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Purpose: Rising Antibiotic Resistance has put the world in real threat. Methicillin resistant Staphylococcus aureus (MRSA), is
a predominant cause of suppurative chronic skin and soft-tissue infections. Novel insights have focused the light on plant extracts. In
this study, Ruta graveolens ethanolic active extract was tested for its potential anti-virulence activities in MRSA.

Materials and Methods: A total of 100 MRSA strains causing skin and soft tissue infections were isolated and antibiotic susceptibility
testing was done. Ability to form biofilm was tested phenotypically. Furthermore, the antimicrobial activity of Ruta graveolens was
evaluated followed by detection of its Minimum inhibitory concentration (MIC). The inhibitory activity of this extract on biofilm formation
was investigated. Afterwards, we investigated its effect on the transcription of biofilm-related genes and mecA gene.

Results: All tested isolates were sensitive to Vancomycin and Linezolid while high resistance was noted with both Fusidic acid (83%)
and Gentamicin (68%). (83%) of the isolates were biofilm producers. Ruta graveolens extract showed strong antimicrobial activity
against the MRSA strains with MIC 0.78 mg/mL. At subinhibitory concentration (1/2 MIC), the extract had high biofilm inhibitory
effects with mean inhibition (70%). Moreover, transcriptional analysis results showed that the mean percentages of inhibition in
expression of mecA, icad and icaD genes were 52.3%, 34.8% and 33.7%, respectively, in which all showed statistically significant
difference (p < 0.05).

Conclusion: The current study proposes the ability of Ruta graveolens extract to reduce the biofilm formation and antibiotic
resistance of MRSA through downregulation of some biofilm forming genes and mecA gene which confers resistance to B-lactam
antibiotics. This may decrease our reliance on antibiotics and improve our ability to effectively treat biofilm-related skin and soft-tissue
infections caused by MRSA.
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Plain Language Summary

Resistance of the bacteria to many marketed antibiotics has been rising dramatically due to antibiotic abuse in the communities and the
hospitals. Thus, there is a continuous urge to find new treatment options for such infections. By looking back to traditional medicine,
we found that herbs can also be used to treat some infections. This study focused on the use of a herbal extract named Ruta graveolens
to test its activity on a highly antibiotic resistant bacteria named MRSA. This bacteria in known to cause various infections ranging
from mild skin infections to life-threatening infections. The extract was found to have a potent killing effect on MRSA and also inhibit
some major virulence factors that help the bacteria to establish the infection and become antibiotic resistant.

Introduction
Staphylococcus aureus (S. aureus) is a gram-positive commensal and opportunistic bacterium colonizing different body
parts, such as the nostrils, axilla, and inguinal areas. It is the causative agent of many infections in hospitals and
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communities, ranging from skin and soft tissue infections to potentially life-threatening bloodstream infections.'
Prevalence rates of MRSA among hospitalized patients in Egypt vary according to the geographical region, ranging
from 24.4% to 75%.> These prevalence rates are alarming, necessitating robust actions to combat this persistent health-
care obstacle challenge.

The virulence of S. aureus has risen with existence of Methicillin resistant S. aureus (MRSA) superbug. These strains carry the
mecA gene that make them resistant to almost all beta-lactam antibiotics except Ceftaroline.* The mecA gene encodes PBP2a
protein, a modified PBP with low affinity for B-lactam antibiotics.” MRSA is a multidrug-resistant organism. It is always resistant
to various antimicrobial agents, including Fusidic acid, lincosamides, tetracyclines and aminoglycosides.®

S. aureus develops biofilms on many medical devices like implants, surgical instruments, and catheters, and inside the infected
host tissues as well,” causing life-threatening illnesses. They have incredibly challenging clinical implications for health-care
professionals to deal with.®

Biofilms are crucial in the progression of chronic ulcers, which is a global and widespread condition. Colonizing bacteria are
inevitable, but when a wound has a tendency to persist, there is a greater likelihood that the bacteria may assemble into the more
complex biofilm structures. Due to extended persistence of the inflammatory processes in addition to the physical barrier function,
this may diminish the chances of wound healing.” There are 12 distinct genes that primarily regulate biofilm formation in
S. aureus; the intercellular adhesion genes are the most important (ica A, B, C, and D)."

Due to the persistent, critical, and troublesome S. aureus biofilm-associated infections, researchers needed to study and adopt
proper anti-biofilm strategies. These strategies work either by inhibiting biofilm initiation or dispersing already established mature
biofilms.® Different anti-biofilm agents have been reported to inhibit and eradicate Staphylococcal biofilms. These include some

1713 amino acids,'* anti-biofilm molecules (eg, imida-

antibiotics (eg, Rifampicin, Vancomycin, Azithromycin, Clindamycin),
zoles, indoles, carbazoles, pyrroles),'” enzymes (eg, DNAse and exopolysaccharide-degrading-enzymes),'? nanoparticles of
heavy metals,'® as well as various essential oils and plant extracts.'”*'® Due to their availability and safety, the development and
generation of novel anti-infective MRSA agents heavily rely on natural products.'®

The antimicrobial activity of natural products against different pathogens has been previously described.”’ Antimicrobial
mechanisms include cell membrane disruption, intracellular biomolecule damage, and biofilm inhibition. The oxygen-radical
scavenging property of natural products adds merit to their usage, leading to decreased toxicity and side effects in comparison to
chemical antimicrobial agents. Moreover, natural products are chemically diverse, biochemically precise, and more economic.?'
However, large-scale plant extract implementation as antibacterial agents is limited by several factors. The most important factor
is the poor economic investment in this field by big pharmaceutical companies, which means that such studies are carried out by
research institutions, which may have limited facilities.**

This study aimed to investigate the impact of the Ruta graveolens active plant extract as a potential inhibitor of MRSA biofilm
formation. In addition, transcriptional analysis of biofilm formation genes and mecA gene, responsible for B-lactams resistance,
was performed before and after treatment with the plant ethanolic extract.

Materials and Methods

The study was conducted in accordance with World Medical Association Helsinki Declaration for studies on human subjects. The
study then took the approval of the Ethics Committee of the Medical Research Institute, Alexandria University (IORG#:
IORG0008812) and an informed written consent was obtained from the patients.

Bacterial Isolates

One hundred MRSA strains causing skin and soft tissue infections were isolated from clinical specimens from January 2022 to
June 2022 that were admitted to Microbiology laboratory, Medical Research Institute hospital. These samples were isolated as
a part of the routine hospital laboratory procedure. MRSA strains were isolated by culturing on Blood agar, Staphylococcus
Chromogenic Agar, and MRSA Chromogenic Agar (Condalab, Madrid, Spain). Primary identification was performed by colony
morphology and then microscopically by Gram-stained smears. Further identification and antibiotic susceptibility testing were
done by Vitek 2 Compact system (bioMérieux, France) according to the manufacturer’s protocol. Aliquots of each isolate were
inoculated in LB-Glycerol and stored in the freezer at —80 C for later investigations.
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Phenotypic Detection of Biofilm Formation

Quantitative detection of biofilm formation was performed based on the microtiter plate method of Stepanovié et al.??
Overnight bacterial cultures were grown in Tryptone soya broth (TSB). Cultures were calibrated to 0.5 McFarland
turbidity standard and diluted 1:100 with fresh TSB. Three wells of a sterile 96-well, flat-bottomed plastic plate with
a lid were inoculated with 200 pL of bacterial suspension each. The plates statically incubated at 37°C for 24 hours in
aerobic conditions (negative control wells were included - containing broth only). S. aureus ATCC 25923 standard
strain was used as a positive control. After incubation, the content of each well was aspirated, and each well was
gently washed with 250 pL of sterile phosphate-buffered saline three times; all non-adherent bacteria were removed
by shaking the plates. Fixation of the remaining attached bacteria was established by the addition of 200 pL of 99%
methanol per well. After 15 min fixation, the plates were emptied and left to dry. Wells were then stained with 200 pL
of 2% Hucker crystal violet for 15 minutes. Excess stain was rinsed off by soaking the plate in distilled water; plates
were removed and left to air dry. The dye bound to the adherent cells was resolubilized with 160 puL of 33% (v/v)
glacial acetic acid per well and left for 10—15 min. Finally, the optical density (OD) of was measured at 570 nm using
an automated ELISA reader (TECAN, Switzerland); 33% glacial acetic acid was used as blank (negative control).
Each growing strain was tested in triplicates, and the average reading of the three wells was obtained.

Adherence capabilities of tested strains were assessed. Strains were classified into 4 categories: non-adherent (OD < ODc),
weakly adherent (ODc < OD < 2xODc), moderately adherent (2xODc < OD < 4x0ODc), or strongly adherent (OD > 4xODc),
based upon the calculated cut-off OD (ODc) values of the bacterial films. The cut-off OD (ODc) for the microtiter-plate test is
defined as three standard deviations above the mean OD of the negative control.

Phytochemical Studies

Herbal Extract Preparation and Characterization

Ruta graveolens plant (Family Rutaceae) was obtained from an Experimental Station of Aromatic and Medicinal Plants, Faculty
of Pharmacy, University of Cairo, Egypt during October 2021. Dr. AbdelHalem Abdelmogali; an expert taxonomist at research
centre for agriculture (Giza, Egypt) has kindly verified the taxonomical plant features. The voucher specimens were deposited in
the herbarium of Pharmacognosy Department, Faculty of Pharmacy, October 6 University, and given the code (Rg-01). The
plant’s aerial part (leaves and flowers) was first air-dried for two weeks and coarsely powdered. About 200-300 g of the dried
powder was extracted using 70% ethanol by maceration; the process was repeated several times until total plant exhaustion.
A rotary-evaporator was subsequently used to concentrate and filter the ethanolic extract solution (while operating under
decreased pressure and at a temperature below 50°C). After being dried to leave a solid residue, the extract was kept at —20°C
in a tightly sealed glass container until it was tested for its antibacterial activity.

Screening for the Antimicrobial Activity of Ruta graveolens

Screening for the bactericidal activity of the natural plant extract was carried out using the cup-plate method.>* Fresh cultures of
MRSA isolates, calibrated at a cell density of approximately 0.5 McFarland, were streaked onto Muller Hinton agar plates. Cups
(7 mm) were made aseptically using a sterile cork borer. The previously prepared plant extract was dissolved in 0.5% dimethyl
sulfoxide (DMSO) to get a 100 mg/mL solution. Accurately, 200 pL was pipetted into cups made in these plates. In order to
neutralize the antimicrobial effects of DMSO, wells containing only DMSO were utilized as a negative control. After 24 hours
incubation of the inoculated plates at 37°C, the diameters of inhibition zones were recorded, reflecting the activity of the extract.

Detection of Minimum Inhibitory Concentration (MIC) Using Broth Microdilution Method

MIC of the Ruta graveolens active extract was tested by broth microdilution method, using three strong-biofilm forming
antibiotic-resistant MRSA strains. Flat-bottomed sterile 96-well microtiter plates were used to perform the experiments. Tests
were performed using Muller Hinton Broth (MHB) medium. The plant extract was previously prepared and adjusted as 100 mg/
mL in dimethyl sulfoxide (DMSO), then two-fold serial dilutions of the plant extract were made, reaching final concentrations
ranging from 50-0.049 mg/mL. One hundred pL of overnight bacterial cultures of each strain, calibrated to approximately 0.5
McFarland was inoculated onto 100 pL of the plant extract dilutions, and the plate was then incubated for 24 hours at 37 C. The
lowest concentration of the plant extract at which the microorganism does not demonstrate visible growth is defined as the MIC.

Infection and Drug Resistance 2022:15 hetps: 7149

Dove:


https://www.dovepress.com
https://www.dovepress.com

Rezk et al Dove

For each concentration, the extract was tested in triplicate, and the experiment was done 3 times separately. According to the CLSI

2022, MIC was evaluated using the broth microdilution method.*>*

Effect of a Sub-Inhibitory Concentration of Ruta graveolens on Biofilm-Formation

Using the previously described microtiter plate technique, the anti-biofilm activity of the extract against the selected iso-
lates was assessed at the sub-MIC extract concentration (1/2 MIC); extract-free wells served as controls. The following
formula was used to quantify the percentage of biofilm inhibition:

OD control — OD sample
OD control

% Inhibition = x 100

Transcriptional Analysis

Pure bacterial colonies from freshly-streaked plates of the selected MRSA isolates grown on Luria—Bertani (LB) agar were
inoculated in liquid LB broth, in the presence and absence of the sub-MIC of the extract. Cultures were grown in a shaking
incubator at 225 rpm/37°C. After overnight incubation, 10 mL of each inoculum was transferred to a sterile falcon tube and
centrifuged in a cooling centrifuge (4°C) for 5 min at 5000 rpm. The supernatants were discarded, and the pellets were kept at —80
°C for later RNA extraction.

RNA Extraction and Reverse Transcription

Ready-to-use Invitrogen™ TRIzol™ Reagent (15596026, Life Technologies, USA) was utilized for total-RNA purification,
according to the manufacturer’s protocol.?” QuantiTects Reverse Transcription Kit (Qiagen, USA) was used to reverse transcribe
1 ng of total RNA using a random primer hexamer in a two-step reaction. Any genomic DNA (gDNA) contamination was
excluded using a Wipeout buffer.

Real-Time PCR Assay for Gene Expression Analysis

Specific primer pairs were used to amplify total cDNA (30 ng) template (Table 1), using Maxima SYBR Green/Fluorescin gPCR
Master Mix (2X, Thermo Scientific, Waltham, MA, USA). The thermal profile was: initial denaturation at 95°C for 5 minutes,
then 35 cycles at 94°C for 30 seconds, 55°C for 30 seconds, 72°C for 30 seconds, and final extension step for 5 minutes at 72°C.
Samples were subjected to quantitative real-time PCR in duplicates, and then the mean values were used for subsequent analysis.
Rotor-Gene Q MDx (Qiagen, USA) performed the amplification, automatically collected the data, and afterwards analyzed the
value of threshold Cycle (Ct), which was normalized to an average Ct value of the housekeeping gene (ACt). The relative gene
expression fold change was estimated using 2~ method,”® standardized to the reference housekeeping gene /65 rRNA.

Table | List of Primer Sequences Used for Quantitative Real-Time PCR (qRT-PCR)

Gene Primer Direction | 5'- 3’ Sequence Reference

mecA Forward CCTAGTAAAGCTCCGGAA [40]
Reverse CTAGTCCATTCGGTCCA

lcaA Forward TCTCTTGCAGGAGCAATCAA [41]
Reverse TCAGGCACTAACATCCAGCA

IcaD Forward ATGGTCAAGCCCAGACAGAG
Reverse CGTGTTTTCAACATTTAATGCAA

16S Forward CGTGCCTAATACATGCAAGTC [42]

rRNA Reverse CCGTCTTTCACTTTTGAACCA
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Statistical Analysis
The statistically significant relationship between the untreated control and the tested isolates was done by a one-way
variance A test. P < 0.05 demonstrated a significant difference.

Results

Bacterial Isolates

One hundred MRSA strains were isolated from clinical specimens identified phenotypically and automatically using Vitek 2
Compact System. A total of 50 (50%) isolates were obtained from aspirated pus, 28 (28%) from surgical chronic wounds, and 22
(22%) from superficial abscesses.

Antimicrobial Susceptibility Testing (AST)

AST and Cefoxitin screens were performed using Vitek 2 Compact System. This study revealed that all isolates were
positive for the Cefoxitin screen test, thus interpreted as MRSA. All tested isolates were sensitive to Vancomycin and
Teicoplanin, with minimum inhibitory concentration (MIC) <0.5 mg/L for each of them, and also to Linezolid with MIC
2 mg/L. High resistance was noted with both Fusidic acid (83%) and Gentamicin (68%) with MIC 8 and >16 mg/L,

respectively (Table 2). Inducible Clindamycin resistance was detected in 5% of the tested isolates.

Biofilm Formation
This study revealed that 83% of the MRSA isolates were biofilm producers while 17% were non-biofilm formers. It also
distinguished among strong, moderate, and weak biofilm-producing strains, as shown in Table 3.

Table 2 Antimicrobial Susceptibility of the Isolates Against Corresponding Antibiotics

Antibiotic Resistant Intermediate Sensitive
No. % No. % No. %
Benzylpenicillin 100 100% 0 0% 0 0%
Oxacillin 100 100% 0 0% 0 0%
Fusidic acid 83 83% 0 0% 17 17%
Gentamicin 68 68% 12 12% 20 20%
Tetracycline 50 50% 5 5% 45 45%
Tigecycline 10 10% 0 0% 90 90%
Clindamycin 15 15% 6 6% 79 79%
Erythromycin 30 30% 10 10% 60 60%
Ciprofloxacin 35 35% 0 0% 65 65%
Moxifloxacin 35 35% 0 0% 65 65%
Trimethoprim/Sulfamethoxazole 20 20% 0 10% 80 80%
Rifampicin 3 3% 0 0% 97 97%
Linezolid 0 0% 0 0% 100 100%
Vancomycin 0 0% 0 0% 100 100%
Teicoplanin 0 0% 0 0% 100 100%
Infection and Drug Resistance 2022:15 htps: 7151
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Table 3 The Degree of Biofilm
Formation Among the MRSA Isolates

Biofilm Degree N (%)

Strong 25(25%)
Moderate 35(35%)
Weak 23(23%)
No Biofilm 17(17%)

Antimicrobial Activity of Ruta graveolens Extract on MRSA Isolates

Inhibition zones ranging from 26 to 30 mm were recorded around preformed wells in the Muller Hinton agar plates
streaked with 0.5 McFarland of the MRSA isolates and incubated for 24 hours at 37 C, as shown in Figure 1. Each well
contained 200 ul of dissolved Ruta graveolens extract. Small inhibition zones were detected with the negative wells
containing only DMSO, ranging from 10 to 11 mm.

Determination of MIC of the Ruta graveolens Extract on MRSA Isolates

The MIC of the dissolved plant extract was tested against three selected MRSA isolates, which were strong biofilm
producers and had high antibiotic resistance, named Test 1, Test 2, and Test 3. The three isolates showed the same MIC,
0.78 mg/mL.

Effect of Sub-Inhibitory Concentration of the Extract on Biofilm-Formation

The sub-MIC (1/2 MIC) of Ruta graveolens extract showed inhibition on the biofilm-formation of the three selected
clinical isolates by 70.1%, 77.7%, and 62.2% in Test 1, Test 2, and Test 3, respectively, compared to the untreated
control. The three treated isolates displayed significant inhibition in biofilm production.

Effect of Ruta graveolens Extract on mecA, icaA and icaD Genes Transcription Levels
mecA Gene

The percent of inhibition of mecA gene in the three selected treated MRSA isolates were 50%, 53%, and 54% in Test 1,
Test 2, and Test 3, respectively, normalized to the housekeeping gene 16S rRNA (Figure 2). There was a statistically
significant difference between the untreated control and the treated isolates (p < 0.05).

Figure | Antimicrobial activity of Ruta graveolens extract on MRSA isolates performed on Muller-Hinton agar in preformed wells. (A) Negative control containing DMSO
showing a negligible inhibition zone. Both (B and C) show the inhibitions zones under the effect of the herbal extract.
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Figure 2 Effect of Ruta graveolens extract on the transcriptional level of mecA gene in untreated control and treated MRSA isolates.

icaA Gene

The percent of inhibition of icad gene in the same MRSA isolates were 33.6%, 34.5%, and 36.3%, in Test 1, Test 2,
and Test 3, respectively, normalized to the housekeeping gene /6S rRNA (Figure 3). There was a statistically
significant difference between the untreated control and the treated isolates (p < 0.05).

icaD Gene

The influence of the herbal extract on icaD gene was also evaluated. The percent of inhibition of icaD gene were
33.33%, 35.5%, and 32.2%, in Test 1, Test 2, and Test 3, respectively, normalized to the housekeeping gene 165
rRNA (Figure 4). There was a statistically significant difference between the untreated control and the treated
isolates in the relative (p < 0.05).
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Figure 3 Effect of Ruta graveolens extract on the transcriptional level of icaA gene in untreated control and treated MRSA isolates.
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Figure 4 Effect of Ruta graveolens extract on the transcriptional level of icaD gene in untreated control and treated MRSA isolates.

Discussion

In developing nations, it is becoming routine practice to abuse and overprescribe antibiotics. The availability of over-
the-counter antibiotics and unregulated sales of antibiotics in underdeveloped nations have all contributed to an
exponential rise in drug resistance. The desperate need for new compounds with potential antibacterial activities
against various drug-resistant microbial strains has been driven by the alarming rise in antimicrobial drug resistance.?’
One of the most prevalent multidrug-resistant organisms is MRSA. It always causes skin infections in the community. If
left untreated, infections can cause sepsis. Due to the rising resistance levels to topical fusidic acid, which was
preferably used to treat MRSA skin infections, we have directed our attention to testing some plant extracts that can
be potentially used as a part of a topical treatment. The belief that some plants have medicinal properties has a long
history and was widespread throughout the majority of ancient cultures. It is a part of the national and social traditions
of various societies.*’

Ancient societies were familiar with the medicinal herb Ruta graveolens. Asian and European scientists utilize it to
treat a wide range of illnesses, including seizures, cough, hypertension and wound healing. Numerous investigations have
noted the antimicrobial activity of this plant’s extracts on bacteria, fungi, protozoa, worms, and protozoa, although the
mechanisms are not fully understood.>' Therefore, this study aimed to investigate the antibacterial effects of medicinal
extracts of Ruta graveolens on clinical MRSA isolates.

Elevated resistance was observed with both Fusidic acid (83%) and Gentamicin (68%) among the 100 clinical MRSA
isolates. Several studies have also reported high resistance levels for these two antibiotics.**>* Consequently, these
isolates show resistance to most topical antibiotics in the market targeting Gram-positive bacteria.

Numerous studies have reported the high prevalence of biofilm formation among MRSA isolates.*> >’ The develop-
ment of biofilm at the site of a wound is crucial to its chronicity. Due to the difficulties of eliminating it, scientists have
focused their efforts on developing novel compounds that can interact with biofilm to speed up the healing process.”
Taking into account MRSA antibiotic resistance, virulence, propensity to tenaciously colonize wounds by biofilms, and
rising infections in both hospital and community settings, this study focused on R. graveolens ethanolic extract, which
could have an anti-MRSA effect.

Many previous studies had described the antibacterial activity of this plant extract on Staphylococcus aureus,**>°
but to the best of our knowledge, it has not yet been associated directly with any specific anti-biofilm formation and mecA4
expression downregulation.

This study had showed the inhibitory effect of the sub-MIC of R. graveolens extract on biofilm formation capacity of
strong biofilm-former MRSA strains compared to the untreated control. Furthermore, to verify its effect on gene
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expression of the biofilm-forming genes icad and icaD, the expression levels were assessed after treatment with the sub-
MIC (1/2 MIC) as well. There was a statistically significant difference between the untreated control and the treated
isolates (p<0.05) regarding the inhibition percentages in the expression of both genes. The phenotypic inhibition of the
biofilm formation was more evident than the genotypic inhibition in the three isolates. This can be explained by the
presence of many other biofilm formation genes that the drug may have acted upon. Thus, further studies on other biofilm
formation genes will be of utmost importance to pave the way for new medicinal treatment options.

Additionally, a statistically significant difference in the percentage of inhibition in mecA gene expression was
documented between treated isolates and the untreated control (p< 0.005).

Accordingly, based on the phenotypic impact on biofilm formation and the genotypic findings, R. graveolens can be
claimed to have strong inhibitory effects on virulence factors of MRSA.

Conclusion

These results suggest that R. graveolens ethanolic extract could be developed as a promising anti-MRSA agent by
affecting biofilm formation and acting on the mecA gene, which limits its action against B-lactams. It might be
incorporated into topical antibacterial agents used in treating wounds infected with MRSA as a part of a combined
treatment regimen to decrease the chances of resistance development and to get over the infection so as to promote
wound healing.
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