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Abstract: The present investigation aimed to assess the combinational effect of commonly used
antipyretics and antiseptics with ethanolic extracts of propolis (EEPs) on the growth inhibition of
Staphylococcus aureus. The broth microdilution checkerboard assay revealed synergistic interactions
between all investigated antipyretics, namely acetylsalicylic acid, ibuprofen, and acetaminophen,
with EEPs samples. The values of the fractional inhibitory concentration (XFIC) index for all these
combinations were <0.5. While, in the case of considered antiseptics, namely chlorhexidine, octenidine
dihydrochloride, and 2-phenoxyethanol, the positive interaction was confirmed only for the last one
(values of LFIC in the range 0.0625-0.25). Combinations of two other agents with all four samples of
EEPs resulted in an important antagonistic effect (values of XFIC > 4.5). Propolis is mostly dedicated
to the treatment of skin/wound infections; thus, these findings are of particular practical importance.
The outcomes of the study also support the hypothesis that the propolis’s antimicrobial effect is due
to the combined (synergistic) action of several ingredients rather than the presence of one component
of high antibacterial activity. The composition of 13 ingredients of EEPs (at a concentration below
the MIC (minimum inhibitory concentration) of the most active agent) exhibited considerably high
anti-staphylococcal efficiency with MIC = 128 pug/mL.

Keywords: propolis; synergism; acetaminophen; 2-phenoxyethanol; ibuprofen; chlorhexidine; octeni-
dine dihydrochloride; acetylsalicylic acid; Staphylococcus aureus

1. Introduction

Antibiotic resistance has been reported by the World Health Organization (WHO)
as one of the most severe threats to public health [1]. The increasing phenomenon of
drug resistance makes modern antibiotics ineffective, so they quickly lose their use in
medical practice [2]. Many bacteria strains are resistant to more than one antibiotic,
and this phenomenon is called multiple drug resistance. One of the most problematic
multidrug-resistant bacteria is methicillin-resistant Staphylococcus aureus (MRSA). S. aureus
is considered to be the most common pathogen and mortality factor in both hospital and
non-hospital environments worldwide. It causes a broad spectrum of diseases, ranging
from relatively benign skin and soft tissue infections to severe postoperative wound
infections and life-threatening conditions, such as sepsis, endocarditis, osteomyelitis, and
pneumonia [3,4]. Additionally, S. aureus strains produce staphylococcal toxins, causing
severe illnesses, such as burned skin syndrome, toxic shock syndrome [5,6], and food
poisoning [7].

Due to serious infectious diseases and the continuous development of drug resistance,
there is an urgent need to discover new antibacterial substances and/or improve the
existing ones [8]. A promising approach to the fight against drug resistance seems to be
the search for and research into new, alternative sources of antibacterial substances. Such
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compounds may inhibit bacterial growth through different action mechanisms than the
currently used antibiotics, ensuring effectiveness in fighting infections caused by drug-
resistant microorganisms [9,10].

Over the last few years, there has been a renewed increase in interest in the antimi-
crobial activity of natural bee products; among them, propolis seems to exhibit the most
promising therapeutic potential [11,12]. Propolis is a complex resinous mixture collected
by honey bees from some trees” buds and partly enriched with wax, pollen, bee gland
secretion, and various mechanical impurities, such as dust, and pieces of wings, and legs
of bees, and other insects. Due to its waxy nature and mechanical properties, propolis is
used by honey bees as a building material to strengthen the hive’s structure and defend the
colony against infections. Propolis is a highly complex biological mixture. Raw propolis
usually consists of 50% plant resins, 30% waxes, 10% essential and aromatic oils, 5% pollen,
and 5% other organic substances [13]. Propolis’s chemical composition strongly depends
on the geographical region, seasonality, and plant species used to produce propolis [14]. In
Central European countries, including Poland, bees collect secretions mainly from poplar
(Populus spp.) and alder (Alnus spp.) buds [15]. It contains over a dozen active substances,
including flavonoids (flavonols, flavones, and flavanones), aromatic acids, esters, aldehy-
des, coumarins, terpenes, sterols, fatty acids, and the following microelements: Mn, Fe,
Si, Mg, Zn, and Se [13,16,17]. Propolis’s antimicrobial property has been widely inves-
tigated, and several authors have demonstrated its antibacterial [17-19] and antifungal
activity [20,21]. It is believed that propolis’s antibacterial effect results from flavonoids,
aromatic acids, and sesquiterpenes [22-24].

Numerous literature reports indicate the synergistic effect of propolis and many an-
tibiotics [16,24-33]. Studies show that propolis reverses resistance to antibiotics whose
mechanisms of action consist of inhibiting cell wall synthesis and that it has a synergistic
effect with antibiotics that target ribosomes [16]. In our previous studies, we observed the
synergistic effect of propolis’s ethanolic extract with (fractional inhibitory index (XFIC)
< 0.5) aminoglycoside antibiotics (amikacin, kanamycin, and gentamicin), tetracycline,
and fusidic acid on the growth inhibition of S. aureus [17]. Synergistic interaction between
propolis and other antibiotic or non-antibiotic compounds can potentially prevent resis-
tance, increase antibacterial efficacy, and provide broader-spectrum antibacterial activity
than antibiotic monotherapy.

Apart from antibiotics, an important group of agents used for the treatment and pro-
phylaxis of bacterial, including staphylococcal, skin infections is disinfectants. Historically,
the most common disinfectants were solutions of hydrogen peroxide and tinctures of ele-
mental iodine. Both these agents, however, very effective in the elimination of pathogenic
bacteria, exhibit some important drawbacks, including high cytotoxicity (H,O, solutions),
excessive staining, burning sensation, and potential negative impact on the thyroid (iodine
tinctures) [34]. Currently, protection against skin infections is rather performed with dis-
infectants that contain ingredients that have no side effects. Among them, chlorhexidine,
octenidine dihydrochloride, and 2-phenoxyethanol belong to the most common. Moreover,
2-phenoxyethanol may also be utilized in cosmetics and pharmaceuticals as a preservative.
Propolis belongs to the most popular alternative/non-antibiotic agents proposed for the
treatment of skin and wound infections. One of the main goals of this investigation was to
determine whether the ethanolic extract of propolis affects the antimicrobial effectiveness
of modern disinfectants’ ingredients. It must be highlighted that both potential effects of
combined therapies carried out with propolis and disinfectants, namely synergism and
antagonism, could be important for the final result of the therapy.

Propolis is also widely used for the treatment of colds and sore throats. An important
symptom of these bacterial infections is fever, which is treated with antipyretics. Because
antipyretics are often co-administered with antimicrobials, it is essential to understand the
interactions between these two classes of drugs [35]. It has been found that antipyretics
have a synergistic effect on the antibacterial activity of some antibiotics [36]. However,
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to the author’s best knowledge, no research has evaluated the combined effect of these
medicines with alternative antimicrobials, such as propolis.

The present investigation aimed to assess the combinational effect of commonly used
antipyretics (acetylsalicylic acid, ibuprofen, and acetaminophen) and antiseptics (chlorhexi-
dine, octenidine dihydrochloride, and 2-phenoxyethanol) with ethanolic extracts of propolis
on the growth inhibition of S. aureus. The outcomes of the study fulfilled some important
gaps in our knowledge about therapeutic properties, advantages, and disadvantages of
propolis, which could be important in the clinical scenario. Moreover, we also determined
the anti-staphylococcal potential of several flavonoids that have been identified as crucial
components of this product from the point of view of its antimicrobial effectiveness.

2. Materials and Methods
2.1. Chemicals and Reagents

The standard compounds and reagents of resazurin sodium salt, dimethyl sulfox-
ide, ferulic acid, p-coumaric acid, 2-phenoxyethanol, acetylsalicylic acid, ibuprofen, ac-
etaminophen, chlorhexidine, phosphate-buffered saline tablet were purchased from Sigma-
Aldrich (Saint Louis, MO, USA). The standards of sakuranetin, pinobanksin, pinocembrin,
pinostrombin, galangin, apigenin, chrysin, kaempferol were obtained from ChemFaces
Biochemical (Wuhan, China). Ethyl alcohol was from Avantor Performance Materials
(Gliwice, Poland). Ultrapure water (18.0 M(2) was obtained with the Milli-Q Advantage
A10 system (Millipore, Billerica, MA, USA). The absorbance of the reaction mixture in
resazurin assays was measured using the SPARK® multimode microplate reader (Tecan,
Minnedorf, Switzerland).

2.2. Bacterial Strains and Media

The antimicrobial activity of polyphenols of propolis, antipyretics drugs, and antisep-
tics was tested against two reference strains of bacteria: Staphylococcus aureus ATCC 25923
and Staphylococcus aureus ATCC 29213 acquired from the American Tissue Culture Collec-
tion (ATCC, Manassas, VA, USA), and five MSSA (methicillin-susceptible Staphylococcus
aureus) and three MRSA (methicillin-resistant Staphylococcus aureus) isolates from patients
with different infections. S. aureus ATCC 25923 was used for synergistic studies. Bacteria
were routinely grown on Luria-Bertani (LB) plates (Saint Louis, MO, USA). The minimum
inhibitory concentrations (MICs) were determined using Mueller-Hinton Broth (MHB,
Sigma-Aldrich, Saint Louis, MO, USA), and for the determination of minimum bactericidal
concentrations (MBCs), the broths used for MIC determination were subcultured onto
Baird Parker Agar plates (Biomaxima, Lublin, Poland).

2.3. Ethanol Extracts of Propolis and Polyphenols Mixture Preparation

Four raw samples of Apis mellifera propolis were obtained from Polish apiaries between
autumn and spring of 2015 (EEP2), 2017 (EEP3, EEP4), and 2018 (EEP1). The crude samples
were kept in a dry place and stored at room temperature in the dark until processing.
Ethanolic extracts of propolis were obtained using the previously described method [17].
Briefly, 5 g of propolis samples were added to 50 mL of 70% ethanol and macerated for 100 h
under gentle agitation. After extraction, the ethanol extract solutions were centrifuged at
9000 rpm for 10 min. The collected supernatants were filtrated through 0.22 um pore size
filters, evaporated to dryness by rotary vacuum evaporator, and then solutions of desired
concentrations were prepared in 70% ethanol.

Polyphenols were dissolved in dimethyl sulfoxide (DMSO) to final concentrations of
10.24 mg/mL. A total of 13 polyphenols (sakuranetin, pinobanksin, pinocembrin, pinos-
trombin, galangin, apigenin, chrysin, kaempferol, ferulic acid, isoferulic acid, p-coumaric
acid, caffeic acid quercetin) were combined together to prepare the mixture of polyphenols.
The mixture’s final concentration was prepared at a concentration of 10.24 mg/mL. The
concentration of each polyphenol in the mixture was equal. Representatives of polyphenols
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were chosen based on our previous investigations of the chemical composition of Polish
propolis samples [17].

2.4. Determination of Minimum Inhibitory Concentration and Minimum
Bactericidal Concentration

Minimum inhibitory concentrations (MICs) were determined by the resazurin-based
broth microdilution assay [37]. Briefly, several bacterial colonies were picked from an LB
plate that had been incubated overnight and suspended in PBS(phosphate-buffered saline).
The bacterial cell suspension was adjusted to the optical density (OD) of ODgyy = 0.1 and
further diluted at a ratio of 1:100 v/v to ~10° CFU/mL in MHB. A volume of 100 uL of the
suspension was added to 96-well microtiter plates, with each well containing 100 uL of a
dilution series of antimicrobials previously prepared in MHB. The plates were incubated
overnight at 37 °C. The 30 pL of resazurin sodium salt (0.015% in PBS) was added to each
well of a microtiter plate. The plates were further incubated for 90 min at 37 °C in the
dark, and MICs were determined through fluorescence measurement at 550 and 590 nm
excitation. The lowest concentrations of antimicrobials with no bacterial growth were taken
as MIC values. For the determination of minimum bactericidal concentrations (MBCs), a
small volume of each dilution used for MIC assay was transferred with a 48-well microtiter
plate replicator on Baird-Parker agar plates. The MBC value was where there was no colony
growth observed after overnight incubation at 37 °C.

2.5. Growth Curve

To obtain the growth kinetics of S. aureus ATCC 25923 in the presence of different
concentrations of flavonoids, a microtiter plate-based assay was used. Growth curves
were performed for four flavonoids: galangin, quercetin, kaempferol, and pinocembrin,
which revealed the anti-staphylococcal activity. Two-fold dilutions of flavonoids were
prepared in DMSO. A 10 pL of each dilution was added to wells in the microtiter plate.
Inoculum of ~5.0 x 10° CFU/mL was added for a final volume of 200 uL. The final
concentrations of each dilution were 1024, 512, 256, 128, 64, 32, 16, 8, 4, and 2 pg/mL.
Microbial growth kinetics was recorded for 24 h on the SPARK® multimode microplate
reader (Tecan, Médnnedorf, Switzerland). Every hour, culture turbidity was measured as
absorbance at 600 nm, with 10 s agitation before each OD measurement. XY graphs were
made using GraphPad Prism® 8.0. 1 (GraphPad Software, Inc., La Jolla, CA, USA).

2.6. Checkerboard Dilution Test

Checkerboard assay was performed to determine possible additive/synergistic drug
interactions when using combinations of a propolis extract with antiseptics (2-phenoxyethanol,
chlorhexidine, and octenidine dihydrochloride) and antipyretics (acetylsalicylic acid,
ibuprofen, and acetaminophen) against S. aureus. Four samples of propolis (EEP1, EEP2,
EEP3, and EEP4) were tested. The test was performed according to the procedure presented
in our previous report [17] with some modifications. Briefly, two-fold dilutions of agent
A were prepared, and 10 pL of each dilution was distributed along the y-axis in a 96-well
plate. Then, 10 pL of previously prepared two-fold dilutions of agent B were distributed
along the x-axis. Afterward, each well in the microtiter plate was inoculated with 180 pL of
~5.0 x 10° CFU/mL inoculum. Final concentrations of both agents ranged from at least
MIC to 1/64 MIC. Following the incubation of the plates at 37 °C for 24 h under static
conditions, 30 uL of resazurin solution (0.015% in PBS) was added to all wells, and plates
were incubated for further 90 min at 37 °C in the dark. After this time, fluorescence was
measured at 550 and 590 nm.

2.7. Fractional Inhibitory Concentration (FIC) Index Calculation

The data from the checkerboard assay were used for ZFIC values calculation, and
results were analyzed according to the guidelines published by Odds [38]. Fractional
inhibitory concentration index (XFIC) was calculated for each combination as follows
(Equation (1)):
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MIC of EEP in combination with agent B n MIC of agent B in combination with EEP

) FIC= MIC of EEP alone MIC of agent B alone v

The interaction of two antimicrobial agents was considered synergistic if the ZFIC
was < 0.5, indifferent when the ZFIC index value was in the range from 0.5 to 4.0, and
antagonistic if the XFIC was > 4.0.

2.8. Synergy Score Calculation

The fluorescence measurement data were also visualized and analyzed using freely
available software, Combenefit (version 2.021, Cancer Research UK Cambridge Institute,
Cambridge, UK), which simultaneously assesses synergy/antagonism from dose-response
data using three classical models, namely the Loewe, the Bliss, and the Highest Single Agent
(HAS). In this study, we applied the Loewe additivity theory for two-drug combinations.
The analysis was performed as described by Di veroli et al. [39]. Briefly, the data were
expressed as a “percentage of control” and saved in .xls files according to a template
provided by the software developers. The difference between the Loewe model-based
expected additive effect and the actual effect of the drug combination was calculated by the
software. This difference value is called a synergy score. The software calculates a synergy
score for each combination, where a positive score indicates synergy, a score of 0 is additive,
and a negative score indicates antagonism [39]. The calculated values were represented as
a synergy heatmap with the color scale from blue (synergism) to red (antagonism).

2.9. Data Analysis

All experiments in this study were completed in triplicate, and data were expressed
as the means + SD.

3. Results
3.1. Antimicrobial Activity of Antipyretics and Antiseptics

The antibacterial activities of antipyretics (ibuprofen, aspirin, and acetaminophen)
and antiseptics (2-phenoxyethanol, chlorhexidine, and octenidine dihydrochloride) were

tested against two reference and eight clinical staphylococcal strains. The results are shown
in Tables 1 and 2.

Table 1. Antimicrobial activity of antipyretics against different strains of S. aureus.

MIC and MBC Against Different Strains of Bacteria

. . Acetaminophen Ibuprofen Acetylsalicylic Acid
Bacterial Strains (ug/mL) (ug/mL) (ug/mL)

MIC  MBC _ MIC  MIC MBC MIC

5. ””rzeg‘gszéTCC 8000  >8000 500 4000 2000 4000
5. “”rzeg‘zsl’;TCC >8000  >8000 500 4000 2000 4000
MSSA 1 >8000  >8000 500 2000 2000 4000
MSSA 2 8000  >8000 500 4000 1000 4000
MSSA 3 >8000 8000 500 4000 2000 4000
MSSA 4 58000 8000 500 4000 1000 4000
MSSA 5 8000  -8000 500 4000 2000 4000
MRSA 1 8000  =8000 500 2000 2000 4000
MRSA 2 >8000 8000 500 2000 2000 4000
MRSA 3 8000  -8000 500 1000 2000 4000

MIC-minimum inhibitory concentration, MBC-minimum bactericidal concentration; MSSA-methicillin-
susceptible Staphylococcus aureus; MRSA—methicillin-resistant Staphylococcus aureus.
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Table 2. Antimicrobial activity of antiseptics against different strains of S. aureus.

MIC and MBC (ug/mL) against Different Strains of Bacteria

. e Octenidine

Bacterial Strains 2-Phe(£>o(>z<))/r:;)h anol Chl(orh/(;_;(ic)lme Dihydrochloride
° HE (ug/mL)

MIC MBC MIC MBC MIC MBC
5. “”rzeg‘;z‘gTCC 0.312 1.250 0.100 0.100 0.400 0.400
5. ““%‘;@TCC 0312 1.250 0.100 0.100 0.200 0.200
MSSA 1 0312 0312 0.100 0.100 0.400 0.400
MSSA 2 0.312 0.625 0.100 0.100 0.200 0.200
MSSA 3 0312 0.625 0.100 0.100 0.200 0.200
MSSA 4 0312 1.250 0.100 0.200 0.200 0.200
MSSA 5 0.312 1.250 0.100 0.200 0.200 0.200
MRSA 1 0312 0312 0.400 0.400 0.200 0.200
MRSA 2 0312 0.625 0.100 0.100 0.200 0.200
MRSA 3 0.156 0.625 0.100 0.200 0.200 0.200

All of the antipyretics showed weak antibacterial activity against reference strains and
MSSA and MRSA isolates of S. aureus. Ibuprofen showed the most potent antibacterial
activity, with MICs of 500 pg/mL and MBCs ranging from 1000 to 4000 pg/mL. The MICs
of acetylsalicylic acid ranged from 1000 ng/mL to 2000 ng/mL. The MBC of acetylsalicylic
acid was found to be 4000 pg/mL. Acetaminophen exhibited an inhibitory effect against
five out of ten tested strains with a MIC value of 8000 pg/mL. At the tested concentrations
of acetaminophen, no bactericidal effect was observed against all strains.

All tested antiseptics effectively inhibited the growth of all tested strains. MICs of
2-phenoxyethanol ranged from 0.156% to 0.312% (v/v), and the values of MBC of 2-
phenoxyethanol were in the range from 0.312% to 1.25% (v/v). MICs and MBCs of chlorhex-
idine ranged from 0.1 ug/mL to 0.4 ug/mL. MICs and MBCs of octenidine dihydrochloride
ranged between 0.2 and 0.4 pg/mL.

Both reference and clinical Staphylococcus aureus strains were relatively equally sen-
sitive to the tested antipyretics and antiseptics. Therefore, the reference S. aureus ATCC
25923 strain was selected for the synergism studies.

3.2. In Vitro Evaluation of Combinations of Antipyretics and Antiseptics with Propolis
Ethanolic Extracts

In the checkerboard assay, antipyretics drugs (ibuprofen, acetylsalicylic acid, and
acetaminophen) and antiseptics (2-phenoxyethanol, chlorhexidine, and octenidine dihy-
drochloride) were combined with four samples of EEPs (EEP1, EEP2, EEP3, EEP4). Combi-
nations were tested on the growth of S. aureus ATCC 25923. Concentrations ranged from
several dilutions below the MIC to the MIC value or 1-3 dilutions above the MIC. Drug
combination effects were assessed on the basis of the values of the calculated fractional
inhibitory concentration (XFIC) index, as was proposed by Odds [38]. The interaction
between two antimicrobial agents was considered synergistic when the ~FIC was <0.5,
indifferent when the XFIC value was in the range between 0.5 and 4.0, and antagonistic
for ZFIC > 4.0. The synergy level between two drugs was also quantified and visualized
by a tool called Combenefit using Loewe additive model. Combenefit provides set of
scores that capture information about the synergy distribution (<1 = synergy, 0 = additive,
>1 = antagonism). The ZFICvalues of the best combinations are listed in Tables 3 and 4.
The checkerboard results showing growth inhibition percentage and heatmaps showing
Loewe synergy scores distribution are demonstrated in Figures 1-3 (only data for EEP1
are presented).
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Table 3. The checkerboard analysis of drug interaction between EEPs and different antiseptic against
S. aureus ATCC 25923.

MIC (ug/mL)/((%(v/v)) *

Agent Alone Combination FIC ZFIC Interpretation
L 0050 0B a5 syneryy
N 0050 01 oa5 Synemy
EIE}]; ; 2863(1)(2)0 106.0(21000 8(1)83 0.187 Synergy
e w0 0.050 025 0312 Synemy
O S 2000 i =000 Antagonism
et G Zose A% 21000 Antagonism
R 23500 26800 S0 29000 Antagonism
e S Zowo 200 10000 Antagonism
ng)l 13.84'880 12218 ,'288 2149880 >5.000 Antagonism
E(Fil]?)z 1%%1880 12253 288 21 40880 >5.000 Antagonism
Egl]))3 2864880 521% ggg 22 40880 >6.000 Antagonism
oo Gao S S 24500 Antagonism

* PE—%(v/v); EEP, C, OD—pg/mL. PE—2-phenoxyethanol, C—chlorhexidine, OD—octenidine dihydrochloride.

Table 4. The checkerboard analysis of drug interaction between EEPs and antipyretics (IB—ibuprofen,
AS—acetylsalicylic acid, AM—acetaminophen) against S. aureus ATCC 25923.

MIC (ug/mL)

Agent Alone Combination FIC LFIC Interpretation
I 500000 125,000 00 0375 Synergy
i’ 530,000 62.500 013 0250 Synergy
I 536000 31.300 D0 0187 Synergy
e 500000 62.500 015 0250 Synergy
s 2000.000 155,000 e 0.250 Synergy
s 2000.000 62500 0031 0.281 Synergy
s 3000.000 37950 0.0%¢ 0.078 Synergy
Eilg4 2102080'.000000 13'50.880 8:82% 0.125 Synergy
EEII\D/I1 81()2080.000000 11265'900000 8%)%2 0.141 Synergy
B 000,000 250,000 005 0.094 Synergy
Eill\)/l3 £000.000 5604(5900000 002 0312 Synergy
EEII\)/I4 810208(5.000000 22'00.880 8:8% 0.094 Synergy
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Figure 1. Synergistic effect between ethanolic extract of propolis and 2-phenoxyethanol against S. aureus ATCC 25923:
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(a) Checkerboard assay results showing the percentage growth inhibition compared with control; (b) Results showing

synergy/antagonism calculations of synergy scores determined by the Combenefit software (the difference between the
predicted additivity and the observed viability) for the Loewe model. A heat map represents the level of synergy (blue color)
at each concentration. A positive score indicates synergy, a score of 0 is additive, and a negative score indicates antagonism
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is additive, and a negative score indicates antagonism.
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Figure 3. Synergistic effect between ethanolic extract of propolis and antipyretics against S. aureus ATCC 25923: (a,c,e)
Checkerboard assay results showing the percentage growth inhibition compared with control; (b,d,f) Results showing
synergy/antagonism calculations of synergy scores (the difference between the predicted additivity and the observed
viability) for the Loewe model. A heat map represents the level of synergy (blue color) at each concentration. A positive
score indicates synergy, a score of 0 is additive, and a negative score indicates antagonism (red color).

The minimum inhibitory concentrations (MIC) of EEPs, antiseptics, and antipyretics
were previously determined for S. aureus ATCC 25923 using broth microdilution assay
(Tables 1 and 2). A synergistic effect was observed when 2-phenoxyethanol (PE) was
combined with EEP1, EEP2, EEP3, or EEP4, as demonstrated by the synergy score matrix
(Figure 1b) and the mean XFIC of 0.375, 0.375, 0.187, and 0.312, respectively (Table 3). The
highest synergistic effect (XFIC: 0.187) was observed for the PE + EEP3 combination. In this
case, the MIC for PE was reduced to 1/8xMIC in the presence of EEP3 at a concentration
of 1/16 x MIC.
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The chlorhexidine (C) + EEPs combinations showed antagonistic interactions. Loewe
synergy and antagonism heat maps (Figure 2b) clearly indicated antagonism (red color).
The XFIC values calculated for C + EEP1, EEP2, EEP3, and EEP4 combinations ranged from
>5 to >10. The MIC of C was at least two dilutions higher in combination with each EEP
than the MIC of C alone. However, C did not increase the MICs of EEPs (Figure 2a,b).

An antagonism was also detected when EEP samples were combined with octenidine
dihydrochloride (OD). The negative scores marked in red (Figure 2d) and the XFIC values
calculated for the combinations of OD and EEP1, EEP2, EEP3, or EEP4 ranged from >4.5
to >6 indicated antagonism. Similar to chlorhexidine, octenidine dihydrochloride did not
affect MICs of EEPs.

As a result of combining antipyretics with EEPs, a synergism was observed for all
drug + EEP combinations. The heatmaps represented the distribution of synergism as
positive scores marked in blue (Figure 3b,d,f). ZFIC indices of ibuprofen (IB) and EEP1,
EEP2, EEP3, or EEP4 were from 0.187 to 0.375. The most synergistic combination was
identified for EEP3 + IB. In this combination, the MIC for IB was reduced to 1/16 x MIC in
the presence of EEP3 at a concentration of 1/8 x MIC.

Synergy was evident for acetylsalicylic acid (AS) in combination with all samples
of EEPs, as the ZFIC indices ranged from 0.078 to 0.281. The most potent synergy was
observed for the combination of EEP3 + IB. The MIC of IB was reduced to 1/64 x MIC in
the presence of EEP3 at a concentration of 1/16 x MIC.

A predominant synergism was also detected when acetaminophen (AM) was com-
bined with EEPs. The XFIC indices ranged from 0.094 to 0.312. The best synergy effect was
observed for the combination of EEP2 + AM. In this case, the MIC of AM was reduced to
1/32 x MIC in the presence of EEP3 at a concentration of 1/16 x MIC.

3.3. Antimicrobial Activity of Flavonoids of Propolis

Selected major propolis compounds (flavonols, flavones, flavanones, and phenolic
acids) were investigated to evaluate their antibacterial potency against Staphylococcus aureus
strains as individual compounds and in the mixture. The effects of the 13 polyphenols and
polyphenols mixture on the growth of the S. aureus ATCC 25923 and S. aureus ATCC 29,213
tested are presented in Table 5. The results revealed that six out of thirteen compounds ef-
fectively suppressed microbial growth of S. aureus reference strains. Flavonols (kaempferol,
galangin, and quercetin) were found to be the most active compounds, with MICs ranging
between 32 and 64 ng/mL against both S. aureus strains. However, in those flavonols,
paradoxical growth was observed above their MIC values (Figure 4). Pinocembrin and
sakuranetin exhibited slightly lower activity with MIC of 128 and 256 pg/mL against both
strains tested, respectively.

The lowest, but still observed, anti-staphylococcal activity was identified for pinobanksin
with MIC of 1024 pug/mL. In up to 1024 ug/mL concentration, no activity was observed
for phenolic acids (ferulic acid, isoferulic acid, caffeic acid, p-coumaric acid) or flavones
(apigenin, chrysin). The MIC of the polyphenol mixture was 128 ug/mL for both staphy-
lococcal reference strains. When used individually, polyphenols showed bacteriostatic
activity. Almost all MBC values of individual propolis components were above the tested
range. Of all the polyphenols tested, the only pinocembrin showed a bactericidal effect
with an MBC value of 512 pg/mL in the case of the growth of S. aureus 29213. The polyphe-
nols mixture exhibited significantly higher bactericidal efficiency with MBC values of 256
and 1024 pg/mL against reference strains of S. aureus. Obtained results were also con-
firmed for clinical isolates, including five methicillin-susceptible strains (MSSA) and three
methicillin-resistant isolates (MRSA). MIC values obtained for clinical isolates were similar
to the results observed for reference strains (Table 6), and only the mixture of the agents
exhibited bactericidal activity (against seven out of eight strains tested). No differences in
the susceptibility were observed between MSSA and MRSA isolates.
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Table 5. Antimicrobial activity of propolis polyphenols and polyphenols mixture against reference
strains of S. aureus.

MIC and MBC (ug/mL) against Different Strains of Bacteria

. S. aureus S. aureus
Phenolic Compounds ATCC 25923 ATCC 29213
MIC MBC MIC MBC
Ferulic acid >1024 >1024 >1024 >1024
Isoferulic acid >1024 >1024 >1024 >1024
Caffeic acid >1024 >1024 >1024 >1024
p-Coumaric acid >1024 >1024 >1024 >1024
Apigenin >1024 >1024 >1024 >1024
Chrysin >1024 >1024 >1024 >1024
Quercetin 64 >1024 64 >1024
Kaempferol 32 >1024 32 >1024
Galangin 32 >1024 32 >1024
Pinocembrin 128 >1024 128 512
Pinostrombin >1024 >1024 >1024 >1024
Pinobanksin 1024 >1024 1024 >1024
Sakuranetin 256 >1024 256 >1024
Polyphenols mixture 128 1024 128 256
Kaempferol Quercetin
209 2.0
¢ Untreated control ¢ Untreated control
= 128 pug/mL = 128 pg/mL
+ 64 pg/mL }If””%i““! + 64 pug/mL ;!2"””““
151 v 32 ug/ml } s x { 151 v 32 pg/mL { [ I i '
+ 16 pg/mL { s " } * 16 pug/mL i
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Figure 4. Growth curve assay for selected polyphenols tested against S. aureus ATCC 25923 at different concentrations. The
growth control contained no antimicrobial compound. (a) Kaempferol; (b) Quercetin; (c) Galangin; (d) Pinocembrin. The
results are presented as means & SD (n = 3). Data without error bars indicate that the SD is too small to be observed on
the graph.
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Table 6. Antimicrobial activity of propolis polyphenols and polyphenols mixture against clinical isolates of S. aureus (MSSA

and MRSA).
MIC and MBC (ug/mL) against Different Strains of Bacteria

Phenolic Compounds MIC/MBC MSSA MSSA MSSA MSSA MSSA MRSA MRSA MRSA

1 2 3 4 5 1 2 3

Quercetin MIC 128 64 64 64 64 32 64 64
MBC >1024  >1024  >1024  >1024  >1024  >1024  >1024  >1024
MIC >1024  >1024  >1024 32 32 32 >1024  >1024
Kaempferol MBC 21024 >1024  >1024  >1024  >1024  >1024 1024 1024

Galanein MIC 64 32 32 32 32 32 32 32
& MBC >1024  >1024  >1024  >1024  >1024  >1024  >1024  >1024

Pi bri MIC 256 256 128 128 128 128 256 256
mocempbrin MBC >1024 >1024 >1024 >1024 >1024 >1024 >1024 >1024
Pinobarksi MIC >1024  >1024 1024 1024 >1024 1024 >1024  >1024
mobanksin MBC >1024 >1024 >1024 >1024 >1024 >1024 >1024 >1024

Sak ) MIC 256 256 256 256 256 256 256 512
akuranetin MBC >1024 >1024 >1024 >1024 >1024 >1024 >1024 >1024

) MIC 256 128 128 128 128 32 128 128

Polyphenols mixture MBC 1024 1024  >1024 512 512 256 512 512

Some interesting results were provided by the kinetic assay of the growth of the
staphylococcal cells in the medium supplemented with different concentrations (namely 8,
16, 32, 64, 128 png/mL) of six polyphenols that exhibited activity. In the case of three agents:
pinocembrin (Figure 4d), pinobanksin, sakuarentin, the efficiency in growth inhibition was
strictly correlated with the concentration of the agents, and an increase in concentration
resulted in higher antibacterial activity. A few unexpected results were observed for other
substances. In the case of kaempferol (Figure 4a), the highest efficiency in growth inhibition
was achieved for concentrations of 32 and 64 pg/mL. In medium supplemented with this
agent to the final concentration of 128 ng/mL, the growth was efficiently inhibited only
for about 8 h. Subsequently, accelerated growth of bacteria was observed in this medium,
and after about 20 h, it was equal to the control (growth in the medium free of antibacterial
agents). Quite a similar effect was observed for quercetin (Figure 4b)—concentration of
128 pg/mL exhibited lower activity than 64 ug/mL and comparable to 32 ug/mL. In the
case of galangin (Figure 4c), a much better effect of growth inhibition was observed at a
concentration of 16 and 32 pg/mL compared to 64 and 128 pug/mL.

4. Discussion

The antimicrobial activity of propolis has been extensively investigated in the past
decade. Numerous studies have reported that propolis exhibits bacteriostatic activity
against various bacterial species. It can be bactericidal in high concentrations, and it is
more effective against Gram-positive than Gram-negative bacteria. The mode of action of
propolis on bacterial cells is complex and differs from standard antibiotics [40]. According
to the latest reports, propolis induces bacterial death through cell lysis, similar to lytic
peptides [41]. This antimicrobial effect could be attributed to phenols and flavonoids
present in propolis [42]. Our previous study confirmed that propolis samples with high
phenolic content exhibit a potent antibacterial effect [17]. Such compounds are bioactive
molecules whose biological activity is closely related to the hydroxyl groups or phenolic
rings found in their molecular structure [23,43]. Flavonoids, such as galangin, pinocembrin,
kaempferol, sakuranetin, and quercetin, and other phenolic compounds, e.g., caffeic acid
and its derivatives, are suggested as antimicrobial components of propolis. Mirzoeva
et al. [24] found that some isolated propolis components, including cinnamic derivatives
and flavonoids, affect the potential and mobility of bacterial membranes. Quercetin has
been reported to disrupt cell membranes and inactivate extracellular proteins by forming
irreversible complexes [44]. Galangin and caffeic acid derived from propolis are considered
to be bacterial enzyme inhibitors [45]. Takaisi-Kikuni and Schilcher [40] revealed that some
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components of propolis could inhibit bacterial RNA-polymerase and protein synthesis and
affect bacterial growth by preventing cell division, causing the formation of pseudomulti-
cellular bacterial forms. From a clinical perspective, identifying and isolating the active
compounds of propolis responsible for the inhibitory effects could be useful for developing
new antibiotic drugs.

This study evaluated the anti-staphylococcal potential of 13 phenolic compounds,
namely sakuranetin, pinobanksin, pinocembrin, pinostrombin, galangin, apigenin, chrysin,
kaempferol, quercetin, caffeic acid, p-coumaric acid, ferulic acid, and isoferulic acid. The
anti-staphylococcal activity was found for three flavanones (pinocembrin, pinobanksin,
and sakuranetin) and three flavonols (galangin, kaempferol, and quercetin). However,
those flavonols” antimicrobial effects occurred only at a narrow range of low concentrations,
while increased dosage beyond a certain point decreased their effects. This paradoxi-
cal “more-kill-less” response is described in the literature as the Eagle effect [46]. Such
a phenomenon occurs when high concentrations of antibiotics above the minimum in-
hibitory concentration (MIC) or minimum bactericidal concentration (MBC) improve the
levels of surviving cells. Moreover, MBC and kinetics experiment results showed that
the mechanism of antimicrobial action of galangin, kaempferol, and quercetin was rather
bacteriostatic than bactericidal. Besides, we evaluated an anti-staphylococcal potential of
polyphenols mixture. Its MIC was found to be 128 ng/mL. It was an interesting result of
this study because the concentrations of the individual compounds in the mixture were
lower than the MIC of the most active compound used separately. This finding supports
the speculation that the propolis’s antimicrobial effect is due to the combined (synergistic)
action of several ingredients rather than the presence of one component of high antibacte-
rial activity. Moreover, these synergistic interactions resulted also in a bactericidal activity
that was not observed for the agents used alone. These observations additionally highlight
the advantages of this propolis (but also probably other natural products) compared to its
pure ingredients.

Combining antibiotics with activity-enhancing plant-derived compounds is a promis-
ing strategy in the treatment of infectious diseases. Combination antibiotic therapy allows
for broadening antibacterial spectrum, synergistic effects, and reduced risk for emerging
resistance during treatment. Synergism between propolis and antibiotics has been observed.
However, little attention has been given previously to the combined effects of propolis and
other antimicrobial agents, such as antiseptics. To our knowledge, this is the first time that
the effects of propolis and those agents have been investigated. The in vitro combined effect
of three antiseptics (i.e., 2-phenoxyethanol, chlorhexidine, octenidine dihydrochloride)
was tested.

The checkerboard and Loewe analyses revealed synergism between 2-phenoxyethanol
and ethanolic extracts of propolis (EEPs). The antiseptic 2-phenoxyethanol has a broad
spectrum of antimicrobial activity and has been used widely in antiseptic products or as a
preservative in cosmetics, vaccines, and pharmaceuticals. Phenoxyethanol acts by uncou-
pling oxidative phosphorylation from respiration and inhibiting malate dehydrogenase by
competing for the enzyme’s active site and increasing the cell membrane’s permeability to
potassium ion. It is frequently combined with other antibacterial agents to obtain sufficient
antimicrobial effect [47]. Taking advantage of EEP’s synergy seems to be a promising
approach for keeping the concentration of 2-phenoxyethanol in different products as low
as possible. In our opinion, propolis extract used in combination with 2-phenoxyethanol
demonstrates the potential to act as a surface-active antibacterial agent or a preservative in
products, such as ointments, mouthwash, soaps, and toothpaste.

Another important finding was that antagonistic interactions were observed for
chlorhexidine and octenidine dihydrochloride combined with EEPs. All investigated
propolis extracts increased MICs of chlorhexidine and octenidine dihydrochloride by at
least two dilutions. However, the antiseptics did not seem to interfere with the extracts’
antibacterial effect. Chlorhexidine and octenidine dihydrochloride are antiseptic agents
used for skin disinfection. Chlorhexidine and octenidine dihydrochloride are positively
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charged molecules that attach directly to the negatively charged teichoic and teichuronic
acids in the bacterial cell wall, causing bacterial cell membrane disruption and cytoplasmic
components’ leakage [48,49]. Flavonoids disrupt microbial membranes and form com-
plexes with extracellular and soluble proteins [23,43]. In the presence of propolis, one may
speculate that chlorhexidine and octenidine dihydrochloride cannot be absorbed within
the bacterial cell wall structure, which exhibits its antibacterial action. This finding is im-
portant from a clinical point of view. Currently, EEP is mostly proposed for the treatment
of skin and difficult to heal wound infections. The obtained results clearly indicate that
propolis should not be combined with medical products containing these two components:
chlorhexidine and octenidine dihydrochloride.

Analgesics, antipyretics, and non-steroidal anti-inflammatory drugs (NSAIDs) are
some of the most commonly used medicines. Since they are generally prescribed along with
antibiotics to treat infectious diseases, it is crucial to understand the interactions between
these two classes of drugs. Recently, there has been a renewed interest in the abilities
of treatment of infections with natural products, including propolis. Thus, knowledge
about the interactions of this product with antipyretics is of particular importance. Several
studies have shown that antipyretics, including NSAIDs, exhibit antiviral, antifungal, and
antibacterial properties [35,50-53]. This study confirmed that ibuprofen, acetylsalicylic
acid, and acetaminophen exhibited a weak antimicrobial effect against S. aureus strains
with MICs ranging from 500 to 8000 pg/mL. These findings are consistent with that of
Chan et al. [36], who found that ibuprofen possesses antibacterial activity against Bacillus
sp. and S. aureus, with MICs of 0.625 mg/mL and 2.5 mg/mL, respectively. Chan et al.
also reported that acetylsalicylic acid exhibits inhibitory activity against a broad spectrum
of Gram-negative and Gram-positive bacteria with MICs ranging from 2.5 mg/mL to
5mg/mL [36]. Al-Janabi et al. [54] revealed that acetaminophen exhibits inhibitory activity
against S. aureus, Escherichia coli, Bacillus sp, Enterobacter spp., Salmonella sp., and Paracoc-
cus sp., with MICs ranging from 1.25 mg/mL to 2.5 mg/mL. Many authors have reported
synergistic antibacterial effects of antipyretics with different antibiotics [36,55,56]. This re-
search investigated for the first time the combined effects of ibuprofen, acetylsalicylic acid,
and acetaminophen with EEPs. Interestingly, all of the drugs tested showed synergistic
interactions with ethanolic propolis extracts. These results suggest that combining EEP
with ibuprofen, acetylsalicylic acid, or acetaminophen could be useful as adjuvant therapy
in staphylococcal infections. Although the growth inhibition of pathogens by antipyretics
and other non-antibiotics mostly occurs at levels above therapeutic plasma concentrations,
combining them with other antimicrobials significantly reduces the doses. Moreover, they
may show potential in a topical application and the treatment of localized infection. Ac-
cording to Pina-Vaz et al. [57], ibuprofen reaches inhibitory doses in the patient’s urine and
can help treat urinary tract infections caused by Candida albicans.

5. Conclusions

The most common and important application of the antimicrobial potential of propolis
is the treatment of skin and wound infections. The findings of this study revealed im-
portant interactions of EEPs with several important disinfectants, namely, chlorhexidine,
octenidine dihydrochloride, and 2-phenoxyethanol. Unfortunately, only in the case of
2-phenoxyethanol, the interaction was positive. The combination of EEPs with two other
disinfectants resulted in an important decrease in antimicrobial activity. Both these results
are important and should be taken into account in a clinical scenario when EEP is used as
an agent for treating bacterial infections. On the other hand, all antipyretics tested consid-
erably improved the activity of EEP, which is also important for the medical/veterinary
application of EEPs. The outcomes of the study also support the hypothesis that the propo-
lis’s antimicrobial effect is due to the combined (synergistic) action of several ingredients
rather than the presence of one component of high antibacterial activity.
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