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ABSTRACT

Combination of antibiotics with natural products is a promising strategy for potentiating antibiotic activ-
ity and overcoming antibiotic resistance. The purpose of the present study was to investigate whether
morusin and kuwanon G, prenylated phenolics in Morus species, have the ability to enhance antibiotic
activity and reverse antibiotic resistance in Staphylococcus aureus and Staphylococcus epidermidis.
Commonly used antibiotics (oxacillin, erythromycin, gentamicin, ciprofloxacin, tetracycline, clin-
damycin) were selected for the combination studies. Checkerboard and time-kill assays were used to
investigate potential bacteriostatic and bactericidal synergistic interactions, respectively between moru-
sin or kuwanon G and antibiotics. According to both fractional inhibitory concentration index and
response surface models, twenty combinations (14 morusin-antibiotic combinations, six kuwanon G-
antibiotic combinations) displaying bacteriostatic synergy were identified, with 4-512-fold reduction
in the minimum inhibitory concentration values of antibiotics in combination. Both morusin and kuwa-
non G reversed oxacillin resistance of methicillin-resistant Staphylococcus aureus. In addition, morusin
reversed tetracycline resistance of Staphylococcus epidermidis. At half of the minimum inhibitory concen-
trations, combinations of morusin with oxacillin or gentamicin showed bactericidal synergy against
methicillin-resistant Staphylococcus aureus. Fluorescence and differential interference contrast micro-
scopy and scanning electron microscopy showed an increase in the membrane permeability and massive
leakage of cellular content in methicillin-resistant Staphylococcus aureus exposed to morusin or kuwanon
G. Overall, our findings strongly indicate that both prenylated compounds are good candidates for the
development of novel antibacterial combination therapies.
© 2020 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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diseases are still a main cause of morbidity and mortality world-
wide. Inappropriate prescribing and overuse of antibiotics led to
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the emergence of antibiotic resistance (single- and multi-drug
resistance), a contributing factor to the high mortality rate of infec-
tious diseases (Lee Ventola, 2015; Zacchino et al, 2017).
Carbapenem-resistant Acinetobacter baumannii and Pseudomonas
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aeruginosa, carbapenem-resistant and extended spectrum beta-
lactamase producing Enterobacteriaceae, methicillin-resistant
Staphylococcus aureus (MRSA), vancomycin-resistant Enterococcus
faecium, fluoroquinolone-resistant Campylobacter spp.,
clarithromycin-resistant Helicobacter pylori are priority drug-
resistant pathogens that represent a major health issue nowadays
(Subramani et al., 2017). In addition, the development of new
antibiotics significantly decreased in the past 30 years, only six
new antibiotics being developed and approved in 2010-2014
(Lee Ventola, 2015). In these circumstances, combination antibiotic
therapy has been used in clinical practice to restore the efficacy of
antibiotics. Unfortunately, in some cases, it did not give the
expected results (Zacchino et al., 2017). A promising alternative
seems to be the combination of antibiotics with low molecular
weight plant metabolites. Such combinations displaying synergis-
tic effects are of great therapeutic interest (Aelenei et al., 2016;
Zacchino et al., 2017).

Among low molecular weight plant metabolites, prenylated
phenolics showed not only potent antibacterial activity but also
promising antibiotic-potentiating effects. For example, a farnesy-
lated salicylic acid derivative from the leaves of Piper multiplin-
ervium C. DC. had excellent activity against both Gram-positive
(S. aureus, Mycobacterium smegmatis) and Gram-negative bacteria
(Escherichia coli, Klebsiella pneumoniae, P. aeruginosa) but also Can-
dida albicans with minimum inhibitory concentration (MIC) values
between 2.5 and 5 pg/mL (Riiegg et al., 2006). Eryvarin W, a double
prenylated pterocarpene from the roots of Erythrina variegata L.,
showed MICs of 1.56-3.13 ug/mL against MRSA strains, which lie
in the range of the MIC values of vancomycin (MICs = 0.78 -
3.13 pg/mL) (Tanaka et al., 2011). 7,9,2,4’-Tetrahydroxy-8-isopen
tenyl-5-methoxychalcone, a prenylated chalcone from the roots
of Sophora flavescens Ait., demonstrated excellent activity against
MRSA and vancomycin-resistant enterococci (VRE) with MICs
ranging from 1 to 8 ug/mL; in addition, the chalcone acted syner-
gistically with ampicillin and gentamicin against MRSA and VRE
(Lee et al., 2010). a-Mangostin, a prenylated xanthone from Garci-
nia mangostana L. stem bark, inhibited the growth of VRE and
MRSA (MIC = 6.25 and 6.25 - 12.5 pg/mL, respectively); moreover,
it potentiated the activity of gentamicin and vancomycin against
VRE and MRSA, respectively (synergistic interactions) (Sakagami
et al., 2005). Another Garcinia prenylated xanthone, y-mangostin,
acted synergistically with penicillin G against pathogenic Lep-
tospira interrogans (Seesom et al., 2013). 5-O-Methylglovanon, a
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prenylated flavanone isolated from Glycosmis plants, inhibited
the growth of ampicillin resistant S. aureus and Staphylococcus epi-
dermidis isolates with MICs ranging from 12.5 to 50 ug/mL and
showed synergy with ampicillin against same isolates (Zhou
et al.,, 2011). Xanthohumol, a prenylated chalcone in hop (Humulus
lupulus L.), was found to synergize with several antibiotics (cipro-
floxacin, gentamicin, oxacillin, rifampicin) against MRSA isolate
while its desmethyl derivative was synergistic only with ciproflox-
acin and gentamicin (Bocquet et al., 2019).

Morusin and kuwanon G (Fig. 1) are prenylated phenolics in
Morus species (Abbas et al., 2014; Gao et al., 2017; Guo et al.,
2016). Morus species (mulberry, Moraceae) are crop trees widely
cultivated for the leaves representing the only natural feed avail-
able for silkworms (Bombyx mori L.). In addition, mulberry root
and stem barks, leaves and fruits have been used in traditional
medicine for the prevention and treatment of numerous disorders
(Turan et al., 2017; Vijayan et al., 2011). Biologically active phyto-
chemicals belonging to different classes (flavonoids, benzofurans,
alkaloids) have been isolated from Morus species (Hosseini et al.,
2018; Zhang et al., 2018). Morusin (prenylflavone) was reported
to possess antioxidant, anti-inflammatory and antitumor activities
(Gao et al., 2017) whereas kuwanon G (Diels - Alder type adduct)
was found to exhibit antioxidant, anti-inflammatory,
immunomodulatory and anti-Ichthyophthirius multifiliis (agent of
ichthyophthiriasis) activities (Guo et al., 2016; Nasir et al., 2017).
The up-to-date studies on the antibacterial activity of morusin
and kuwanon G focused on susceptibility tests and less on interac-
tions with antibiotics (Mazimba et al., 2011; Pang et al., 2019; Park
et al., 2003; Sohn et al., 2004; Wu et al., 2019; Zuo et al., 2018).
Accordingly, the aim of the present work was to assess the interac-
tions between these two prenylated compounds and antibiotics to
find combinations with more efficient antibacterial effects against
S. aureus and S. epidermidis.

2. Material and methods
2.1. Bacterial strains and culture media

S. aureus ATCC 43300 (MRSA) and S. epidermidis ATCC 12228
were purchased from the American Type Culture Collection.

Methicillin-susceptible S. aureus ATCC 6538 (MSSA) was provided
by the Public Health Department of the Faculty of Veterinary
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Fig. 1. Structures of morusin (A) and kuwanon G (B).
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Medicine, Ion Ionescu de la Brad University of Agricultural Sciences
and Veterinary Medicine of lasi (Romania). Mueller-Hinton broth
and Mueller-Hinton agar were purchased from Oxoid (Basingstoke,
UK).

2.2. Antibacterial agents

Oxacillin  sodium monohydrate, erythromycin (base),
gentamicin sulfate, ciprofloxacin hydrochloride, tetracycline
hydrochloride and clindamycin phosphate were purchased from
Sigma-Aldrich (Steinheim, Germany). Morusin and kuwanon G
(purity min. 97%) were obtained from Carbosynth Limited
(Berkshire, UK).

2.3. Chemicals

Acridine orange, dibasic potassium phosphate, dimethyl sulfox-
ide (DMSO), disodium hydrogen phosphate, ethanol 99.8%, glu-
taraldehyde solution grade I 50%, propidium iodide, propylene
oxide and osmium tetroxide were purchased from Sigma-Aldrich
(Steinheim, Germany).

2.4. Susceptibility tests

MIC values were determined by the broth microdilution
method according to the Clinical & Laboratory Standards Institute
guidelines (CLSI, 2017) and previous reports (Aelenei et al.,
2019a; Hendry et al., 2009; Segatore et al., 2012) with slight mod-
ifications. Briefly, the bacterial inoculum (1.5 x 10® CFU/mL) was
incubated with serial two-fold dilutions of antibacterial agent
(5120 - 0.156 pg/mL for antibiotics and 1000 - 2 pg/mL for moru-
sin and kuwanon G) for 20 h at 37 °C. The bacterial growth was
recorded spectrophotometrically at 600 nm using a microplate
reader Stat Fax 3200 (Awareness Technology, Palm City, Florida,
USA). The percentage of bacterial growth in each well was
calculated as follows: [(ODantibacterial agent well ~ ODbackground) /
(ODantibacterial agent free well ~ ODbackground)] X 1001 where OD stands
for optical density; the background was the growth medium with-
out any bacteria inoculated. MIC was the lowest concentration of
antibacterial agent causing bacterial growth inhibition > 90% in
comparison with the antibacterial agent-free control (positive con-
trol) (Chan et al., 2013) and it was determined as the median of
three independent experiments (Segatore et al., 2012).

2.5. Assessment of MRSA membrane integrity

The effects of morusin and kuwanon G on the integrity of MRSA
ATCC 43300 membrane were evaluated by the fluorescence and
differential interference contrast microscopy according to Aquino
et al. (2010) with slight modifications. The exponential-phase cell
suspension of MRSA ATCC 43300 was washed two times with
phosphate buffered saline (PBS) (pH = 7.2) (Araya-Cloutier et al.,
2018) and further subjected to incubation at 37 °C with prenylated
compounds (at 2 x MIC) or DMSO (control). Aliquots (1 mL) were
taken at 15, 30, 60, 120 and 180 min, stained with 3 pL of 1:1 mix-
ture of 20 mM propidium iodide and 0.01% acridine orange, vor-
texed and incubated in dark at 37 °C for 15 min. Propidium
iodide and acridine orange were removed by centrifugation with
further resuspension of the sediment in 1 mL PBS. Samples were
analyzed with Leica Confocal Laser Scanning Microscope (TCS SPE
DM 5500Q) using the I3 blue excitation range filter cube (BP 450
- 490 nm band pass filter) and the N2.1 green excitation filter cube
(BP 515 - 560 nm band pass filter). At least five independent
images per sample were captured. For each image, the ratio (%)
between the red fluorescent cells and total cells visualized with
differential interference contrast was calculated.

2.6. Assessment of MRSA membrane morphology

In order to investigate the effects of morusin and kuwanon G on
the morphology of MRSA ATCC 43300 membrane, scanning elec-
tron microscopy (SEM) was performed according to Basri et al.
(2013) with slight modifications. After 24 h incubation at 37 °C
with morusin or kuwanon G (each at 2 x MIC), the treated and
untreated (control) bacterial cell suspensions were centrifuged at
2000 rpm for 10 min, washed two times with 0.1 M PBS
(pH = 7.2), fixed with 2.5% glutaraldehyde in 0.1 M PBS at 4 °C
for 2 h, washed with PBS twice and post-fixed with 1% osmium
tetroxide in sterile water at room temperature for 4 h. The bacterial
cells were further washed two times with PBS, successively dehy-
drated with a series of ethanol dilutions (30%, 50%, 70% and 99.8%,
15 min for each dilution) and finally suspended in propylene oxide
overnight. For imaging the samples, FEI Quanta 450 Scanning Elec-
tron Microscope was used (high vacuum mode (about 10-4 Pa),
electron acceleration voltage of 12.5 V).

2.7. Checkerboard assay

The two-dimensional checkerboard microdilution assay was
used to investigate the interactions between morusin/kuwanon G
and antibiotics according to previously described protocols
(Aelenei et al., 2019a; Hendry et al., 2009) with minor changes.
In brief, in sterile 96-well microtiter plates containing Mueller-
Hinton broth, the antibiotic (20 pL) was serially diluted horizon-
tally while the prenylated compound (10 pL) was serially diluted
vertically. Then, each well was inoculated with the bacterial sus-
pension (1.5 x 10® CFU/mL, 30 pL), the final volume in each well
being 200 uL. The concentrations of antibacterial agents (antibiotic
or prenylated compound) in the wells varied from 4 x MIC to
1/512 x MIC. Positive (bacterial inoculum and Mueller-Hinton
broth) and negative (prenylated compound or antibiotic and
Mueller-Hinton broth) control wells were also prepared. The data
analysis was performed using the fractional inhibitory concentra-
tion index (FICI) (Mulyaningsih et al., 2010; Zuo et al., 2018),
isobolograms (van Vuuren and Viljoen, 2011) and response surface
approach using the AE model (Segatore et al., 2012). The FICI
model is based on Loewe additivity theory whereas the AE model
bases on Bliss independence theory (Meletiadis et al., 2005;
Segatore et al., 2012). FICI was calculated for the first wells without
bacterial growth neighboring the wells with bacterial growth as
follows: FICI = F[Cantibiotic + FICprenylated compound = Mlcantibiotic in com-
bination / Mlcantibiotic alone * MICprenylated compound in combination /
MICprenylated compound alone (Otto et al., 2019; Zuo et al., 2018). The
type of interaction between morusin/kuwanon G and antibiotics
was defined on the basis of FICI value: synergy (the final effect
greater than the sum of the individual effects) when FICI < 0.5,
addition (the final effect equal to the sum of the individual effects)
when 0.5 < FICI < 1.0, indifference (no interaction) when 1.0 < FICI
< 4, antagonism (the final effect less than the sum of the individual
effects) when FICI > 4 (Bassolé and Juliani, 2012; Mulyaningsih
et al.,, 2010; van Vuuren and Viljoen, 2011). In isobolograms
(graphs representing the combination effects), the ratio points fall-
ing below the 0.5 : 0.5,1 : 1 and 4 : 4 lines indicate synergy, addi-
tion and indifference, respectively whereas those falling above the
4 : 4 line express antagonism (Caesar and Cech, 2019; van Vuuren
and Viljoen, 2011). In the response surface approach, the type of
interaction is defined by the difference (AE) between the predicted
(Epredictea) and measured (Emeasurea) percentages of bacterial
growth, with Epredicrea being the product of the experimental per-
centages of bacterial growth for each component of the combina-
tion when aCting alone (Epredicted = Ecomponent 1 alone X Ecomponent 2
alone): Epredictea Was calculated for all the combinations tested
experimentally. The concentrations of the two antibacterial agents
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and AE values were further plotted three-dimensionally, with syn-
ergy and antagonism being expressed by the points of the response
surface (AE) above and below zero, respectively. To characterize
the whole interaction surface, the sum of all statistically significant
synergistic (XSYN) and antagonistic (XANT) interactions were cal-
culated; values lower than 100%, between 100% and 200% and
higher than 200% indicate weak, moderate and strong interactions,
respectively (Meletiadis et al., 2005; Segatore et al., 2012).

2.8. Time-kill assay

Time-kill experiments were performed according to a previ-
ously described method (Mulyaningsih et al., 2010) with minor
changes. The prenylated compounds and antibiotics were tested
alone and in combination at sub-inhibitory concentrations (¥2 x
MIC). Briefly, the antibacterial agent alone/combination (0.11 mL
of prenylated compound and/or 0.22 mL of antibiotic in concentra-
tions to provide % x MIC), bacterial inoculum (1.5 x 10® CFU/mL,
0.33 mL) and Mueller-Hinton broth (up to 2.2 mL) were added into
screw-capped tubes. Positive controls containing only Mueller-
Hinton broth and bacterial suspension were also prepared. After
0, 4, 24 and 48 h of incubation at 37 °C, 120 uL were removed from
each tube and diluted with physiological saline solution to a vol-
ume of 1 mL from which aliquots of 100 uL were further with-
drawn and spread on Mueller-Hinton agar plates. The bacterial
colonies (CFU/mL) were counted after 24 h incubation at 37 °C
and the difference in bacterial killing (ALC,4) induced by the com-
bination in comparison with its most active component tested
alone, expressed as log;o CFU/mL, was calculated. An interaction
is described as synergistic if ALCo4 > 2 logyo CFU/mL, additive if
ALCyq = 1-2 log;o CFU/mL, indifferent if ALCy4 = + 1 log;o CFU/
mL and antagonistic if ALCz4 > — 1 logyo CFU/mL (Zuo et al.,
2016). Killing curves were also plotted. The experiments were per-
formed at least thrice and the results were expressed as
mean * standard deviation.

2.9. Statistical analysis

All experiments were done in biological triplicates. Statistical
analyses were performed using analysis of variance (ANOVA) (SPSS
software package 18.0).

3. Results and discussion

In our search for phytochemicals that could increase antibiotic
efficacy, we investigated the interactions between morusin or
kuwanon G and six conventional antibiotics (oxacillin, ery-
thromycin, gentamicin, ciprofloxacin, tetracycline, clindamycin)
against S. aureus (MSSA and MRSA) and S. epidermidis. Both Staphy-
lococcus species are nosocomial pathogens causing severe infec-
tions (Zhou et al, 2011). Moreover, the emergence of drug
resistance significantly limited the therapeutic options and made
staphylococcal infections difficult to treat. In case of MRSA infec-
tions, antibiotic monotherapy (vancomycin, teicoplanin, tela-
vancin, daptomycin, ceftaroline, linezolid) and antibiotic
combination therapy (vancomycin and beta-lactams, ceftaroline
and daptomycin) have limitations with respect to tolerance, side
effects, costs, development of resistance and cross-resistance
(Choo and Chambers, 2016). Same limitations arise in the treat-
ment of the infections caused by resistant S. epidermidis, common
in broken-skinned, immunocompromised and implanted patients
(Eladli et al., 2019; Otto, 2009). Therefore, combinations of antibi-
otics with natural products, exhibiting synergistic interactions,
represent a promising strategy to achieve increased efficacy and
reduced side effects (Zhou et al., 2011).

3.1. Antibacterial activity of morusin and kuwanon G

Determination of MIC values is a mandatory step in the assess-
ment of interactions between antibacterial agents in combination.
Accordingly, morusin and kuwanon G were firstly tested alone
against MSSA ATCC 6538, MRSA ATCC 43300 and S. epidermidis
ATCC 12228. Both prenylated compounds showed very good
antibacterial activity against tested strains, including MRSA, with
MIC values of 6.25 and 12.50 pg/mL, respectively. Natural com-
pounds are considered to have very good, good, moderate and
low antibacterial activities if their MICs < 15 pg/mlL,
15 < MICs < 25 pg/mL, 25 < MICs < 100 pg/mL and
MICs > 100 ug/mL, respectively (Araya-Cloutier, 2017). It is worth
mentioning that our previous investigations on morusin and kuwa-
non G found irrelevant antibacterial effects against Gram-negative
bacteria (E. coli, P. aeruginosa) (data not shown). With respect to
morusin, our results are in agreement with previous studies
reporting very good and good antibacterial effects against MSSA
and S. epidermidis (MIC = 6.30 - 25 and 20 pg/mL, respectively)
but moderate and low activity against Gram-negative bacteria
(MIC = 62.5 pg/mL against P. aeruginosa, MIC > 100 pg/mL against
E. coli) (Mazimba et al., 2011; Pang et al., 2019; Sohn et al., 2004;
Wau et al.,, 2019; Zuo et al., 2018). Zuo et al. (2018) have recently
reported very good to moderate antibacterial effects for morusin
against clinical MRSA isolates (MIC = 8 - 32 pg/mL). Referring to
kuwanon G, recent studies reported very good antibacterial activ-
ity against MSSA and MRSA isolates (MICs of 2 and 8 pg/mL) (Wu
et al,, 2019).

Prenylation is undoubtedly the major contributor to the
antibacterial potency of morusin and kuwanon G. Prenylation
increases the hydrophobicity of the molecule resulting in an
increased affinity for the bacterial cytoplasmic membrane with
disturbance of its organization and biophysical properties
(Wesotowska et al., 2014). Being highly lipophilic due to the prenyl
moiety, prenylated compounds hardly penetrate the lipopolysac-
charide layer of the outer membrane of Gram-negative bacteria
(Araya-Cloutier, 2017). This explains, at least in part, the irrelevant
activity of prenylated compounds against Gram-negative bacteria.

3.2. Effects on the integrity and morphology of MRSA membrane

In an attempt to elucidate the mechanisms underlying their
antibacterial potential, morusin and kuwanon G have been
recently investigated with respect to their effects on MSSA mem-
brane; both compounds were found to disrupt the bacterial mem-
brane (Pang et al., 2019; Wu et al., 2019). In the present study, we
examined their effects on the integrity and morphology of MRSA (S.
aureus ATCC 43300) membrane using the fluorescence and differ-
ential interference contrast microscopy and SEM, respectively.
Substantial alterations in the membrane permeability were
observed in MRSA exposed to morusin or kuwanon G.

In the fluorescence and differential interference contrast micro-
scopy studies, two fluorescent DNA-binding dyes were used: acri-
dine orange (green fluorescence) that crosses the membranes of
both viable (intact membrane) and dead (leaky membrane) cells
and propidium iodide (red fluorescence) that does not permeate
the viable cell membranes (Kirchhoff and Cypionka, 2017) but per-
meates the dead cells. The fluorescence and differential interfer-
ence contrast microscopy images (Fig. 2A,B,C and Fig. S1AB,C
respectively) show that both morusin and kuwanon G (each at
2 x MIC) increased the permeability of MRSA ATCC 43300 mem-
brane. MRSA ATCC 43300 exposed to morusin or kuwanon G had
propidium iodide fluorescence (red) indicating loss of bacterial
membrane integrity. The control had acridine orange fluorescence
(green) indicating undamaged bacterial membrane throughout the
entire exposure period. The increase in membrane permeability
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Fig. 2. Effects of exposure to morusin and kuwanon G on the integrity (A, B, C) and morphology (D, E, F) of S. aureus ATCC 43300 (MRSA) membrane. Fluorescence images of S.
aureus ATCC 43300 (MRSA) after 60 min exposure to DMSO (control) (A), morusin (2 x MIC) (B) and kuwanon G (2 x MIC) (C). Scanning electron microscopy (SEM) of S. aureus
ATCC 43300 (MRSA) after 24 h incubation: no treatment (D), treated with morusin (%2 x MIC) (E) and kuwanon G (¥2 x MIC) (F).
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was time-dependent. Morusin and kuwanon G caused red fluores-
cence in about 40% bacterial cells after only 15 min exposure.
Higher percentages of red fluorescence cells (> 90%) were recorded
after 60 min exposure to morusin or kuwanon G (Fig. 3).

The effects of morusin and kuwanon G (each at %2 x MIC) on the
morphology of MRSA ATCC 43300 membrane were assessed by
SEM. Untreated MRSA showed normal morphology with spherical,
regular and smooth surface grape-like clusters whereas massive
leakage of cellular content was observed in MRSA treated with
morusin or kuwanon G (Fig. 2D,E,F).

3.3. Interactions of morusin and kuwanon G with antibiotics

The effects of morusin and kuwanon G in combination with
antibiotics were further evaluated using the checkerboard assay.
The antibiotics selected for the interaction studies (oxacillin,
erythromycin, gentamicin, ciprofloxacin, tetracycline and clin-
damycin) are commonly used, belong to different classes (beta-
lactams, macrolides, aminoglycosides, quinolones, tetracyclines
and lincosamides, respectively) and have different mechanisms of
activity (oxacillin: inhibition of cell wall biosynthesis, ciprofloxa-
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cin: inhibition of DNA replication, erythromycin, gentamicin, tetra-
cycline, clindamycin: inhibition of protein synthesis) (Kohanski
et al., 2010; Segatore et al., 2012). Unfortunately, they can develop
severe side effects (oxacillin: interstitial nephritis, drug-induced
hepatitis; erythromycin: ototoxicity, cardiac side effects; gentam-
icin: ototoxicity, nephrotoxicity; ciprofloxacin: seizures, tendinitis,
tendon rupture; tetracycline: photosensitivity; clindamycin: diar-
rhea, maculopapular rash) (Alikhani & Salehifar, 2012; Cunha,
2001; Lee et al., 2008). Therefore, their use in combination with
natural products having antibiotic potentiating effects would allow
the reduction of antibiotic doses in combination and consequently,
minimization of antibiotic side effects.

As mentioned in 2.7., the interactions in combination were
assessed using the FICI model, isobolograms and AE model.
According to FICI interpretation, combinations of morusin with
oxacillin, gentamicin, ciprofloxacin and tetracycline showed syner-
gistic interactions (FICI = 0.13 - 0.16) against MRSA ATCC 43300
with significant reductions in antibiotic MICs (16-, 32- and 64-
fold) (Table 1). The corresponding isobologram is depicted in
Fig. 4A. MRSA ATCC 43300 is resistant to oxacillin and gentamicin
(MIC = 64 and 256 pg/mL, respectively) while S. epidermidis ATCC
12228 is resistant to tetracycline (MIC = 128 pg/mL) and clin-
damycin (MIC = 200 pg/mL) (Aelenei et al., 2019b). In the present
study, morusin reversed oxacillin resistance of MRSA ATCC 43300
by decreasing its MIC in combination to 1 pg/mlL, value corre-
sponding to susceptibility according to CLSI (2017). Morusin did
not reverse gentamicin resistance of MRSA ATCC 43300 but
reduced its MIC in combination 16-fold. With respect to MSSA
ATCC 6538, morusin showed synergy with oxacillin, gentamicin,
ciprofloxacin and tetracycline (8- to 32-fold reduction in antibiotic
MICs), addition with clindamycin and indifference with ery-
thromycin (Table 1, Fig. 4C). Morusin also acted synergistically
with all antibiotics against S. epidermidis ATCC 12228 reversing
its resistance to tetracycline (512-fold reduction of tetracycline
MIC in combination) (Table 1, Fig. 4E). Antibacterial synergy of
morusin in combination with amikacin and etimicin against clini-
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fold reduction in antibiotic MICs, respectively) (Zuo et al., 2018).
Our investigations demonstrated that morusin can also act syner-
gistically with other antibiotics (oxacillin, gentamicin, ciprofloxa-
cin, tetracycline) and reverse oxacillin resistance of MRSA.

AE model confirmed all synergistic interactions (identified on
the basis of FICI values) between morusin and antibiotics. For
example, the three-dimensional plots of the combinations of mor-
usin and gentamicin against MRSA ATCC 43300 are illustrated, tak-
ing into consideration both the percentage of growth (Fig. 5A)
representing Emeasurea and AE (Fig. 5B) depicting the synergism in
combination (AE > 0). Two discrepancies between FICI interpreta-
tion and AE model are to be noticed. According to FICI values, com-
binations of morusin with erythromycin and clindamycin showed
indifference and addition against MSSA ATCC 6538, respectively
but they were interpreted as synergy and antagonism by AE model
(Table 1).

Discrepancies between FICI and AE interpretations for the same
combination have also been reported in other studies. For example,
combinations of usnic acid with levofloxacin were found as indif-
ferent by FICI model and interpreted as antagonistic by AE model
(Segatore et al., 2012). Such discrepancies could be attributed to
the particularities of each model. As mentioned before, the FICI
and AE models are based on two prominent drug combination the-
ories, Loewe additivity and Bliss independence, respectively
(Koizumi and Iwami, 2014; Meletiadis et al., 2005; Segatore
et al., 2012; Sun et al., 2008). The FICI interpretation requires the
concentrations of drugs, alone and in combination, inducing the
same effect whereas the AE model estimates the combined effects
on the basis of the individual effects and compares the estimated
effects with the experimental ones (Sun et al., 2008). However, a
terminology reflecting the level of consistency between Loewe
and Bliss models has been proposed: an interaction identified as
synergistic by both models is considered “strong synergy”; in case
the interaction is identified as synergistic by only one model, it is
“weak synergy” (Caesar and Cech, 2019; Tang et al. 2015). As the
number of drugs that are combined increases, Loewe additivity

cal MRSA isolates has been recently reported (16- to 2- and 8- to 2- model loses accuracy whereas Bliss independence model
Table 1
Interactions between morusin and antibiotics assessed by different experimental models.
Checkerboard assay Time-kill assay
Atb MICaw* DRIacwb MICyo* DRIvo FICI INT AE model Ma ALCyy INT
STSYN (n') STANT (n) INT
S. aureus ATCC 43300
0X 1 64 0.78 8 0.14 S 3506.05 (69) 0(0) S MO 2.61+£0.16 S
GEN 16 16 0.39 16 0.13 S 4369.80 (60) 0(0) S MO 2.15+0.17 S
CIP 0.02 32 0.78 8 0.16 S 3654.80 (69) 0(0) S CIP 1.18 £ 0.07 Ad
TE 1 64 0.78 8 0.14 S 3285.52 (70) 0(0) S TE 1.49 £ 0.06 Ad
S. aureus ATCC 6538
0X 0.02 16 1.56 4 0.31 S 3714.51 (68) 0(0) S 0X 1.56 + 0.06 Ad
ERY 0.33 1 0.10 64 1.02 1 2964.55 (62) 0(0) S ND
GEN 0.02 8 1.56 4 0.38 S 4037.23 (70) 0(0) S GEN 1.56 + 0.02 Ad
CIP 0.03 16 0.78 8 0.19 S 3903.85 (70) 0(0) S CIP 1.05 + 0.03 Ad
TE 0.02 32 1.56 4 0.28 S 3271.33 (68) 0(0) S TE 1.56 £ 0.32 Ad
CLI 0.01 128 3.13 2 0.51 Ad 0(0) —779.17 (61) A ND
S. epidermidis ATCC 12228
oX 0.02 16 1.56 4 0.31 S 4132.73 (63) 0(0) S oX 1.80+0.18 Ad
ERY 0.01 16 0.78 8 0.18 S 3882.77 (59) 0(0) S ERY 1.03 £ 0.06 Ad
GEN 0.02 8 1.56 4 0.38 S 4511.68 (68) 0(0) S GEN 1.24 £ 0.09 Ad
CIP 0.02 32 1.56 4 0.28 S 3953.39 (66) 0(0) S CIP 1.54 £0.23 Ad
TE 0.25 512 1.56 4 0.25 S 4124.92 (66) 0(0) S MO 1.29 £ 0.06 Ad
CLI 50 4 0.10 64 0.27 S 3575.29 (70) 0(0) S MO 0.25 + 0.07 1

Legend: A - antagonism, Ad - addition, Atb - antibiotic, CIP - ciprofloxacin, CLI - clindamycin, DRI - dose reduction index, ERY - erythromycin, FICI - fractional inhibitory
concentration index (median of three FICI calculated for three independent experimental determinations), GEN - gentamicin, INT - interpretation, I - indifference, Ma - most
active agent of combination, MIC - minimum inhibitory concentration, MO - morusin, ND - not determined, OX - oxacillin, S - synergism, TE - tetracycline.

* MIC in combination, pg/mL.

“ n, number of combinations (amongst the 70 combinations for each strain) with statistically significant synergism or antagonism.
™ The increase in bacterial killing induced by the combination in comparison with its most active component tested alone, expressed in log;o CFU/mL at 24 h incubation,

mean * standard deviation.
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Fig. 4. Isobolograms depicting the interactions between morusin (MO) or kuwanon G (KG) and antibiotics (OX - oxacillin, CIP - ciprofloxacin, CLI - clindamycin, ERY -
erythromycin, GEN - gentamicin, TE - tetracycline) against S. aureus ATCC 43300 (MRSA) (A, B), S. aureus ATCC 6538 (MSSA) (C, D) and S. epidermidis ATCC 12228 (E, F).
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Fig. 5. Three-dimensional plot of the experimental percentage of growth between morusin and gentamicin against S. aureus ATCC 43300 (MRSA) (A). Three-dimensional plot
of the difference between the predicted and experimental percentage of growth between morusin and gentamicin against S. aureus ATCC 43300 (MRSA) (AE model) (B).

maintains its predictability (Caesar and Cech 2019; Lederer et al.
2019).

In contrast to checkerboard method which assesses bacterio-
static synergism, time-Kkill assay evaluates bactericidal synergism
(Zuo et al., 2016). Time-killing experiments were performed at
sub-inhibitory concentrations (¥2 x MIC) for all the combinations
showing synergy in the checkerboard assay. The kinetic of the
interaction between bacterial cells and antibacterial agents was
followed for 48 h, the change in bacterial killing induced by a com-
bination in comparison with its most active component being

determined at 24 h (ALCy4). Bactericidal synergism (ALCyy > 2
log10 CFU/mL) was detected only for the combinations of morusin
with gentamicin and oxacillin against MRSA ATCC 43300; these
combinations caused 2.61 and 2.15 log;o decrease in colony counts,
respectively, in comparison with the most active component of the
combination tested alone (morusin). Eleven combinations showed
additive kinetics (ALCy4 = 1.03-1.80 log;o CFU/mL) and one combi-
nation was found indifferent (ALCy4 = 0.25 log;o CFU/mL). Combi-
nations showing additive kinetics are also of interest as they
display more potent bactericidal effects than the most active com-
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ponent of the combination tested alone (Table 1). Only the time-
kill curves corresponding to the combinations showing bactericidal
synergism were represented graphically in Fig. 6.

The partial agreement (44 - 88%) between the checkerboard
and time-kill tests, reported in many studies, could be explained,
in large part, by the different processes assessed in these two tests:
inhibition of bacterial growth in the former and bacterial killing in
the latter (White et al., 1996). For example, morusinol, a prenylfla-
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Fig. 6. Time-kill curves of morusin, gentamicin and oxacillin (each at %2 x MIC)
alone and in combination against S. aureus ATCC 43300 (MRSA).

Table 2

vonoid in white mulberry root bark, showed synergistic interac-
tions with amikacin against clinical MRSA isolates in the
checkerboard assay (FICI = 0.09 - 0.50) but in the time-kill exper-
iments, the combinations of morusinol with amikacin (at MIC)
were indifferent (Zuo et al., 2018).

In accordance with FICI interpretation, kuwanon G showed syn-
ergy with oxacillin, gentamicin, ciprofloxacin and tetracycline
against MRSA ATCC 43300 (64-, 8-, 32- and 4-fold reduction in
antibiotic MICs, respectively) and reversed its resistance to oxacil-
lin (Table 2, Fig. 4B). Synergistic interactions were also found for
the combinations of kuwanon G with oxacillin against MSSA ATCC
6538 and kuwanon G with gentamicin against S. epidermidis ATCC
12228; combinations of kuwanon G with ciprofloxacin showed
synergy against both strains. In these combinations, antibiotic
MIC was lowered 4- and 8-fold (Table 2, Fig. 4D,F). Furthermore,
six additive interactions were detected showing 2-, 4- and 16-
fold decrease in antibiotic MICs against MSSA ATCC 6538 and S.
epidermidis ATCC 12228 (Table 2, Fig. 4D,F). AE model confirmed
synergy for six of eight combinations described as synergistic using
FICI interpretation (Table 2). Similar to morusin, time-killing
experiments were performed (at ¥2 x MIC) for all the synergistic
combinations in the checkerboard assay but no bactericidal syn-
ergy was detected. It is worth mentioning that the combination
of kuwanon G with ciprofloxacin showed additive bactericidal
effects on MRSA ATCC 43300 and S. epidermidis ATCC 12228
(ALCy4 = 1.72 and 1.56 log;o CFU/mL, respectively). Combination
of kuwanon G with oxacillin showed weak additive effect on MRSA
ATCC 43300 (ALCy4 = 1.08 log;o CFU/mL). Other six combinations
were found to be indifferent (ALCy4 = 0.18 - 0.90 log;o CFU/mL)
(Table 2).

Overall, our investigations clearly indicate that morusin and
kuwanon G, prenylated phenolics in Morus species, enhance the
antibacterial potency of several commonly used antibiotics against
MSSA, MRSA and S. epidermidis. The alteration of bacterial mem-
brane integrity undoubtedly plays a major role in antibiotic
enhancing effects as it potentiates the activity of membrane target-
ing antibiotics (oxacillin) and facilitates the penetration and

Interactions between kuwanon G and antibiotics assessed by different experimental models.

Checkerboard assay

Time-kill assay

Atb MICawp " DRIaw MICyc" DRlkc FICI INT AE model Ma ALCyy INT
SISYN (n') STANT (n) INT
S. aureus ATCC 43300
(0):¢ 1 64 3.13 4 0.27 S 442.20 (47) 0(0) S KG 1.08 £ 0.01 Ad
GEN 32 8 0.78 16 0.19 S 0(0) 0(0) I KG 0.77 + 0.05 I
CIP 0.02 32 3.13 4 0.38 S 3385.19 (69) 0(0) S CIP 1.72 £ 0.03 Ad
TE 0.25 4 1.56 8 0.38 S 1492.86 (37) 0(0) S KG 0.18 + 0.03 I
S. aureus ATCC 6538
oX 0.06 4 0.20 64 0.27 S 0(0) —328.7 (31) A 0X 0.67 + 0.06 I
ERY 0.17 2 1.56 8 0.63 Ad 0(0) 0 (0) I ND
GEN 0.03 4 12.50 2 0.75 Ad 1526 (36) 0(0) S ND
CIP 0.13 4 0.20 64 0.27 S 3442.77 (59) 0(0) S CIP 0.56 + 0.09 I
TE 0.25 2 12.50 2 1 Ad 1416.67 (18) 0(0) S ND
CLI 0.01 128 12.50 1 1.01 I 3575.29 (70) 0(0) S KG 0.52 +0.03 I
S. epidermidis ATCC 12228
(0):¢ 0.13 2 0.20 64 0.52 Ad 0(0) -10.74 (2) [ ND
ERY 0.01 16 6.25 2 0.56 Ad 81.33 (19) 0(0) I ND
GEN 0.02 8 3.13 4 0.38 S 2284 (57) 0(0) S GEN 0.90 + 0.07 I
CIp 0.13 4 0.20 64 0.28 S 3547.84 (59) 0(0) S CIP 1.56 = 0.06 Ad
TE 64 2 1.56 8 0.62 Ad 2455 (24) 0(0) S ND
CLI 1 200 12.50 1 1.01 I 5.30 (5) 0(0) I KG 0.23 £ 0.08 I

Legend: A - antagonism, Ad - addition, Atb - antibiotic, CIP - ciprofloxacin, CLI - clindamycin, DRI - dose reduction index, ERY - erythromycin, FICI - fractional inhibitory
concentration index (median of three FICI calculated for three independent experimental determinations), GEN - gentamicin, INT - interpretation, I - indifference, KG -
kuwanon G, Ma - most active agent of combination, MIC - minimum inhibitory concentration, ND - not determined, OX - oxacillin, S - synergism, TE - tetracycline.

* MIC in combination, pg/mL.

“ n, number of combinations (amongst the 70 combinations for each strain) with statistically significant synergism or antagonism.
™ The increase in bacterial killing induced by the combination in comparison with its most active component tested alone, expressed in log;o CFU/mL at 24 h incubation,

mean * standard deviation.
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activity of antibiotics inside the bacterial cell (ciprofloxacin, ery-
thromycin, gentamicin, tetracycline, clindamycin). It is worth men-
tioning that the doses of morusin and kuwanon G in the
combinations reported as synergistic by FICI and AE models (mor-
usin: < 1.56 pg/mL equiv. to 3.71 uM; kuwanon G: < 3.13 pg/mL
equiv. to 4.52 uM) are lower than the ones found to be cytotoxic
in human normal cells (morusin: ICsg = 9.48 pg/mL in human nor-
mal mammary epithelial cells (MCF-10A), IC5o = 12.45 pg/mL in
human normal liver cells (LO2), no alteration in viability of HaCaT
keratinocytes and MC/9 mast cells at concentrations of up to 5 uM;
kuwanon G: no alteration in viability of HaCaT keratinocytes and
MC/9 mast cells at concentrations up to 20 and 10 uM, respec-
tively) (Gao et al., 2017; Jin et al., 2019; Li et al., 2015). Unfortu-
nately, the isolation of pure phytochemicals from plant material
is a complex, time-consuming, costly and low-yield process. Chem-
ical synthesis is an alternative approach to produce phytochemi-
cals in higher yields with lower costs (Zhou et al., 2011). Morusin
has already been synthesized from phloroglucinol (Tseng et al.,
2010). To the best of our knowledge, the synthesis of kuwanon G
has not been reported yet but other natural Diels - Alder type
adducts (kuwanons I and ], panduratin A, nicolaioidesin C) have
been successfully obtained by chemical synthesis based on biosyn-
thesis models (biomimetic synthesis) (Nasir et al., 2017).

4. Conclusions

The present study investigated the ability of morusin and kuwa-
non G to potentiate the effects of some common antibiotics against
MSSA, MRSA and S. epidermidis. Twenty combinations (14
morusin-antibiotic combinations, six kuwanon G-antibiotic combi-
nations) showed bacteriostatic synergy according to both FICI and
AE models. In these combinations, morusin and kuwanon G had
strong impact on antibiotic MICs reducing their values 4- to 512-
fold. Both prenylated compounds reversed oxacillin resistance of
MRSA. In addition, morusin reversed tetracycline resistance of S.
epidermidis. Combination of sub-inhibitory concentrations (¥2 x
MIC) of morusin and oxacillin or morusin and gentamicin dis-
played bactericidal synergy against MRSA. Alteration of bacterial
membrane is responsible, at least in part, for the increase in antibi-
otic susceptibility and reversal of antibiotic resistance. To con-
clude, our findings support that both morusin and kuwanon G
are good candidates for the development of novel antibacterial
combination therapies. Further studies are necessary to confirm
the in vivo efficacy of these combinations.
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