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Abstract: Staphylococcus aureus (S. aureus) represents an important pathogen of clinical relevance,
causing a wide variety of symptoms. The broad distribution of multidrug-resistant strains
necessarily demands new antibacterial agents for the treatment of S. aureus infections. The aim of
this study was to assess the antibacterial activity of plant-derived compounds, pure 4,5"-dihydroxy-
anthraquinone-2-carboxylic acid (Rhein), against standard and clinical isolated S. aureus strains. The
hemolysis and 3- (4,5-dimethylthiazol-2-yl) -2,5-diphenyl tetrazolium bromide (MTT) assays were
used to determine the cytotoxicity on human erythrocytes and bronchial epithelial cells after
treatment with Rhein. The antibacterial effect was assessed via disk diffusion test, broth
microdilution methods, time-killing assays and live—dead evaluation (50-0.39 pg/mL). Rhein effect
on the hemolytic activity of a-toxin and catalase were estimated. Moreover, crystal violet (CV) assay
evaluated its impact on biofilm biomass. The compound exhibited 50% cytotoxic concentration
(CCso) and 50% hemolysis concentration (ECso) of 43.6 and >50 pg/mL, respectively. The minimum
inhibitory concentration (MIC) of Rhein was 12.5 ug/mL for all tested strains, exerting bacteriostatic
action. MIC and sub-MIC concentrations of Rhein significantly reduced hemolytic and catalase
activities, impairing the major virulence factors of S. aureus strains. Rhein also reduced biofilm
biomass in a dose-dependent manner, reaching rates of about 50% eradication at a dose of 50 pig/mL.
These findings suggest that Rhein could represent a promising therapeutic option for the treatment
of S. aureus infections.
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1. Introduction

Staphylococcus aureus (S. aureus) represents an important opportunistic pathogen,
able of adapting rapidly to adverse environmental conditions and evading the immune
system [1,2]. It causes a wide range of clinical manifestations, ranging from skin and soft
tissue infections to systemic and toxin-mediated affections with high prevalence [3,4]. S.
aureus infection abides a major and prevalent reason of morbidity and mortality in
hospitalized patients, despite the antibiotic treatment and prevention of infectious
diseases [5]. Each year in Europe, approximately 25,000 hospitalized patients die from a
severe resistant bacterial infection, and a substantial part of them is due to S. aureus [6].
This strain causes blood infections with an incidence of 20-50 cases per 100,000
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inhabitants per year, with mortality levels of around 10-30% [7]. Methicillin-resistant S.
aureus (MRSA) has been recognized as a global priority pathogen by the World Health
Organization, causing growing concern around the world [8,9]. Conventional antibiotics
are no longer suitable against most MRSA due to the rapid development of antibiotic
resistance [10]. Glycopeptides and latest-generation antibiotics, such as linezolid,
daptomycin and the newly available fifth-generation cephalosporins, still show high
efficiency against resistant S. aureus, although the development of strains resistant to these
antibiotics is clearly on the rise [11]. The prevalence of Vancomycin-resistant S. aureus was
2% before 2006, 5% in 2006-2014 and 7% in 2015-2020, showing a 3.5-fold increase
between 2006 and 2020 [12]. Moreover, surveillance studies reported a global resistance
rate of S. aureus to Daptomycin and Linezolid of 0.3% [13,14]. The emergence of resistant
strains is often faster than the development of new antibiotics. Moreover, the number of
Food and Drug Administration approved antibiotics has been reduced in the last three
decades, limiting the treatment possibilities of resistant bacteria [11,15]. Therefore,
antibacterial agents with new modes of action and alternative pharmacological targets are
urgently needed. Natural products are an important source of novel antimicrobial agents,
and their use is associated with the following advantages: (i) low cytotoxicity; (ii) reduced
propensity to develop resistance; (iii) high chemical diversity; and iv) material of
abundant and cheap origin [16,17]. In recent years, many plant-derived compounds have
been studied for their antibacterial potential against S. aureus strains. Joray et al. reported
the antibacterial potential of (Z, Z)-5-(trideca-4,7-dienyl) resorcinol against S. aureus
strains with MIC values of 8 pg/mL [18]. Obiang-Obounou et al. demonstrated that
Sanguinarine possesses strong antibacterial activity against S. aureus, recording MIC
values of 6.25 ug/mL [19]. Additionally, Zhang et al. proved the antibacterial effect of
Berberine against MRSA with MIC values of 128 pg/mL [20]. Rhein is an anthraquinone,
constituent of several medicinal plants, such as Rheum palmatum L., Cassia tora L.,
Polygonum multiflorum Thunb. and Aloe barbadensis Miller (Figure 1) [21]. Numerous
evidence reports the hepatoprotective, neuroprotective, antioxidant, antitumor,
antidiabetic and anti-inflammatory role of this natural product [22]. Furthermore, Rhein’s
antibacterial potential has been proven against different Gram-positive and Gram-
negative pathogens, such as Streptococcus mutans, Propionibacterium acnes, Pseudomonas
aeruginosa, etc. [23-26]. The present study aims to evaluate the antibacterial potential of
Rhein against standard and clinical isolated S. aureus strains in the planktonic and biofilm
state.

OH O OH
O OH
Figure 1. Chemical structure of Rhein.

2. Materials and Methods
2.1. Compound Preparation

Rhein (purity 99%) was acquired from Sigma-Aldrich (St. Louis, ML, USA) and
dissolved in 100% dimethyl sulfoxide (DMSO) (Sigma-Aldrich, St. Louis, MI, USA) at 2
mg/mL.

2.2. Characterization of the Bacterial Strains

In the present study, the tested bacteria were the standard S. aureus strains (ATCC
6538, ATCC 1167) and the respective clinical isolates, including multisensitive, quinolone
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macrolides, methicillin-resistant strains and beta-lactamase producers (C1-5) (Table 1).
The standard strain was purchased from the American Type Culture Collection (ATCC,
Manassas, VA, USA), whereas the clinical isolates were isolated from different anatomical
districts at the Laboratory of Microbiology of the Luigi Vanvitelli University Hospital. The
clinical isolates were isolated from different anatomical districts (blood, skin, pharynx,
bladder and eye) at the Laboratory of Microbiology of the Luigi Vanvitelli University
Hospital. Samples were plated on Columbia CNA Agar with 5% Sheep Blood
(BioMerieux, Marcy—l’Etoile, France) and incubated overnight at 37 °C. Bacterial
identification and susceptibility tests were conducted using the Phoenix BD system
(Becton Dickinson, Franklin Lakes, NJ, USA). In short, a 0.5 McFarland (ID) bacterial
inoculum was set up, using a Phoenix spectrophotometer. A 25 puL volume of ID was
added to Phoenix AST Broth with Phoenix AST Indicator. ID and AST were loaded into
the Phoenix panels and subsequently filed into the Phoenix system. After 16 h of
incubation, bacterial identification and relative antibiograms were obtained.

Table 1. Characteristics of the bacterial strains used in this study.

Bacterial Species  Strain Code  Resistance Phenotype = Anatomical District

S. aureus ATCC 6538 Multisensitive Standard strain
S. aureus ATCC 1167 Multisensitive Standard strain
S. aureus C1 Multisensitive Eye
S. aureus C2 Beta-lactamase producer Bladder
S, aureus 3 Constitutive résistance Skin
to macrolides
S. aureus C4 Quinolone resistance Pharynx
S. aureus C5 Methicillin resistance Blood

2.3. Bacterial Growth Conditions

S. aureus strains were grown in Mueller Hinton (MH) and Luria Bertani (LB) media
(Oxoid, Basingstoke, NH, USA) at 37 °C under aerobic conditions. To achieve a bacterial
inoculum suitable for antibacterial tests, fresh colonies of each bacterial strain were
inoculated in MH and LB broth and incubated at 37 °C under stirring at 180 rpm
overnight. The inoculum was diluted in a fresh medium and incubated until the
exponential phase was reached. Dilutions were performed to obtain the bacterial load
suitable for the assays (2 x 10° CFU/mL).

2.4. Hemolysis Assay

Rhein was tested on human erythrocytes derived from a healthy individual with 0
negative blood. The human blood sample was centrifuged at 1500 g for 5 min and the
plasma was removed. The pellet was washed 5 times with the TBS solution (50 Mm Tris-
HCI at pH 7.6 and 0.15 M NaCl) and diluted 10-fold using the same solution. The assay
was conducted in a 96-well microplate (Thermo Scientific, Waltham, MA, USA). A volume
of 50 uL of red cell suspension was added to 50 pL of the compound in the range of
concentrations of 50-0.39 pg/mL and incubated at 37 °C for 1 h. The compound solvent
and 0.1% Triton X-100 were used as the CTR- and CTR+ control, respectively. Finally, the
plate was centrifuged at 1500 g for 5 min at room temperature, and 50 pL of supernatant
from each well was transferred to a new 96-well plate and used to obtain the absorbance
of the hemoglobin released at 540 nm. The hemolysis rate was calculated using the
following formula:

(Abs 540 nm of the test sample — Abs 540 nm of CTR —)

(Abs 540 nm of CTR + —Abs 540 nm of CTR — @)
% 100

% Hemolysis =
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2.5. Cell Cytotoxicity Assay

The cytotoxicity of Rhein towards human bronchial epithelial cells (BEAS-2B cells)
was evaluated by the 3- (4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide
(MTT) assay. Cells were seeded at a density of 2 x 10 cells/well of a 96-well plate and
incubated at 37 °C with 5% CO2 in a moist environment. BEAS-2B cells were exposed to
increasing concentrations of Rhein (50-0.39 pg / mL) for 20 h. The compound solvent and
100% DMSO constituted the CTR- and CTR+, respectively. After exposure to the com-
pound, 100 uL of MTT solution (Sigma-Aldrich, St. Louis, MI, USA) (0.3 mg/mL) was
added to each well for 3 h at 37 °C. Thereafter, the solution was removed, and the forma-
zan crystals were solubilized with 100 uL of 100% DMSO. The absorbance at 570 nm was
measured by a microplate reader (Tecan, Mannedorf, Switzerland), and the percentage of
cytotoxicity was obtained according to the following formula:

100 X (Abs 570 nm of test sample)

. 100
% Cytotoxicity = 100 Abs 570 nm of CTR +

)

2.6. Kirby—Bauer Disk Diffusion Test

A preliminary antibacterial evaluation of Rhein was performed through the Kirby-
Bauer disk diffusion test. Briefly, all bacterial inocula of 0.5 McFarland were evenly plated
on Mueller Hinton agar plates (Oxoid, Basingstoke, NH, USA). A paper disk was impreg-
nated with 20 ug of Rhein and placed on an agar plate. A Teicoplanin disk (30 pig) and a
disc containing compound solvent were used as CTR+ and CTR-, respectively. The plates
were incubated at 37 °C overnight and the diameters of the inhibition zones were meas-
ured. The antibacterial potential of the compound was expressed in millimeters (diameter
of the inhibition area + SD).

2.7. Antibacterial Susceptibility Assays

The broth microdilution method was used to determine the MIC values of Rhein
against standard and clinical isolated S. aureus strains, according to the Clinical and La-
boratory Standards Institute (CLSI). Assays were carried out in 96-well plates (BD Biosci-
ences) for a final test volume of 100 uL. The compound was diluted to obtain concentra-
tions from 50 to 0.39 pug/mL and a bacterial inoculum of 2 x 105 CFU/mL was prepared.
The latter was incubated with the test compounds at 37 °C for 20 h under agitation at 180
rpm overnight. Vancomycin and solvent compound were used as CTR+ and CTR-, re-
spectively. The turbidity was measured via a microplate reader (Tecan, Mannedorf,
Swiss). The percentage of growth inhibition was achieved using the following formula:

(100 x Abs 600 nm of the test sample)]

3)
Abs 600 nm of CTR —

% Growth inhibition = 100 — [

2.8. Bacterial Live/Dead Assay

Fluorescence microscopy (Nikon ECLIPSE Ti2-U, Amsterdam, The Netherlands) was
used to visualize live and dead cells using the LIVE/DEAD BacLight Bacterial Viability
Kit (Life Technologies, Carlsbad, CA, USA). The assay uses a mixture of SYTO 9 fluores-
cent dyes and propidium iodide (PI). SYTO 9 green, fluorescent dye crosses intact and
damaged cell membranes binds nucleic acids and causes cells to become fluorescent green
when excited by a laser with a wavelength of 485 nm. Furthermore, PI red fluorescent dye
only passes damaged membranes and binds with greater affinity to nucleic acids than
SYTO 9. In accordance with the manufacturer’s instructions, a volume of 1.5 uL of both
Syto-9 and PI was added to each well of the 96-well plate (1 x 105 CFU/mL). The plate was
incubated in the dark at room temperature for 15 min and then subjected to analysis. Im-
ages were acquired via fluorescence microscope with beam settings for FITC, TRITC and
merged.



Appl. Sci. 2022, 12, 8691

5 of 15

2.9. Determination of the Selectivity Index (SI)

The SI of the Rhein was calculated through the ratio between ECso and MICso. Values
greater than 3 render the compound rising for in vivo investigation.

2.10. Time-Killing Assays

The antibacterial effect was further assessed through the time-kill curve examinations.
Concentrations of %2 x MIC (6.25 pug/mL), 1 x MIC (12.5 ug/mL) and 2 x MIC (25 pg/mL)
were set up for a final volume of 2 mL/tube. Bacteria treated with vancomycin and the
compound solvent were used as CTR+ and CTR-, respectively. A bacterial suspension of
2 x 105 CFU/mL was added to each tube and incubated at 37 °C. Aliquots of 100 uL were
collected at times 0 and after 1, 4, 6 and 20 h of exposure and serially diluted in 1x phos-
phate-buffered saline (1XPBS). The dilutions were plated on MH agar, and the plates were
incubated at 37 °C overnight. Colonies were counted and values were reported in
CFU/mL.

2.11. Measurement of S. aureus Hemolytic Activity

Hemolytic activity of a-toxin was evaluated in response to Rhein treatment. The bac-
terial inoculum of S. aureus ATCC 6538 with a load of 2 x 105 CFU/mL was prepared and
treated with Rhein at concentrations of 4 x MIC (50 pug/mL), 2 x MIC (25 ug/mL), 1 x MIC
(12.5 pg/mL), 2 x MIC (6.25 ug/mL) and ¥4 x MIC (3.13 pg/mL) for 20 h. After incubation,
the treated and untreated bacterial suspensions with the compound were centrifuged at
12,000 rpm for 5 min. A 100 uL volume of the supernatant was collected and incubated
with 25 L of previously washed human erythrocytes at 37 °C for 1 h. The supernatant
derived from the untreated and vancomycin-treated bacterial culture were used as CTR-
and CTR+, respectively. Erythrocytes treated with 1XPBS represented technical CTR-,
while 0.1% Triton X-100 was used as CTR+. The suspensions were centrifuged at 3000 rpm
for 5 min and the supernatants were examined, evaluating the absorbance at 450 nm. The
hemolysis rate was calculated by comparison with CTR- (100% hemolysis).

2.12. H20: Sensitivity Assay

The effect of Rhein on S. aureus catalase production was evaluated by the H202 sen-
sitivity test. A 0.5 McFarland bacterial inoculum was prepared using a Phoenix spectro-
photometer. The bacterial suspension was uniformly seeded with a sterile swab on agar
MH, supplemented with and without compound at MIC concentration. A sterile filter pa-
per disc (Hi-Media, Maharashtra, India) was soaked with 20 uL of 0.18 % H20: and placed
on the inoculated plate. The latter was incubated at 37 °C for 16 h, and the clearance zone
diameters were measured and compared.

2.13. Biofilm Degradation Assay

The ability of Rhein to degrade mature biofilms was investigated by the crystal violet
(CV) test. A bacterial suspension of 2 x 108 CFU/mL in LB associated with 1% glucose was
prepared, and a 100 uL aliquot was added to each well of a 96 well plate. The latter was
incubated at 37 °C for 24 h in a static condition to allow the formation of a mature biofilm.
After incubation, the planktonic cells were removed, the biomass washed with 1XPBS and
treated with Rhein at the reported concentrations (0.39 to 50 pg/mL). Biofilms treated with
solvent compound and vancomycin were, respectively, CTR- and CTR+ for the disruption
of the biofilm. After 20 h of treatment, the biofilm was washed with 1XPBS, and the bio-
mass was stained with 100 uL of 0.01% CV for 30 min at room temperature with stirring.
The dye was removed, and the matrix was washed with 1XPBS. A 98% ethanol solution
was used to solubilize the matrix for 40 min at room temperature under stirring. The ab-
sorbance measurement at 570 nm was obtained using a microplate reader (Tecan, Manne-
dorf, Swiss) [27]. The minimum biofilm eradication concentration (MBEC) was calculated
according to the following formula:
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(Abs 570 nm of the test sample)
Abs 570 nm of CTR —

% Biofilm degradation = 1 — X 100 4)

2.14. Statistic Analysis

The assays were conducted in biological and technical triplicate, and data were ex-
pressed as mean =+ standard deviation (SD). The values of 50 and 90% bacterial growth
inhibitory concentration (MICso and MICo), 50% cytotoxic concentration (CCso) and 50%
hemolysis concentration (ECso) were obtained from the dose—effect curves by analysis of
non-linear regression using Graph Pad Prism 9.0 software (San Diego, CA, USA). The sig-
nificance of the difference between the treated samples and the CTR- was obtained with
the Dunnett test as post hoc by the Graph Pad Prism 9.0 software (San Diego, CA, USA).
The p-value < 0.05 was regarded as significant.

3. Results
3.1. Cytotoxicity of Rhein

Rhein cytotoxicity was assessed on BEAS-2B cells and erythrocytes via MTT and he-
molysis tests, respectively. The impact of Rhein on BEAS-2B cells is shown in Figure 2A.
Rhein induced cytotoxicity through a dose-dependent trend. The compound induced a
death rate of 57.2% at the highest concentration tested and exhibited a CCso value of 43.6
ug/mL. The 100% DMSO, used as CTR+, caused a cytotoxicity rate of 98.7% (Figure 2A).
The hemolysis assay showed that the natural product exhibited less than 16.4% hemolytic
activity at a concentration of 50 pg/mL. The recorded hemolysis rate is below 10% at con-
centrations equal to and less than 25 ug/mL. Therefore, ECso value was greater than 50
ug/mL. The 0.1% Triton X-100, used as a positive control (CTR+), resulted in an average
hemolysis rate of 99% (Figure 2B).
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Figure 2. Rhein cytotoxicity on BEAS-2B cell line, ****: p-value < 0.0001, **: p-value 0.0012, ns: not
significant (A); and human erythrocytes. The dashed line indicates the DS trend (B).

3.2. Effect of Rhein on the Growth of S. aureus

Rhein’s antibacterial activity was assessed by Kirby-Bauer disk diffusion, plate mi-
crodilution, LIVE/DEAD and time-killing tests. All methods showed an alteration in the
growth of S. aureus in response to treatment with Rhein. The diameters of inhibition in-
duced by 20 pg of Rhein were 20 + 0.21, 23 + 0.36, 19 + 0.34, 21 + 0.38, 20 + 0.26 and 21 +
0.26 mm for S. aureus ATCC 6538, multisensitive, methicillin, quinolone, macrolides re-
sistant strains and beta-lactamase producer, respectively. A lower inhibition area was in-
duced by 30 pg of Teicoplanin (12-16 + 0.39 mm). Contrarily, no halo of inhibition was
shown by treating the bacteria with the compound solvent (Figure 3). Through the plate
microdilution method, S. aureus strains were sensitive to the compound at concentrations
equal to and greater than 12.5 pug/mL. No significant changes in bacterial growth were
found at concentrations below 1.56 pg/mL. The values of MICso and MICo were 4.83 and
9.20 ug/mL, 4.35 and 9.31 ug/mL, 4.45 and 8.45 ug/mL, 4.64 and 9.27 ug/mL, 4.32 and 9.16
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ug/mL and 3.22 and 8.13 ug/mL for S. aureus ATCC 6538, multisensitive, methicillin, quin-
olone, macrolides resistant strains and beta-lactamase producer, respectively. The calcu-
lated SI values were greater than 10 for all strains, suggesting Rhein as a favorable com-
pound for in vivo investigations (Figure 4). Rhein’s antibacterial property was further in-
vestigated through the LIVE/DEAD assay. To assess Rhein-induced cell damage, the
standard S. aureus strain was stimulated with the compound at concentrations of 25 (2 x
MIC), 12.5 (1 x MIC), 6.25 (2 x MIC) ug/mL for 20 h and analyzed by fluorescence micro-
scope after exposure with PI and SYTO 9. The bacterial populations treated with Rhein at
concentrations of 25 and 12.5 pg/mL exhibited a deep red color compared with the un-
treated bacteria, confirming the dose-dependent cell damage obtained in the previous as-
say. A decrease in cell damage and an increase in live cells were found in response to
treatment with Rhein at a concentration of 6.25 ug/mL. No viable cells were found after
treatment with Vancomycin, used as CTR+ (Figure 5). Rhein action kinetics were evalu-
ated through time-killing tests. Bacterial exposure to Rhein %2 x MIC did not cause signif-
icant changes in the growth curve compared with untreated bacteria after 20 h. Bacterial
growth block occurred by treating the bacteria with 1 x MIC and 2 x MIC of Rhein, indi-
cating bacteriostatic action (Figure 6).
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Figure 3. Inhibition zone against S. aureus ATCC 6538 (A), multisensitive (B), resistant to beta-lac-
tams (C), resistant to quinolones (D), constitutively resistant to macrolides (E) and resistant to
methicillin (F) strains.
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Figure 4. Antimicrobial activity of Rhein against S. aureus ATCC 6538, ****: p-value < 0.0001, ***: p-
value 0.0006 *: p-value 0.0148 (A); multisensitive, ****: p-value < 0.0001, ns: not significant (B); re-
sistant to beta-lactams, ****: p-value < 0.0001, ***: p-value 0.0001, **: p-value 0.0032 (C); resistant to
quinolones, ****: p-value < 0.0001, **: p-value 0.0019, ns: not significant (D); constitutively resistant
to macrolides, ****: p-value < 0.0001, **: p-value 0.0016, ns: not significant (E); resistant to methicillin
strains, ***: p-value < 0.0001, *: p-value 0.0267 (F).
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Figure 5. LIVE/DEAD BacLight staining after treatment of S. aureus with Rhein analyzed under a
fluorescence microscope. (A-C) treatment with 25 ug/mL; (D-F) treatment with 12.5 pg/mL; (G-I)
treatment with 6.25 ug/mL; (J-L) bacteria not treated with Rhein; (M—O) bacteria treated with Van-
comyecin (CTR+).
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Figure 6. Killing kinetics of Rhein on S. aureus ATCC 6538 (A), multisensitive (B), resistant to beta-
lactams (C), resistant to quinolones (D), constitutively resistant to macrolides (E) and resistant to
methicillin (F). **: p-value = 0.0001.

3.3. Rhein Effect on the Main Virulence Factors of S. aureus

Staphylococcal hemolysins and catalase are important virulence factors that promote
bacterial invasion (32223696). The effect of Rhein on alpha-hemolysin and catalase of S.
aureus ATCC 6538 was evaluated through a hemolytic activity test and H20: sensitivity
assay, respectively. The results show that the hemolytic activity of S. aureus significantly
decreased in response to treatment with Rhein up to the concentration of 3.13 pug/mL com-
pared with CTR-. In detail, a 1-, 5.3-, 7.1-, 14.3- and 25-fold reduction in hemolytic activity
occurred by treating the bacterial strain with 1.56, 3.13, 6.25, 12.5 and 25 pg/mL of Rhein,
respectively (Figure 7). Treatment with Rhein increases the susceptibility of S. aureus to
H:Oz. The halo of inhibition resulting from sensitivity to H20: in the plate with 6.25 and
3.13 pug/mL was 36 + 0.31 and 32 + 0.36 mm. An increase in H>O2 sensitivity of 0.96- and
1.16-fold occurred in response to treatment with Rhein at concentrations of 3.13 and 6.25
ug/mL, respectively (Figure 8).

pg/mL

25 125 625 313 1.56 CTR- CTR+ CTRpgs CTRyg

% Hemolysis

pg/mL

Figure 7. Efficacy of Rhein in inhibiting the hemolytic activity of S. aureus. (A) Quantitative analysis,
¥+ p-value < 0.0001, ns: non-significant; (B) qualitative analysis.
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Figure 8. Rhein effect on S. aureus catalase production. (A) treatment with 12.5 pg/mL; (B) treatment
with 6.25 pg/mL; (C) untreated bacteria.

3.4. Effect of Rhein on S. aureus Biofilm Biomass

Due to the antibiotic-resistant nature of biofilms, conventional antibiotics are ineffi-
cient for treating biofilm-associated infections. Therefore, new compounds capable of dis-
rupting the biofilm are needed to render the bacteria non-tolerant to the treatment. The
results show that Rhein significantly reduced the biomass of mature biofilms in the con-
centration range of 50 to 3.13 ug/mL. In detail, treatment with Rhein at 50 pg/mL dis-
rupted S. aureus ATCC 1167, multisensitive, quinolone, macrolides and methicillin-re-
sistant strains and beta-lactamase producers biofilm biomass by 63.8, 52.9, 50, 47.1, 47 .4
and 46.9%, respectively. A matrix reduction of 42.7, 32.7, 26.4, 27.3, 26.4 and 33.1 % oc-
curred for the same strains after exposure to 25 pug/mL of Rhein. The compound at MIC
concentration caused the degradation of the biofilm produced by the standard multisen-
sitive S. aureus ATCC 1167, by the multisensitive, quinolone, macrolides and methicillin-
resistant and producing beta-lactamase strains of 34.7, 26.7, 17.8, 27.3, 18.9 and 20.5%, re-
spectively. Residual biomass greater than 78.8 % remained after exposure with the com-
pound at the dose of 6.25 ug/mL. Biofilm disintegration of less than 12.3% occurred after
treatment with Rhein at 3.13 pg/mL (Figure 9).
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Figure 9. Impact of 20-h treatment with Rhein on mature biofilms of S. aureus ATCC 1167, ***: p-
value < 0.0001, ***: p-value 0.0003, *: p-value 0.0323; ns: non-significant (A); multisensitive, ****: p-
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value < 0.0001, **: p-value 0.0012, ns: not significant (B); resistant to beta-lactams, ****: p-value <
0.0001, ***: p-value 0.0002, *: p-value 0.0036, ns: not significant (C); resistant to quinolones, ****: p-
value < 0.0001, ***: p-value 0.0003, **: p-value 0.0046, ns: not significant (D); constitutively resistant
to macrolides, ****: p-value < 0.0001, ***: p-value 0.0001, **: p-value 0.0076, ns: no significant (E); re-
sistant to methicillin strains, ****: p-value < 0.0001, ***: p-value 0.0003, *: p-value 0.0392, ns: not sig-
nificant (F).

4. Discussion

S. aureus is one of the most common pathogens responsible for community and hos-
pital-acquired infections [28,29]. Currently, the increase in S. aureus antibiotic resistance is
threatening the effective use of the latest-generation antibiotics such as linezolid, dap-
tomycin and glycopeptides [30]. Therefore, research and development of new antibacte-
rial agents to limit the spread of S. aureus antibiotic resistance has become a necessity [31].
Natural products are a rich source of antimicrobial compounds. They have an important
role in the discovery of antimicrobial leads and have contributed to the development of
most drugs currently in use [32]. Our study assessed the antimicrobial potential of the
natural compound, Rhein, against S. aureus strains. The antibacterial assays through the
Kirby-Bauer disk diffusion test allowed to obtain preliminary data on the antibacterial
efficiency of the compound. In our study, Rhein exhibited remarkable bacteriostatic activ-
ity against standard and clinical isolated S. aureus strains with MICs values ranging from
8.13 to 9.31 ug/mL. Based on antibacterial data and light cytotoxic activity on human
erythrocytes at the highest tested concentration (16.4%), the calculated SI values were
greater than 10, indicating this compound is suitable for in vivo studies. A significant
amount of evidence has reported the antibacterial activity of Rhein on different bacterial
strains. Our previous study showed that this compound altered the growth of S. mutans,
showing MICo values of 5.69 pg/mL. Moreover, SEM data revealed that the natural prod-
uct affected the integrity of the wall, inducing the formation of irregular, rough and non-
uniform surfaces [23]. Yu et al. proved that Rhein exhibited a bacteriostatic action on S.
aureus at a concentration of 8 pg/mL, impairing the gene expression involved in anaerobic
respiration, fermentation, iron-regulated surface determinants and ribonucleotide reduc-
tase systems [33]. Additionally, Wu et al. documented the antibacterial efficiency of Rhein
against Salmonella enterica, detecting MIC values of 250 pug/mL [34]. The cited studies show
a varied repertory of Rhein antibacterial features, presumably due to the different bacte-
rial strains tested, growth conditions and assays used.

Staphylococcal hemolysins and catalases represent important virulence factors that
participate in and promote the bacterial invasion process [35]. Alpha-toxin is a monomer
released during exponential growth and is recognized as the main virulence factor of S.
aureus. It oligomerizes in the host erythrocyte membranes, causing the formation of pores
and subsequent osmotic lysis and cell death [36]. On the other side, catalase contributes
to the intracellular persistence of S. aureus within macrophages during infection by inac-
tivating H>O2 in the phagocytosis process [37]. During the infectious process, host tissue
damage is induced by virulence factors secreted during bacterial replication [38,39]. More-
over, numerous bacterial toxins stimulate the immune system, resulting in the release of
cytokines that cause further tissue damage [40]. Currently, exposure to antibacterial
agents leads to the elimination of pathogens but not the determinants of virulence [41].
Although bacterial clearance does occur, eliminating pathogens is often insufficient to pre-
vent tissue damage. Identifying antibacterial agents that affect the release and/or activity
of toxins and enzymes is necessary to block host damage upon elimination of the etiolog-
ical agent [42]. Our finding showed that Rhein alters the hemolytic capacity of S. aureus
up to the concentration of 3.13 pg/mL. Furthermore, the catalase activity was reduced by
0.96 times at the same concentration. No evidence was reported on the impact of Rhein on
alpha-hemolysin and catalase activity. To date, this compound has been shown to com-
promise the system of iron-regulated surface determinants, responsible for the intracellu-
lar accumulation of heme molecules [33].
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Mature biofilm is considered a highly organized ecosystem that contributes to the
onset of chronic infections through the continuous release of planktonic bacterial forms
and virulence factors. Biofilm bacteria have a 10 times higher survival rate than planktonic
bacteria [43]. Antibiotic tolerance can be reversed through the breakdown of the extracel-
lular matrix and the release of bacteria, which will then be available for antibacterial treat-
ment [44]. Our results report Rhein’s ability to disrupt mature biofilms with an average
rate of 31.4 and 24% at 2 x MIC and 1 x MIC concentrations. No studies have reported data
on the degradation of mature S. aureus biofilm. Our past results has reported Rhein's abil-
ity to disrupt S. mutans biofilm with minimal biofilm eradication concentrations inducing
50% values of 6.31 ug/mL [23].

Several evidence has demonstrated the impact of Rhein on the activity of NADH type
II: quinone oxidoreductase (NDH-2) [45]. This enzyme catalyzes the oxidation of NADH
and the reduction in membrane quinone, resulting in the formation of NAD+ [46]. Nguyen
et al. proved that treatment of Cutibacterium acnes with Rhein (6.25 ug/mL) completely
inhibited the activity of NDH-2 [24]. This increased the (NADH)/(NAD+) ratio, with a
negative impact on the glycolytic pathway and the production of ATP and pyruvate [47].
Goodwine et al. documented the role of pyruvate in the biofilm structure of Pseudomonas
aeruginosa. The decrease in pyruvate caused a loss of biomass with consequent alteration
of biofilm integrity [48]. Schurig-Briccio et al. showed that the hemolytic and catalase ac-
tivities of S. aureus require NDH-2. NDH-2 knockout strains showed drastically reduced
hemolytic activity compared with the wild-type strain due to the failing production of a-
toxin. Moreover, NDH-2 knockout reduced the susceptibility to hydrogen peroxide com-
pared with wild-type conditions [49].

Our findings reported the effective bacteriostatic activity of Rhein against standard
and clinical isolated S. aureus. This strain invades and replicates within many cell types,
evading the immune system through the action of a-hemolysin and catalase. The first re-
sults in the death of host cells, promoting host damage, whereas catalase allows bacterial
survival in macrophages, avoiding the phagocytosis process. Our studies showed that
Rhein at sub-MIC concentrations interferes with the action of a-hemolysin and catalase,
thereby reducing the virulence and pathogenicity of S. aureus. Moreover, biofilm for-
mation protects S. aureus strains against antibiotics and hosts” defense molecules. Interest-
ingly, Rhein disrupted the biofilm matrix, rendering the bacteria susceptible to antibiotic
treatment and the action of immunity determinants. These results support Rhein as a po-
tential antibacterial agent with antivirulence and antibiofilm activity. Therefore, Rhein
could represent a suitable therapy strategy for the treatment of S. aureus infections. Addi-
tional investigation will be needed to better understand the mechanism underlying
Rhein’s action against S. aureus.
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