, 2019.

20. Yeaman, M.R.; Bayer, A.S. Anti-Infective Hydroxy-Phenyl-Benzoates and Methods of Use. US Patent 9.205,097 B2, 22
September 2014.

21. Yeaman, M.R.; Bayer, A.S. Anti-Infective Hydroxy-Phenyl-Benzoates and Methods of Use. US Patent 8,809,263 B2, 19 August 2014.
22. Yeaman, M.R.; Bayer, A.S. Anti-Infective Hydroxy-Phenyl-Benzoates and Methods of Use. US Patent 9,585,897 B2, 7 March 2017.
23. Palma, M.; Bayer, A.; Kupferwasser, L.I.; Joska, T.; Yeaman, M.R.; Cheung, A. Salicylic acid activates sigma factor B by rsbU-

dependent and -independent mechanisms. J. Bacteriol. 2006, 188, 5896–5903. [CrossRef]
24. Park, M.; Bayer, A.S.; Yount, N.; Yang, S.J.; Xiong, Y.Q.; Yeaman, M.R. Modulation of Virulence Gene Expression in Staphylococcus

aureus Using Salicylate Analogues; Infectious Disease Society of America: San Francisco, CA, USA, 2008.
25. Abedi, F.; Razavi, B.M.; Hosseinzadeh, H. A review on gentisic acid as a plant derived phenolic acid and metabolite of aspirin:

Comprehensive pharmacology, toxicology, and some pharmaceutical aspects. Phytother. Res. 2020, 34, 729–741. [CrossRef]
26. Deng, H.; Fang, Y. Aspirin metabolites are GPR35 agonists. Naunyn-Schmiedeberg Arch. Pharmacol. 2012, 385, 729–737. [CrossRef]
27. Park, W.B.; Kim, S.-H.; Cho, J.H.; Bang, J.H.; Bin Kim, H.; Kim, N.J.; Oh, M.D.; Choe, K.W. Effect of salicylic acid on invasion of

human vascular endothelial cells by Staphylococcus aureus. FEMS Immunol. Med. Microbiol. 2007, 49, 56–61. [CrossRef]
28. Eisen, D.P. Manifold beneficial effects of acetyl salicylic acid and nonsteroidal anti-inflammatory drugs on sepsis. Intensive Care

Med. 2012, 38, 1249–1257. [CrossRef]
29. Ikram, A.; Donnelly, J.P.; Sperry, B.W.; Samaras, C.; Valent, J.; Hanna, M. Diflunisal tolerability in transthyretin cardiac amyloidosis:

A single center’s experience. Amyloid 2018, 25, 197–202. [CrossRef] [PubMed]
30. Snetkov, P.; Morozkina, S.; Olekhnovich, R.; Uspenskaya, M. Diflunisal Targeted Delivery Systems: A Review. Materials 2021,

14, 6687. [CrossRef]
31. Shaw, L.N.; Aish, J.; Davenport, J.E.; Brown, M.C.; Lithgow, J.K.; Simmonite, K.; Crossley, H.; Travis, J.; Potempa, J.; Foster, S.J.

Investigations into sigmaB-modulated regulatory pathways governing extracellular virulence determinant production in Staphy-
lococcus aureus. J. Bacteriol. 2006, 188, 6070–6080. [CrossRef] [PubMed]

32. Horsburgh, M.J.; Aish, J.L.; White, I.J.; Shaw, L.; Lithgow, J.K.; Foster, S.J. sigmaB modulates virulence determinant expression
and stress resistance: Characterization of a functional rsbU strain derived from Staphylococcus aureus 8325-4. J Bacteriol. 2002,
184, 5457–5467. [CrossRef]

33. Palma, M.; Cheung, A.L. sigma(B) activity in Staphylococcus aureus is controlled by RsbU and an additional factor(s) during
bacterial growth. Infect Immun 2001, 69, 7858–7865. [CrossRef] [PubMed]

34. Palma, M.; Nozohoor, S.; Schennings, T.; Heimdahl, A.; Flock, J.I. Lack of the extracellular 19-kilodalton fibrinogen-binding
protein from Staphylococcus aureus decreases virulence in experimental wound infection. Infect. Immun. 1996, 64, 5284–5289.
[CrossRef]

35. Dhawan, V.K.; Yeaman, M.R.; Cheung, A.L.; Kim, E.; Sullam, P.M.; Bayer, A.S. Phenotypic resistance to thrombin-induced platelet
microbicidal protein in vitro is correlated with enhanced virulence in experimental endocarditis due to Staphylococcus aureus.
Infect. Immun. 1997, 65, 3293–3299. [CrossRef]

https://doi.org/10.1172/JCI200316876
https://doi.org/10.1161/01.CIR.99.21.2791
https://www.ncbi.nlm.nih.gov/pubmed/10351974
https://doi.org/10.1053/j.ajkd.2006.12.014
https://doi.org/10.1016/j.arth.2022.07.006
https://www.ncbi.nlm.nih.gov/pubmed/35843380
https://doi.org/10.1093/europace/eus292
https://doi.org/10.1172/JCI19143
https://www.ncbi.nlm.nih.gov/pubmed/12865403
https://doi.org/10.1002/jor.24948
https://doi.org/10.1128/iai.61.4.1593-1595.1993
https://doi.org/10.1128/JB.01960-05
https://doi.org/10.1002/ptr.6573
https://doi.org/10.1007/s00210-012-0752-0
https://doi.org/10.1111/j.1574-695X.2006.00170.x
https://doi.org/10.1007/s00134-012-2570-8
https://doi.org/10.1080/13506129.2018.1519507
https://www.ncbi.nlm.nih.gov/pubmed/30388377
https://doi.org/10.3390/ma14216687
https://doi.org/10.1128/JB.00551-06
https://www.ncbi.nlm.nih.gov/pubmed/16923874
https://doi.org/10.1128/JB.184.19.5457-5467.2002
https://doi.org/10.1128/IAI.69.12.7858-7865.2001
https://www.ncbi.nlm.nih.gov/pubmed/11705968
https://doi.org/10.1128/iai.64.12.5284-5289.1996
https://doi.org/10.1128/iai.65.8.3293-3299.1997


Antibiotics 2023, 12, 902 13 of 13

36. Baba, T.; Takeuchi, F.; Kuroda, M.; Yuzawa, H.; Aoki, K.; Oguchi, A.; Nagai, Y.; Iwama, N.; Asano, K.; Naimi, T.; et al. Genome
and virulence determinants of high virulence community-acquired MRSA. Lancet 2002, 259, 1819–1827. [CrossRef]

37. Miller, L.G.; Perdreau-Remington, F.; Rieg, G.; Mehdi, S.; Perlroth, J.; Bayer, A.S.; Tang, A.W.; Phung, T.O.; Spellberg, B. Necrotizing
fasciitis caused by community-associated methicillin-resistant Staphylococcus aureus in Los Angeles. N. Engl. J. Med. 2005, 7;352,
1445–1453. [CrossRef]

38. Tuchscherr, L.; Bischoff, M.; Lattar, S.M.; Noto Llana, M.; Pförtner, H.; Niemann, S.; Geraci, J.; Van de Vyver, H.; Fraunholz, M.J.;
Cheung, A.L.; et al. Sigma Factor SigB Is Crucial to Mediate Staphylococcus aureus Adaptation during Chronic Infections. PLoS
Pathog. 2015, 11, e1004870. [CrossRef] [PubMed]

39. Cheung, A.L.; Bayer, A.S.; Zhang, G.; Gresham, H.; Xiong, Y.Q. Regulation of virulence determinants in vitro and in vivo in
Staphylococcus aureus. FEMS Immunol. Med. Microbiol. 2004, 40, 1–9. [CrossRef]

40. Liu, B.; Sun, B. Rsp promotes the transcription of virulence factors in an agr-independent manner in Staphylococcus aureus. Emerg.
Microbes Infect. 2020, 9, 796–812. [CrossRef] [PubMed]

41. Turner, A.B.; Gerner, E.; Firdaus, R.; Echeverz, M.; Werthén, M.; Thomsen, P.; Almqvist, S.; Trobos, M. Role of sodium salicylate
in Staphylococcus aureus quorum sensing, virulence, biofilm formation and antimicrobial susceptibility. Front. Microbiol. 2022,
13, 931839. [CrossRef]

42. Singh, R.; Ray, P. Quorum sensing-mediated regulation of staphylococcal virulence and antibiotic resistance. Future Microbiol
2014, 9, 669–681. [CrossRef]

43. Hendrix, A.S.; Spoonmore, T.J.; Wilde, A.D.; Putnam, N.E.; Hammer, N.D.; Snyder, D.J.; Guelcher, S.A.; Skaar, E.P.; Cassat, J.E.
Repurposing the Nonsteroidal Anti-inflammatory Drug Diflunisal as an Osteoprotective, Antivirulence Therapy for Staphylococcus
aureus Osteomyelitis. Antimicrob Agents Chemother 2016, 60, 5322–5330. [CrossRef]

44. Cheung, G.Y.C.; Bae, J.S.; Otto, M. Pathogenicity and virulence of Staphylococcus aureus. Virulence 2021, 12, 547–569. [CrossRef]
45. Wu, K.K. Aspirin and salicylate: An old remedy with a new twist. Circulation 2000, 102, 2022–2023. [CrossRef]
46. Vandenesch, F.; Lina, G.; Henry, T. Staphylococcus aureus hemolysins, bi-component leukocidins, and cytolytic peptides: A

redundant arsenal of membrane-damaging virulence factors? Front. Cell Infect. Microbiol. 2012, 2, 12. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/S0140-6736(02)08713-5
https://doi.org/10.1056/NEJMoa042683
https://doi.org/10.1371/journal.ppat.1004870
https://www.ncbi.nlm.nih.gov/pubmed/25923704
https://doi.org/10.1016/S0928-8244(03)00309-2
https://doi.org/10.1080/22221751.2020.1752116
https://www.ncbi.nlm.nih.gov/pubmed/32248753
https://doi.org/10.3389/fmicb.2022.931839
https://doi.org/10.2217/fmb.14.31
https://doi.org/10.1128/AAC.00834-16
https://doi.org/10.1080/21505594.2021.1878688
https://doi.org/10.1161/01.CIR.102.17.2022
https://doi.org/10.3389/fcimb.2012.00012

	Introduction 
	Results 
	Study Compounds Did Not Impede S. aureus Growth 
	Study Compounds Differentially Modulated Hemolysin Activity in S. aureus 
	Study Compounds Differentially Inhibited Proteolysis Activity in S. aureus 
	ASA, SAL and DIF Exhibited Differential Kinetics of Virulence Gene Inhibition 

	Discussion 
	Materials and Methods 
	Compounds 
	Bacterial Strains 
	Anti-Staphylococcal Activity of Compounds 
	Influence of Compounds on Hemolysin or Protease Expression 
	Influence of Compounds on Gene Expression 

	References

