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New combination approaches
to combat methicillin-resistant
Staphylococcus aureus (MRSA)

Mohamed H. Sharaf!, Gamal M. El-Sherbiny©*, Saad A. Moghannem?,
Mohamed Abdelmonem?, Islam A. Elsehemy3, Ahmed M. Metwaly* & Mohamed H. Kalaba!

The herbal products proved to be more promising antimicrobials even though their antimicrobial
activity is milder than commercially available antibiotics. Moreover, herbal drugs may act
synergistically with antibiotics to kill microbes. In this study, we aimed to enhance the activity of
penicillin against MRSA through combination with the active saponin fraction isolated from the
Zygophyllum album plant. Three different types of metabolites (saponins, sterols, and phenolics) have
been extracted from Zygophyllum album with ethanol and purified using different chromatographic
techniques. The antibacterial activity of crude extract and the separated metabolites were checked
against MRSA isolates, Saponin fraction (ZA-S) was only the active one followed by the crude extract.
Therefore, the compounds in this fraction were identified using ultra-high-performance liquid
chromatography connected to quadrupole time-of-flight mass spectrometry (UHPLC/QTOF-MS)
operated in positive and negative ionization modes. UHPLC/QTOF-MS revealed the presence of major
six ursane-type tritepenoidal saponins (Quinovic acid, Quinovic acid 3B-0-B-D-quinovopyranoside,
Zygophylloside C, Zygophylloside G, Zygophylloside K and Ursolic acid), in addition to Oleanolic acid.
Interaction studies between saponin fraction and penicillin against MRSA were performed through the
checkerboard method and time-kill assay. According to checkerboard results, only three combinations
showed a fractional inhibitory concentration index less than 0.5 at concentrations of (62.5 +312.5,
62.5+156.25, and 62.5 + 78.125 of penicillin and ZA-S, respectively). Time kill assay results showed
that the highest reduction in log10 colony-forming unit (CFU)/ml of initial inoculum of MRSA after

24 h occurred by 3.7 at concentrations of 62.5 +312.5 (ug/pg)/ml of penicillin and ZA-S, respectively.
Thus, the combination between saponin fraction of Zygophyllum album and penicillin with these
concentrations could be a potential agent against MRSA that can serve as possible model for new
antibacterial drug.

Drug resistance negatively impacts the health of millions in both developed and developing nations and has a
massive financial impact on society’. In the current antibiotic crisis, bacterial pathogens are increasingly resist-
ant to all available antibiotic drugs, often through different mechanisms, and to multiple antibiotics in the same
organism”. Methicillin-resistant Staphylococcus aureus (MRSA) constitutes the major threats among antibiotic-
resistant agents that cause deaths in the U.S with a health care cost of $3-4 billion annually’. Therefore, the
infection control and prevention of MRSA remain an important goal for researchers*. The antimicrobial products
originated from plants presented a promising solution although their antimicrobial action is minor than classic
antibiotics. So, herbal compounds alternatively can be used in combination with antibiotics to enhance the activ-
ity against bacterial infections®. It is necessary to develop new antimicrobial drugs which are effective against
MDR microorganisms through the combination of various active agents. This direction of research succeeded to
develop therapies which are effective against cancer, HIV, Mycobacterium tuberculosis and complicated cases of
malaria® There are many positive effects from drug combinations including the treatment of mixed infections, a
disease caused by a specific pathogenic organism, limiting the development of resistance and preventing long-
term antibiotic use’. Here, we have selected the Zygophyllum album plant during the screening course for anti-
microbials. The plant Zygophyllum album is one species of Zygophyllaceae that includes about 27 genera and 285
species spreading mostly in the tropical and subtropical areas®. Zygophyllum album is a widely spread halophyte
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Figure 1. Zygophyllum album plant (A) and dried aerial part (B).

in Egypt in different areas including North Sinai, Mediterranean Coast and anticlines districts® '°. Halophytes
showed a great ability to survive in toxics and high salinity. This interesting ability to resist such biotic stress
makes the halophytes a potential source for antimicrobial compounds. Several kinds of secondary metabolites
have been isolated from the Zygophyllum album including saponins phenolics and steroids''~'%. Although some
reports have been made on Zygophyllum album, most of them have not studied the effect of its metabolites on
MRSA either individually or in combination with antibiotics. For this reason, this study aims to evaluate the
antibacterial activity of these plant metabolites on different MRSA isolates in addition to the effect of interaction
between an active fraction of plant metabolite and penicillin as one of the alternative solutions to combat MRSA.

Materials and methods

Identification and antibiotic profiling of clinical isolates. Four clinical isolates coded as M-1, M-2,
M-3 and M-4 were kindly obtained from the microbiology department at the National Cancer Institute (NCI),
Giza, Egypt. These isolates were identified using an automated VITEK2 system'®. Then, the antibiotic profile of
these isolates as well as Staphylococcus aureus ATCC 25923 was evaluated using the disc diffusion method on
Mueller-Hinton Agar (MHA). MHA was inoculated with each bacterium using sterile cotton swabs. Antibiotic
discs representing different classes of antibiotics (Antibiotics panel were cefuroxime 30 pg/ml, metronidazole
5 ug/ml, neomycin 30 pg/ml, tetracycline 30 pg/ml, cefoxitin 30 pg/ml, nalidixic acid 30 pg/ml, clindamycin
2 ug/ml, trimethoprim/sulfamethoxazole 25 pg/ml, ciprofloxacin 5 ug/ml, amoxicillin/clavulanic acid 20/10 pg/
ml, gentamycin 10 pg/ml, chloramphenicol 30 ug/ml, bacitracin 10 ug/ml, erythromycin 15 pg/ml, rifampicin
30 pg/ml, kanamycin 30 pug/ml, amikacin 30 pg/ml, rifampin 5 pg/ml and penicillin 10U) were gently loaded
on the prepared plates using sterile forceps. The prepared plates were incubated in the refrigerator for 2 h, then
incubated at 35 °C for 18 h. The diameter of the inhibition zone was measured in millimeters (mm), compared
with the standard zone diameter given in the protocol chart. It can be determined whether the bacterial isolate
is resistant, intermediate or susceptible to the tested antibiotics'®.

Collection of plant materials and preparation of ethanolic extract. Plant materials Fig. 1 were
collected from Bahariya Oasis, Egypt [N 28.22 49.7 E 28.59 10.6] in March 2018. The sampling was done by
a randomized collection in an area of about 200 m? Botanical identification of this species was carried out by
Dr. El-Baraa Mohammed El-Saied “assistant professor of Plant Ecology, Botany and Microbiology Department,
Faculty of Science, Al-Azhar University”

Ethanolic extract was prepared as follows: 100 g of air-dried aerial part powder of plant was soaked in 1000 ml
ethanol (Sigma-Aldrich, St. Louis, MO, USA) in 2500 ml screw-capped bottle, then incubated at room tempera-
ture for 48 h on an orbital shaker at 120 rpm (NEW Brunswick scientific Edison, N.J, USA]). The crude extract
was obtained by centrifugation at 5000 rpm (SIGMA 2K15) for 10 min and ethanol residue was removed using
a rotary evaporator (Heidolph VV2001) to obtain crude extract!”.

Separation of different types of plant metabolites. Each group of the major reported secondary
metabolites has been isolated and purified using different chromatographic techniques to get three different
fractions (saponins, phenolic and steroidal).

Saponin fraction (ZA-S) isolation. The plant extract was suspended in water, then defatted using ethyl
acetate. The defatted extract was shaken with n-butanol saturated with water. The n -butanol aliquots were com-
bined and concentrated under reduced pressure at 60 °C. Crude saponin fraction was precipitated using acetone.
The precipitated fraction was further purified using gel filtration chromatography with Sephadex LH-20 column
to get pure saponin fraction'® 1.
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Phenolic fraction (ZA-P) isolation. The plant extract was suspended in water, then defatted using n-hex-
ane. Then, 25 ml of 1 N HCI were added to the defatted aqueous fraction. The mixture was soaked and main-
tained at 50 °C for 30 min, then at room temperature for 2 h. The extract was filtered, then neutralized. 50 ml
of ether were added to the neutralized filtrate. The ether fraction was separated and allowed to evaporate. The
concentrated fraction was purified for the last time using gel filtration chromatography with a Sephadex LH-20
column to extract pure phenolic fraction?*2!.

Steroidal fraction (ZA-St) isolation. The plant extract was mixed with toluene for 12 h on a water bath to
remove oils and fats. The residue was hydrolyzed with 2 N HCl (W/V) for 4 h at low temperature (50-60 °C). The
mixture was filtered, neutralized with sodium bicarbonate and washed with distilled water until it was neutral
(pH 7). The residue was shaken with CHCI; against water. The CHCl; was combined and dried under reduced
pressure at 40 °C. The dried CHCI, fraction was saponified according to the prescribed technique?. Finally, the
un-saponified fraction was purified using a C-18 SPE cartridge to yield pure steroidal fraction® %,

Antibacterial assay. Antibacterial activity of the crude extract, saponin, phenolic, and steroidal fractions
was tested against the bacterial isolates as well as Staphylococcus aureus ATCC 25923 (standard strain)?. Briefly,
Muller Hinton Agar plates were inoculated with 100 pl of bacterial suspension (10° CFU/ml). Dried paper discs
(8 mm) were loaded with 50 pl of both crude extracts, saponin, phenolic, and steroidal fractions at a concentra-
tion of (10 mg of each one/ml of DMSO). The loaded paper discs were plated on the surface of the inoculated
agar plate. cefoxitin paper disc 30 pug/ml was used as a control antibiotic on the same plates. The loaded plates
were incubated at 35 °C for 18 h and the inhibition zone diameter was measured in millimeters (mm). The
experiment was performed in three replicates.

Chemical analysis of main saponins fraction in Zygophyllum album using UHPLC/
QTOF-MS. Chemicals. LC-MS grade acetonitrile and gradient solvents including isopropanol, methanol,
dichloromethane and ethyl acetate were provided by Thermo-Fisher (Thermo Fisher Scientific, USA). Formic
acid 98%, ammonium hydroxide, ammonium format and ammonium acetate were purchased from Sigma-Al-
drich (Sigma-Aldrich Co. Louis St., MO, USA).

Sample preparation. The dried saponin fraction (50 mg) was reconstituted in 1000 pl reconstitution solvent
(water:methanol:acetonitrile 2:1:1). The sample was vortexed for 2 min followed by ultra-sonication at 30 kHz
for 10 min. Twenty microliters of the stock (50 mg /1000 pl) sample were diluted again with 1000 pl reconstitu-
tion solvent and centrifuged at 10,000 rpm for 5 min. The supernatants were transferred into analysis vials. The
injected volume was 10 ul with a final concentration of 1 pg/pl. Blank and quality control (QC) samples also
underwent LC-MS/MS analysis for quality assurance of the experiment. The sample was injected in both posi-
tive and negative modes.

Instruments and acquisitionmethod. Separation of small molecules was carried out on an Axion AC sys-
tem (Kyoto, Japan) connected with an autosampler system, an In-Line filter disks pre-column (0.5 pm x 3.0 mm,
Phenomenex, USA) and an Xbridge C18 (3.5 um, 2.1 x50 mm) column (Waters Corporation, Milford, MA,
USA) maintained at 40 °C and a flow rate of 300 pl/min. The mobile phase consisted of solution (A) 5 mM
ammonium format in 1% methanol, adjusted to pH=3.0 using formic acid and solution (B) acetonitrile 100%
for the positive mode. While the negative mode solution (C) consisted of 5 mM ammonium format in 1%
methanol, adjusted to pH =8.0 using ammonium hydroxide. The gradient elution was performed with the fol-
lowing program: 0-20 min, 10% B; 21-25 min, 90% B; 25.01-28 min, 10% B; and then 90% B for equilibration
of the column.

Mass spectrometry was performed on a Triple TOFTM 5600 + system equipped with a Duo-Spray TM source
operating in the EST mode (AB SCIEX, Concord, Canada). The sprayer capillary and declustering potential volt-
ages were 4500 and 80 eV in positive mode and —4500 and — 80 V in negative mode. The source temperature
was set at 600 °C, the curtain gas was 25 psi, and gas 1 and gas 2 were 40 psi. The collision energy 35 (positive
mode) and - 35 (negative mode) V with CE spreading 20 V and ion tolerance 10 ppm were used. Triple TOF
5600 was operated using an information-dependent acquisition (IDA). Batches for MS and MS/MS data collec-
tion were created using Analyst TF 1.7.1. IDA method was used to collect full scan MS and MS/MS information
simultaneously. The method consisted of high-resolution survey spectra from 50 to 1100 m/z and the mass
spectrometer was operated in a pattern where a 50-ms survey scan was detected. Subsequently, the top intense
ions were selected for acquiring MS/MS fragmentation spectra after each scan®.

Data processing. MS-DIAL 3.70 software” was used for non-targeting small molecule comprehensive
analysis of the sample. According to the acquisition mode, ReSpect positive (2737 records) or ReSpect negative
(1573 records) databases were used as reference databases. The search parameters were set as follows: MS1 and
MS2 mass tolerance: 0.01 Da and 0.05 Da for data collection, for peak detection; minimum peak height: 100
amplitude, mass slice width: 0.05 Da, smoothing level: 2 scans, minimum peak width: 6 scans, for identifica-
tion MSland MS2 tolerance: 0.2 Da/each, for alignment; retention time tolerance: 0.05 min and MS1 tolerance:
0.25 Da. The MS-DIAL output was used to run again on Peak View 2.2 with the Master View 1.1 package (AB
SCIEX) for feature (peaks) confirmation from Total Ion Chromatogram (TIC) based on the following criteria;
aligned features should have signaled to noise greater than 5 and intensities of the sample: blank should be
greater than 5.
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Penicillin

ZAS |1 2 3 4 5 6 7

A MIC+MIC |1/2+MIC | 1/4+MIC |1/8+MIC |1/16+MIC | 1/32+MIC |0+MIC
B MIC+1/2 1/2+1/2 1/4+1/2 1/8+1/2 1/16+1/2 1/32+1/2 0+1/2
C MIC+1/4 1/2+1/4 1/4+1/4 1/8+1/4 1/16+1/4 1/32+1/4 0+1/4
D MIC+1/8 1/2+1/8 1/4+1/8 1/8+1/8 1/16+1/8 1/32+1/8 0+1/8
E MIC+1/16 |1/2+1/16 |1/4+1/16 |1/8+1/16 |1/16+1/16 |1/32+1/16 |0+1/16
F MIC+1/32 | 1/2+1/32 | 1/4+1/32 |1/8+1/32 |1/16+1/32 |1/32+1/32 |0+1/32
G MIC+0 1/2+0 1/4+0 1/8+0 1/16+0 1/32+0 0+0

Table 1. Checkerboard matrix of penicillin and ZA-S.

Determination of minimum inhibitory concentrations (MIC). The MIC values of penicillin (Ben-
zylpenicillin potassium salt, HiMedia Laboratories Pvt. Ltd. India.) and saponin fraction (ZA-S) were deter-
mined using microdilution assay in a 96 well plate. Muller Hinton broth medium was inoculated with a cell
suspension of MRSA isolates and Staphylococcus aureus ATCC 25923 (10¢ CFU/ml) and 200 pl of the inoculated
medium was distributed in each well. Tested compounds (penicillin and ZA-S) were tested in a twofold serial
dilution. Penicillin was tested at concentrations ranged from 1000 to 7.81 pg/ml and ZA-S started with 5000 to
39.06 pug/ml. The experiment was performed according to the criteria of M7-A72. Wells containing negative
control (medium + penicillin or ZA-S at the tested concentrations) were performed to determine the differences
in optical density. The plates were incubated for 18 h at 37 °C and the absorbance was measured at 630 nm. MIC
was defined as the lowest concentration of the penicillin or ZA-S which is able to inhibit the visible growth of
bacteria.

Evaluation of penicillin and ZA-S combinations against MRSA using checkerboard
method. The stock solution of ZA-S was freshly prepared in DMSO at a concentration of 100 mg/ml. Also,
penicillin stock was prepared at a concentration of 10 mg/ml in distilled water. Checkerboard assay was per-
formed using 96 well microplates containing Mueller-Hinton Broth (Difco) with penicillin concentrations
which started from MIC to 1/32xMIC in the columns and ZA-S concentrations which started from MIC to
1/32x MIC along the rows. There was a combined interaction between penicillin and ZA-S on the plate in a
checkerboard style as shown in Table 1. MRSA cells were inoculated at concentration ~ 10¢ colony-forming unit
(CFU)/ml/well.

Checkerboard microdilution method was performed in duplicate and evaluated after 24 h of incubation at
37 °C. Wells with no penicillin-ZA-S combinations (only medium with MRSA) were used as growth control.
Wells with medium containing the used combinations only (without MRSA) were used as a negative control®.
The difference in the growth of MRSA was calculated by measuring the optical density at the start and the end of
the experiment (after 24 h) using an ELISA plate reader at 630 nm (Mindray MR-96A, China)*. The fractional
inhibitory concentration index (FICi) explains the interaction between penicillin and ZA-S and is calculated
with the following equation:

FICi = FICpenicillinantibiotic + FICza-—s

where FIC, eyicillin antibiotic = MIC of penicillin in combination divided by MIC of penicillin alone and FIC ;,.¢=MIC
of ZA-S in combination divided by MIC of ZA-S alone. The results were interpreted as follows: synergism when
FICi<0.5, partial synergy (addition) = FICi>0.5-< 1.0, indifference = FICi > 1-< 2.0 while antagonism is con-
sidered when FICi>2%".

Time kill assay. Time kill assay against MRSA cells was conducted to assess the killing potencies of peni-
cillin and ZA-S combinations that showed synergistic action in checkerboard assay. Flasks containing Mueller
Hinton Broth medium with penicillin and ZA-S combinations were inoculated with cells of MRSA, at a density
of ~10° CFU/ml and incubated in a shaker incubator at 120 rpm and 37 °C. Aliquots of each treatment, as well
as a positive control (only medium inoculated with the same cell count of MRSA), were withdrawn at time
intervals 0, 6, 12, 18, and 24 hands serially diluted in sterile saline solution. Then, 100 pl of each dilution was
inoculated onto nutrient agar plates in triplicate. These plates were incubated at 37 °C for 18 h and CFU/ml
was counted®*> . The kill measurement and the rate of bacterial death were determined by plotting the viable
colony counts as a log10 (CFU/ml) against the time. The interaction was classified as bacteriostatic or bacteri-
cidal. Bacteriostatic action was defined as a decrease of <3 logs CFU/ml and bactericidal effect was defined as a
decrease of >3 log CFU/ml after 24 h of incubation compared with the size of the initial inoculum®.

Electron microscopy study. To investigate the bacterial cell morphology before and after treatments,
scanning and transmission electron microscopy studies were performed at the Regional Center of Mycology
and Biotechnology, Al-Azhar University, Cairo, Egypt.
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M-1 18+1.66 0 0 12+0.66 0

M-2 18+1.15 0 0 14+0.66 0

M-3 26+0.33 0 0 18+0.88 0

M-4 16+0.88 0 0 14+0.57 0

S. aureus

ATCC-25923 25+0.88 0 0 22+0.66 29+1.45

Table 3. Antibacterial activity of Zygophyllum album crude extract and its fractions.

Figure 2. Antibacterial activity of saponin fraction (1), Phenolic fraction (2), Steroidal fraction (3), Crude
extract (4), and cefoxitin (C) against MRSA isolates and Staphylococcus aureus ATCC 25923.

For scanning electron microscopy (SEM). Muller Hinton agar medium was prepared with and without the com-
bination of penicillin and ZA-S. MHA medium which contains penicillin and ZA-S combination was prepared
at two concentrations which are 62.5 +312.5 (ug/pg)/ml respectively (lethal dose) and a half of these concentra-
tions (sublethal dose). The prepared media were inoculated with 100 pl of ~ 10° CFU/ml of MRSA and incubated
for 18 h at 37 °C. After incubation, a plug of the culture was taken and prepared for examination using SEM
(JEOL-JSM-5500LV)*.

For transmission electron microscopy (TEM). MRSA cells (100 pl of ~10® CFU/ml) were inoculated in Mul-
ler Hinton broth amended with the same concentrations of the selected combinations mentioned above. Both
controls (only Muller Hinton broth medium inoculated with MRSA at the same cell count) and the treated cells
were incubated at 37 °C on a rotary shaker at 120 rpm for 18 h*. After incubation, all control and treated cells
were prepared and examined using TEM (JEOL 1010)*’.

Cytotoxicity studies of a synergistic combination of penicillinand ZA-S.  The African green mon-
key kidney (VERO), Normal human lung fibroblast (MRC-5) and Normal human melanocytes (HBF4) cell
lines were obtained from cell culture bank at the holding company for biological product and vaccine (VAC-
SERA), Agouza, Giza, Egypt. The cells were suspended using trypsin/EDTA solution 0.25% and the suspen-
sion was adjusted to 5x 10* cells, then pipetted into 96 well tissue culture plate and incubated for 24 h at 37 °C
with 5% CO,*. Different concentrations were prepared in a series of double-fold dilutions starting from 500
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Figure 3. Chemical structures of the main identified saponins in the saponin fraction of Zygophyllum album.

and 625 pg/ml for penicillin and ZA-S respectively followed by incubation for 72 h at 37 °C and 5% CO,. The
cytotoxic effect of treatments that exhibit morphological abnormalities was observed using a Carl Zeiss ID03
inverted microscope (GmbH, Germany). The cytotoxicity was measured using a 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) assay®. MTT solution (100 pl/well, 0.5 mg/ml) was added and the
plate was incubated in dark for 4 h. The formed crystals of formazan were dissolved in DMSO (100 pl/well) and
the absorbance was measured at 570 nm. The concentration of combination required for 50% of cell inhibition
(IC-50 value) was calculated, then the cytotoxicity was expressed in terms of cell viability percentage®.

Statistical analysis. In a time-kill study, to determine the differences (p-value <5) in the growth of MRSA
(control and treated with combinations) during all time intervals, data was analyzed using a two-way model of
analysis of variance with repeated measure (ANOVA-RM). One-way analysis of variance (ANOVA) was used
to calculate the differences among the used concentrations in cytotoxicity study using Minitab 18 software
extended with a statistical package and Microsoft Excel 365.

Results

Identification and antibiotic profile of the clinical isolate. The clinical isolates were identified using
the vitek2 automated system as Staphylococcus aureus with a very good probability of 93% for M-1, M-2, and M-3
isolates and a probability of 95% for M-4 isolate. The antibiotic susceptibility of these isolates was determined
using 19 antibiotics representing different classes of antibiotics. Generally, the results indicated the widespread
emergence of multidrug resistance among the tested isolates, where M-1, M-2, M-3 and M-4 were resistant to
cefuroxime, metronidazole neomycin, cefoxitin, nalidixic acid, kanamycin and penicillin. The antibiotic profile
of tested isolates was varied depending on the resistance of these isolates to the used antibiotics; for example,
M-1, M-2, M-3, and M-4 were resistant to 14, 13, 12 and 18 antibiotics respectively among the tested 19 antibiot-
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Adduct Ion (-ve Adduct Ion (+ve Diagnostic fragments

Peak | Compound name Chemical formula | RT (min) | mode) Error (ppm) | mode) Error (ppm) | (m/z) Ref.

. [M-H]* [M +Na]* 763.4293, [M-H- 4

1 Zygophylloside H CyH;,045 11.3 925.4829 3.56 949.4888 12.11 gluc.]-

- 727.3401 [M-H-
: [M-H] [M+H]* - 41

2 Zygophylloside G C;HgO45S 12.1 8893933 4.72 891.4041 0.78 [g1l\>[lcl-][ ?;1;353433 .

_H- -Co,
711.3414 [M-H-
. [M-H]~ gluc.]7587.3947 >

3 Zygophylloside F C,;,Hg045S 14.3 873.4034 10.53 - - [M-H- gluc.-Co,-

SO,
Quinovic acid
28-0- B-D- (M +Nal* 671.3789 [M + Na-

4 glucopyranosyl (2-1) | C4;,HgOy5 15.1 - - 8334312 1.55 gluc.]* 653.3689 13
B-Dglucopyranosyl . [M +Na-gluc.-H,0]*
ester

5 8“6‘;‘1’:(‘;3;‘; jnooﬂge Cy6Hss0, 17.4 [M-H]'631.3911 10.29 [M+H]* 633.4017 236 485.3267 2

6 Quinovic acid CyoH,605 19.8 [M-H]- 485.3301 7.01 [M+Na]* 509.3252 | 1.96 12

PO [M-H]~ + 43

7 Ursolic acid C30Hy505 23.2 455.3539 3.07 [M+H]* 457.3712 6.77

Table 4. Peak annotations of major saponins in Zygophyllum album using UPLC- QTOF-MS in negative and
positive ionization modes.

Minimum
inhibitory
concentration (ug/
ml)
Isolates Penicillin | ZA-S
M-1 250 1250
M-2 250 625
M-3 125 312.5
M-4 250 1250
S. aureus ATCC 25923 31.25 156.25

Table 5. Minimum inhibitory concentration (MIC) of ZA-S and penicillin against bacteria.

ics. Staphylococcus aureus ATCC-25923 that used as control strain was appeared as susceptible to the majority
of tested antibiotics Table 2.

Antibacterial activity of Zygophyllum album crude extract and separated fractions. The sepa-
rated saponins, phenolic and steroidal fractions as well as crude extract of Zygophyllum album were screened for
their antibacterial potential against MRSA isolates and Staphylococcus aureus ATCC 25923. Zygophyllum album
crude extract was active against MRSA isolates and Staphylococcus aureus ATCC 25923 and showed inhibition
zone diameter which ranged from 12 to 22 mm. Both phenolic and steroidal fractions not did not show any eftect
on all tested bacteria as well as standard strain. On the other side, the saponin fraction was active on MRSA
isolates and Staphylococcus aureus ATCC 25923 and showed an inhibition zone which started from 16 to 26 mm
depending on the tested bacteria. Cefoxitin control antibiotic had no inhibition activity on MRSA isolates, but it
showed inhibition zone diameter (29 mm) against Staphylococcus aureus ATCC 25923 Table 3 and Fig. 2.

Chemical structures of the main identified saponins in Zygophyllum album using UHPLC/
QTOF-MS. The promising anti-MRSA activity of saponin fraction drove us to identify the chemical compo-
sition in this fraction. Consequently, the saponin fraction of Zygophyllum album was analyzed by reversed-phase
UHPLC/QTOE-MS using a gradient mobile phase in an order of decreasing polarity.

UHPLC/QTOF-MS revealed the presence of seven ursane-type tritepenoidal saponins (zygophylloside H,
zygophylloside G, zygophylloside F, quinovic acid 28-O-B-D-glucopyranosyl(2-1)B-D-glucopyranosyl ester, Qui-
novic acid 3-O-B-D-quinovopyranoside, quinovic acid and ursolic acid) as shown in Fig. 3.

3-O-[a-L-arabinopyranosyl-(1-2)-B-D-quinovopyranosyl]-quinovicacid-28-O-[B-D-glucopyra
nosyl]ester (zygophyloside H). The negative liquid secondary-ion mass spectrum of zygophyloside H
showed a quasimolecular ion at m/z 925.4829, [M-H]- proposing C,;H,,0,5 as a molecular formula. This for-
mula was further confirmed by the positive liquid secondary-ion mass spectrum which showed a pseudomo-
lecular ion at m/z 949.4888, [M + Na]+. The identification was consistent with the diagnostic fragment ion at m/z
763.4293, [M-1-162]- corresponding to the elimination of a glucose unit from the deprotonated molecular ion.
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No | Penicillin/ZA-S ratio | Penicillin/ZA-S ratio (ug/ ug)/ml | Penicillin FIC | ZA-SFIC | FICi Reaction
1 MIC+MIC 250+ 1250 1 1 2 Indifferent
2 MIC+1/2 250+625 1 0.5 1.5 Indifferent
3 MIC+1/4 250+312.5 1 0.25 1.25 Indifferent
4 MIC+1/8 250+156.25 1 0.125 1.125 Indifferent
5 MIC+1/16 250+78.125 1 0.0625 1.0625 | Indifferent
6 MIC+1/32 250+39.06 1 0.03125 1.0312 | Indifferent
7 MIC+0 250+0 1 0 1 Additive
8 1/2+MIC 125+1250 0.5 1 1.5 Indifferent
9 1/2+1/2 125+625 0.5 0.5 1 Additive
10 1/2+1/4 125+312.5 0.5 0.25 0.75 Additive
11 1/2+1/8 125+156.25 0.5 0.125 0.625 Additive
12 1/2+1/16 125+78.125 0.5 0.0625 0.5625 | Additive
13 1/2+1/32 125+39.06 0.5 0.03125 0.5312 | Additive
14 1/4+MIC 62.5+1250 0.25 1 1.25 Indifferent
15 1/4+1/2 62.5+625 0.25 0.5 0.75 Additive
16 1/4+1/4 62.5+312.5 0.25 0.25 0.5 Synergism
17 1/4+1/8 62.5+156.25 0.25 0.125 0.375 Synergism
18 1/4+1/16 62.5+78.125 0.25 0.0625 0.3125 | Synergism
19 1/8+MIC 31.25+1250 0.125 1 1.125 Indifferent
20 1/16 + MIC 15.6+1250 0.0625 1 1.0625 | Indifferent
21 1/32+MIC 7.8+1250 0.03125 1 1.0312 | Indifferent
22 0+MIC 0+1250 0 1 1 Additive

Table 6. Checkerboard results of penicillin and ZA-S combinations against MRSA M-4.
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Figure 4. Time kill assay of synergistic combinations of penicillin and ZA-S against MRSA M-4.

3-0-[B-D-2-O-sulphonylglucopyranosyl]-quinovic
(Zygophyloside G).

ion at m/z 97.

acid-28-0-[B-D-glucopyranosyl]

Zygophyloside G negative liquid secondary-ion mass spectrum showed a quasimo-
lecular ion at m/z 889.3933, [M-H]- proposing C,,HO,4S as a molecular formula. This formula was further
confirmed by the positive liquid secondary-ion mass spectrum which showed a pseudomolecular ion at m/z
891.4041, [M + H]+ . The chemical structure was authenticated by the diagnostic fragment ions at m/z 727.3401
[M-1-162]- and 683.3498 [M-1-162-44] —showing the sequential loss of a glucose moiety and a glucose moiety
plus CO, from the deprotonated molecular ion. The ~-OSO;H group presence was confirmed by the fragment
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Figure 5. SEM micrographs of MRSA M-4 cells: (A) micrograph of untreated cells (B) treated cells with
sublethal dose (half MIC) of penicillin-ZA-S combination (C) treated cells with a lethal dose (MIC) of the
penicillin-ZA-S combination. TEM micrographs of MRSA M-4 cells: (D) micrograph of untreated cells (E)
treated cells with half MIC of penicillin-ZA-S combination. (F) Treated cells with MIC of the penicillin-ZA-S
combination.

3-0-[B-D-2-0O-sulphonylquinovopyranosyl]-quinovic acid- 27-O-[B-D-glucopyranosyl] ester
(zygophyloside F).  The molecular formula C,,HO,,S was confirmed for zygophyloside F due to the pres-
ence of a quasimolecular ion at m/z 873.4034, [M-H]- in the negative liquid secondary-ion mass spectrum.

The chemical structure was consistent with the molecular formula due to the presence of diagnostic fragment
ions at m/z 711 [M-1-162]- and 587 [M-1-162-44-80]- indicating the loss of a glucose moiety, then a glucose
moiety plus CO, plus SO; from the deprotonated molecular ion.

Quinovic acid 28-0-B-D-glucopyranosyl (2-1)B-D-glucopyranosyl ester. The positive liquid sec-
ondary-ion mass spectrum showed a pseudomolecular ion at m/z 833.4312, [M + Na]+ indicating C;,H¢O5 as
a molecular formula. The proposed structure was consistent with the diagnostic fragment ions at m/z 671.3789,
[M+23-162]+ and 653.3689, [M +23-162-18]+ corresponding to the elimination of a glucose unit and glucose
unit plus water from the pseudo molecular ion.

3-O-[B-D-quinovopyranosyl]-quinovic acid:

Negative liquid secondary-ion mass spectrum showed a quasimolecular ion at m/z 631.3911, [M-H]-propos-
ing C3sH5¢0, as a molecular formula. This formula was further confirmed by the positive liquid secondary-ion
mass spectrum which showed a pseudomolecular ion at m/z 633.4017, [M + H]+. The diagnostic fragment ion
at m/z 485.3267, [M-1-146] - suggested the loss of a deoxyhexose unit (quinovose sugar) from the deprotonated
molecular jon.

Quinovic acid and Ursolic acid.  The presence of quinovic acid and ursolic acid was confirmed according
to their negative and positive liquid secondary-ion mass spectra Table 4.

Minimum inhibitory concentrations (MIC) of ZA-S and penicillin. The MIC of both ZA-S and peni-
cillin were determined against MRSA isolates and Staphylococcus aureus ATCC 25923 using the microdilution
method. The highest MIC value of penicillin (250 pg/ml) was observed with three isolates of MRSA which were
M-1, M-2, and M-4, while M-3 was inhibited with MIC 125 ug/ml. MIC values of ZA-S were varied depending
on the tested bacteria. The highest MIC was observed with M-1 and M-4 (1250 pg/ml), while the lowest MIC was
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Figure 6. (A) Morphological observation of Vero cells (A), MRC-5 (B), and HBF4 (C) treated with different
concentrations of penicillin and ZA-S combination under an inverted microscope. (B) Cytotoxicity results of
gradient concentrations of penicillin and ZA-S combination on Vero, MRC-5, and HBF4 cells using MTT assay.
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Figure 6. (continued)

observed with M-3 (312.5 ug/ml). Penicillin and ZA-S have inhibited the growth of Staphylococcus aureus ATCC
25923 at MIC values of 31.25 and 156.25 ug/ml respectively as listed in Table 5.

According to the previous data including antibiotic profiling of MRSA isolates, antibacterial activity and MIC
determination, M-4 isolate was selected as a model for further studies.

Synergistic effects of penicillin and ZA-S combination based on FIC index against MRSA
M-4. In checkerboard assay, the interactions between penicillin and ZA-S against MRSA M-4 exhibited
twenty-two treatments causing inhibition of MRSA M-4. A synergistic effect was considered when penicillin
and ZA-S combination showed FICi value < 0.5, this case was observed with only three combinations at different
ratios (62.5+312.5, 62.5+156.25 and 62.5+78.125 (ug/ug)/ml of penicillin and ZA-S, respectively). Also, there
were eight combinations with FICi ranged from 0.53 to 1 meaning additive effects. On the other hand, eleven
combinations showed an indifferent effect where the FICi ranged from 1.03 to 2. The FIC indexes for the tested
combinations and their interpretations are presented in Table 6.

Time kill assay. The data represented graphically in Fig. 4 refers to the inhibitory effect of different com-
binations (62.5+312.5, 62.5+156.25 and 62.5+78.125 (ug/ug)/ml of penicillin and ZA-S, respectively) on the
growth of MRSA M-4. All treated cultures were affected in a concentration-dependent manner which means
that the reduction in CFU count of MRSA M-4 was increased by increasing the concentrations of ZA-S in each
combination in comparison with the initial inoculum. Positive control reflects the ideal growth behavior of
MRSA M-4 during 24 h of incubation. The combination 62.5+312.5 (ug/pg)/ml of penicillin and ZA-S respec-
tively did not allow the CFU count of MRSA M-4 to increase from the onset of the experiment to its end; it sig-
nificantly reduced the CFU count of initial inoculum during all time intervals of the experiment especially after
24 h of incubation where the reduction of CFU count was (- 3.7). Also, the combination at 62.5+156.25 (ug/
ug)/ml of penicillin and ZA-S respectively reduced the CFU count after 24 h by (- 1.8). On the other hand, the
combination at 62.5+78.125 suppressed the growth of MRSA M-4 for 18 h only. After that, it was regrown until
reached (6.1) which means an increase by (0.1) compared to the CFU count of the initial inoculum.

Electron microscopy studies. The obtained SEM micrographs of untreated MRSA M-4 showed normal
morphology, where they were typically round-shaped, with smooth and intact cell surface Fig. 5A. Most treated
cells with a combination of penicillin and ZA-S at half MIC concentration (sublethal dose) showed deformed
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morphology, whereas the cells slightly increased in their size and showed irregular shape, and other cells had a
wrinkled surface with some appendages like buds Fig. 5B. The cells treated with MIC concentration (lethal dose)
displayed several apparent, distinguished signs of cell damage, including missing the walls or breaking them
which led to distorted shape. The cell membrane was progressively lost, and the cytoplasm tended to spill out of
the cell leading to cell death Fig. 5C. TEM micrographs of untreated MRSA M-4 were uniformly shaped with an
undamaged structure of the inner membrane and an intact slightly waved outer surface. The periplasmic space
was thin and had a uniform appearance with intact cell walls. The intracellular components displayed a homoge-
neous electron density Fig. 5D. After treatment with a sublethal dose of penicillin and ZA-S combination, some
cells appeared as completely damaged and majority of the bacteria demonstrated strong evidence of membrane
damage and distortion with greater roughness as compared to the control MRSA M-4. The walls of these cells
were partially injured and the periplasmic space was thick and filled with electron-dense material from the
cytosol and cells with apparently normal walls, but devoid of cytoplasmic contents Fig. 5E. Cells of MRSA M-4
that were subjected to a lethal dose of penicillin and ZA-S combination were commonly observed as lysed cells,
but there were some unruptured cells which exhibited a great morphological change i.e., sleazy peripheral cell
surface, hollow formation and cell disintegration which was also observed Fig. 5F.

Cytotoxicity study. The morphological observation of Vero, MRC-5 and HBF4 normal cell lines treated
with the combination of penicillin and ZA-S at different ratios indicated that there were slight changes in cells
morphology including enlargement and minor granulation in the three types of cells, especially at high concen-
tration ratio (500 + 2500 ug + pg/ml of penicillin and ZA-S, respectively) compared to control Fig. 6A. The MTT
assay results referred to the significant effect of the combinations on cell viability at a high ratio starting from
500 +2500 pg+ ug/ml of penicillin and ZA-S, respectively. Concentration of the combination required for 50%
cell inhibition (IC-50 values) was 138.13+690.65, 141.1 +705.5 and 125.79 + 628.99 ug + pg/ml of penicillin and
ZA-S respectively in the case of Vero, MRC-5 and HBF4 cells, respectively Fig. 6B.

Discussion

In our study, the obtained clinical isolates were identified as Staphylococcus aureus. The identified isolates were
classified as methicillin resistance (oxacillin resistance) when it was resistant to cefoxitin antibiotic as a surrogate
for oxacillin using the disk diffusion method*:. Also, these isolates were classified as multidrug-resistant bac-
teria because they were resistant to at least one antibiotic in three or more antibiotic categories*. Based on the
antibiotic profiles, Staphylococcus aureus ATCC-25923 was used as the standard strain that exhibited inhibition
zone diameters inside the quality control ranges of sensitivity*.

MRSA is the most common multidrug-resistant gram-positive organism causing healthcare-associated infec-
tions (HAI). Therefore, MRSA remains an important goal for infection control and prevention measures®.

Saponin fraction of Zygophyllum album exhibited considerable antibacterial activity. This activity may attrib-
ute to their contents of active compounds which has a broad spectrum of biological and pharmacological com-
pounds. Our results confirmed that Zygophyllum album separated saponins possess the strongest antibacterial
activity. Antibacterial activity of saponins from some plant sources has been already reported*®. The antibacterial
activity of the crude extract against all tested bacteria was smaller than the saponin fraction. This may be due to
the low concentration of saponin in the crude extract.

Identifying secondary metabolites in plants using mass spectrometric techniques has been progressively
applied as an accurate tool used for medicinal plants’ analysis*’. The ultra-high-performance liquid chromatog-
raphy-quadrupole time-of-flight mass spectrometry (UHPLC/QTOEF-MS) technique is a modern approach in the
chromatography field. It has different advantages such as being a fast, sensitive and high-resolution separation
technique*s. UHPLC/QTOF-MS provides an accurate analysis of different kinds of secondary metabolites with
different polarities compared to standard LC methods. It can be considered a faster and much more sensitive
reliable tool to identify secondary metabolites as compared to other conventional chromatography separation
techniques®.

The MIC values of penicillin and ZA-S against MRSA seemed as high value compared to MIC values obtained
in the case of S. aureus ATCC 25923. This may be attributed to the resistance genes that more likely could
be responsible for the emergence of some bacterial isolates with high MIC values®. Although some papers
reported the antimicrobial activity of essential oil of leaves and extract of Zygophyllum album against S. aureus,
S. epidermidis, E. coli, B. subtilis and Serratia marcescens™. However, it is difficult to compare the data with the
literature because several variables influence the results, such as the different chemical composition due to the
environmental factors (such as geography, temperature, day length, nutrients, etc.) of the plants.

Combination therapy is the most commonly recommended empirical treatment for bacterial infections in an
intensive care units where the combined therapy has numerous benefits that include treatment of mixed infec-
tions, the infection caused by specific causative organism, to increase antimicrobial activity, prevent the need
for long term antibiotic use and prevent the emergence of multidrug-resistant bacteria®'.

According to the results obtained from the combinations of penicillin and ZA-S, it is clear to report that
checkerboard assay determined the concentration of each agent in the combination at which the synergy was
done when the FIC index is <0.5. These synergistic combinations of penicillin and ZA-S lower the amount of
both agents in the dosage (at least reduced to one-fourth of the corresponding MIC) where the MIC values of
penicillin and ZA-S before combination were 250 and 1250 pg/ml respectively and reduced to 62.5+312.5,
62.5+156.25 and 62.5+78.125 (ug/ug)/ml of penicillin and ZA-S respectively in a synergistic combination.
This activity may result from the double force of both penicillin and ZA-S together on the cell where saponins
have detergent-like properties and might increase the permeability of bacterial cell membranes; this action
might facilitate antibiotic influx through the bacterial cell membrane. Therefore, it may cause the enhancement
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of antibiotic entry and increase its concentrations at the place of antibiotic-microbe contact, and thus speed up
the binding between microbes and antibiotics™ *.

Time kill study not only gives the information about the nature of the combinations whether it is bactericidal
or bacteriostatic but also the capability for detecting antimicrobial agent activity over time and it is a suitable
method for assessing changes in the antimicrobial agent activity®. In our study, although the combination at
62.5+156.25 (ug + pg)/ml of penicillin and ZA-S respectively suppressed the growth of MRSA M-4 during all
time intervals of the experiment, the reduction of CFU count was not exceeded than — 1.8 in comparison with
the CFU count of the initial inoculum. Moreover, CFU count in the case of the treated cells with the combination
at 62.5+78.125 (ug + pg)/ml of penicillin and ZA-S respectively approximately was not affected during all time
intervals. According to Lorian®* who suggests that whether an agent reduces the bacterial count of a pathogen
by 3 log10 within 24 h of incubation in liquid media, the agent is classified as bactericidal for that particular
pathogen. While bacteriostatic agent was defined as causing a decrease of <3 log10 CFU/ml compared with the
initial inoculum, the combination action in the previous cases is considered bacteriostatic. On the other side,
the combination at 62.5+312.5 (ug + pg)/ml of penicillin and ZA-S displayed a marked increase in antibacterial
activity and reduced the CFU count number by —3.7. So, this combination is considered bactericidal. Based on
the results of this experiment, it is possible to conclude that the penicillin has been strengthened by ZA-S to kill
or inhibit the cells of MRSA in concentration-dependent behavior.

Scanning and transmission electron microscopy studies were performed to evaluate the effects and changes
that can occur to cells after their treatment with the combinations of penicillin and ZA-S at lethal and sublethal
doses. The results obtained from micrographs of SEM and TEM were compatible, whereas in all cases, there is an
important observation that the affected cells usually large in their size and are injured in walls. This may be due
to the blocking of cell wall formation through the cell duplication stage by the effect of penicillin coupled with
ZA-S. Elliott et al.> reported that it is probable that the cells are markedly affected when exposed to penicillin
in the phase of growth.

A cytotoxicity study using MTT assay and morphological changes observation indicated that there was no
cytotoxic effect that occurred by the synergistic combination at the concentration having bactericidal activity.
This may be owing to the concentration of penicillin in our combination lies very close to the standard concen-
tration in cell culture media approved by American Type Culture Collection (ATCC) (50 to 100 I.U./ml that
is equivalent 29.95 to 59.9 ug/ml)**>7 On the other hand, the concentration of ZA-S in our combination was
78.12 pg/ml and this concentration is considered far away from the ICs, of Zygophyllum album against normal
cell human skin fibroblast (WS1) (=200 pg/ml)®.

Conclusion

Different metabolites were isolated from the Zygophyllum album such as saponin, phenolic and steroidal frac-
tions. According to the results, we conclude that Ursane-type saponins of Zygophyllum album has activity against
different clinical isolates of MRSA. The results described herein provide significant enhancement of penicillin
activity against MRSA if it is combined with saponin fraction of Zygophyllum album under the conditions imple-
mented in the current study. Besides, synergistic combinations tested in this work exhibit antibacterial effects
at non-toxic concentrations for different normal cells. Despite our findings in this research, further studies are
required on an animal model to confirm the anti-MRSA activity observed in vitro.
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