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Abstract: To study the antibacterial effect of different Greek honeys, samples of citrus honey, Saturja
spp. Honey, and oregano and sage honey were collected directly from producers. Manuka honey
and artificial honey were used as controls. The honeys were diluted in various concentrations
to determine the minimum inhibitory concentration (MIC) and were also placed in agar wells to
determine the inhibitory zones of growth. The bacteria tested were two reference strains and five
pathogens isolated from patients with various dental ailments. A series of samples were diluted with
artificial saliva instead of distilled water to simulate the conditions in the oral cavity. The results
show that in most cases the Greek honeys, and particularly the citrus honey and the oregano and
sage honey, outperformed the antibacterial activity of manuka honey against all tested bacteria.
This performance was due to the hydrogen peroxide as well as to other components of the honeys,
that is, peptides and other substances such as phenolic compounds and flavonoids. Artificial saliva
enhanced the antibacterial effect of the honeys in comparison to distilled water.

Keywords: honey; Staphylococcus aureus; Streptococcus mutans; Fusobacterium nucleatum; antibacterial
activity; oral cavity; artificial saliva

1. Introduction

The oral cavity and its tissues form a complicated structure which consists of vari-
ous anatomical elements of different fine structure and physiology. The main function
of the oral cavity—apart from speech—is mastication of the food. It is the entrance of
the digestive tract and the interaction of its anatomical elements with food may cause
imbalance to the populations of 500 to 700 species of microorganisms which are estimated
to inhabit the ecosystem of the oral cavity [1-3]. The ultimate result of this imbalance is the
development of various lesions to the mucosal surfaces or to the teeth. Furthermore, at
least 100 systemic diseases may induce lesions in the oral cavity, more than 500 medicines
have oral manifestations, while 145 commonly prescribed drugs cause dry mouth [4-6].
Various pathogens, such as Streptococcus mutans exhibit their action causing serious health
and oral health problems such as dental caries, while Staphylococcus aureus is found in
periodontal pockets and other inflammations of the oral mucosa finally resulting in loss of
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teeth [7,8]. In addition, it has been clinically demonstrated that bacteria from oral cavity
are transported to other locations in the body causing infections such as inflammatory
bowel disease (IBS) or participating in the pathogenesis of diseases such as the cirrhotic
liver or Alzheimer’s disease, diabetes melitus, adverse pregnancy outcomes, obesity, and
polycystic ovary syndrome [1]. For all these reasons, the oral microbiome is of tremendous
importance not only to oral health but also to the health of the whole organism. Antibiotics
were and still are in the frontline of defense against infections, but their major disadvantage
is that more and more resistant bacteria emerge. This resistance is not limited to commonly
prescribed antibiotics but concerns even the so-called last resort antibiotics [9,10]. It is
obvious that a new alternative strategy is needed and for that reason many researchers
have focused their efforts on natural products of the pre-antibiotic era, to discover their
salient or hidden antibiotic properties [11].

Honey is such a product with a very long history in human medicine. Since the
dawn of humanity, honey has been used for its wound healing properties [12]. The
fathers of medicine in classical antiquity mention honey as an excellent medicine for
burns and trauma management [13,14]. Being a popular therapeutic in many cultures,
honey is considered ideal for gastric and other ailments [15,16]. Chemically, honey is a
supersaturated solution of carbohydrates (90-95% of its dry matter) containing no more
than 20% of water (usually 17%) [17]. The remaining small portion consists of more than
180 other compounds which include proteins, vitamins, minerals, phenols, and flavonoids.
Most researchers agree that the exact composition of the different types of honey depends
on their botanical, seasonal, and geographical sources [7,18-22].

The aim of this study is to test the antibacterial activity of different types of honey
(from different botanical sources but gathered at the same period and from the same area)
against some pathogenic bacteria isolated from dental caries lesions. Furthermore, to
determine their efficacy as well as their differences depending on their floral origins and
hence stress their possible role for the prevention or the treatment of such lesions.

The Antibacterial Effectiveness of Honey

The antibacterial effectiveness of honey has been demonstrated in many studies [23-27].
The exact mechanism is not yet clear, although it is commonly attributed to (i) the high
sugar content, which induces high osmolarity and inhibits bacterial growth, (ii) oxygen
peroxide, which is produced by the activation of glucose oxidase and (iii) the low and acidic
pH (usually 3.2-4.5) [6,7,22,26]. However, there is more to be said on the matter. Some
studies have shown that «artificial» honey (a solution saturated in mono- and oligosaccha-
rides) is not always able to inhibit bacterial growth effectively and that adding catalase
does not remove all the antibacterial activity of honey [28,29]. These findings strongly
suggest that there must be other factors which contribute to the total antibacterial effect of
honey and that these factors act either separately or synergistically [26,27]. Such factors
could be peptides such as defensin-1 or the phenolic compounds as well as the flavonoids,
which are contained in honey (Scheme 1) [30,31].
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Scheme 1. Schematic representation of the main factors involved in antibacterial activity of honey.

Manuka honey is a well-studied product famous for its antibacterial properties and
serves as a paradigm and a reference material for similar studies of other honeys. The high
phenol content of manuka honey is impressive and accounts for a large part of its antibacte-
rial activity. However, it is the methylglycoxal, a compound derived from dihydroacetone,
that completes its antibacterial activity [32-34]. Another substance (its structure not yet
identified by the researchers) described in manuka honey induces cytokine production
by interaction with TLR4 on macrophages [35]. This study has demonstrated that the
activity of cytic cells intimately involved in the repair of wounded tissue is modulated by
honey. The mechanisms by which honey affects the release of anti-inflammatory agents
and growth factors from monocytic cells are so far unclear, and this represents an area for
further study, e.g., whether honey affects other cell types, particularly endothelial cells and
fibroblasts. Finally, manuka honey affects the proteins forming the septal ring and thus
affecting the cell division [36]. Such findings fuel the research of the antibacterial properties
of different honeys as alternatives to standard antibiotics.

2. Materials and Methods
2.1. Honey Samples

A total of 60 raw, freshly harvested, untreated, and unpasteurized honey (bee Apis-
mellifera) samples were received from local producers, in Epirus province in Greece. The
samples were originated from different botanical sources, as following: 20 of citrus origin,
20 of Satureja spp. origin, and finally 20 of oregano and sage origin. Technically, since a
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botanical analysis of the pollen content has not been performed, all these samples should
have been classified as multifloral honey. However, they were classified according to the
dominant plant species in their geographical origin. Additionally, the given “botanical
source” for every type of honey was identified by the beekeeper’s information based
on the major species flowering at the harvest season at the period of honey collection.
Honeys were collected from beekeepers who transfer their hives each year during the
blossom period at the mountain fields where these plant species are dominant. This is a
traditionally tested practice to produce honey with flavor of a particular type (coniferous,
thyme, oregano, etc.). A portion of 1000 g (from each one local producer) of each sample
was collected in a sterile universal container and kept at 2-8 °C in the dark, until tested.
The sampling and labelling process were performed by different associates than the ones
who performed the analyses, to maintain a blind character of the study. The samples did
not contain any additives or diluents and had not been heated. They were evaluated for
their microbiological quality by being dissolved in cation-adjusted Mueller Hinton broth
(CAMHB; Oxoid, Ltd., Basingstoke, Hampshire, England) and subsequently inoculated
into sheep blood agar (Columbia Agar base with 5% Sheep blood, Becton Dickinson) and
incubated aerobically at 37 °C for 48 h. Samples showing growth of bacteria or growth
of more than 4-5 colonies of yeasts were excluded from the study; only 2 samples were
excluded and were substituted by others suitable for the purposes of the study, so that the
total number of suitable samples was 20 for every botanical source (geographical origin/
dominant plant species).

2.1.1. Control Indexes of the Experimental Design

Artificial honey was prepared by dissolving 3 g sucrose, 15 g maltose, 81 g D-fructose,
and 67 g D-glucose in 34 mL sterile water and stored in sterile bottles (all sugars were
supplied by Sigma-Aldrich) [20,37]. This dilution of sugars represents the proportions of
the four predominant sugars in natural honey samples [38]. AM HEALTH Manuka Health
MGO™550+ (25+) (Lower Hutt, New Zealand) was used as a positive control.

2.1.2. Determination of Physicochemical Parameters (All the Analyses Were Done
in Triplicate)

pH: 10 g of each honey sample were diluted in 75 mL in CO; -free distilled water
for measuring the pH value by the aid of a portable pH-meter (Sentron (1001) [39]. The
pH-meter was calibrated by two standard recognition buffers before the analysis; pH 4
and pH 10 (as specified by the manufacturer) and each measurement was carried out
in triplicate.

Determination of HyO; content: HyO, content in honey samples was determined by us-
ing the Megazyme GOX assay kit (Megazyme International Ireland Ltd., Bray, Co. Wicklow,
Ireland), which is based on H,O; release, after glucose oxidase catalysis of the oxidation of
-D-glucose to D-glucono-o6-lactone [40-42]. As a standard, HyO, diluted to 9.8-312.5 uM
was used. Other studies reported that the maximum levels of accumulated H,O, that
occurred in honey solutions were found in solutions diluted to concentrations between
30 and 50% [31], hence 40% (w/w) honey solutions in 0.1 M potassium phosphate buffer
(pH 7.0) were prepared and immediately measured for their H,O, content. Each honey
sample as well as every HyO, standard were tested in triplicate in a 96-well microplate.
The absorbance of the reaction was then measured at 510 nm using a microplate reader [43].

Determination of free, lactonic, and total acidity: The free, lactonic, and total acidity were
determined by equivalence point titration according to AOC, 1990 [44,45] and the results
are expressed as meq/kg.

Determination of Total Phenolic Content (TPC): The TPC of the honey samples was mea-
sured in accordance with the Folin-Ciocalteu method, with a minor modification [20,46,47].
First, 20 uL volume of the sample was added to a tube containing 1 mL of ultrapure water.
Subsequently, 100 uL of Folin-Ciocalteu reagent was added to the mixture, and the tube
was stoppered and allowed to stand at room temperature for 3 min. Thereafter, 280 uL
of 25% w/v sodium carbonate solution and 600 pL of ultrapure water were added to the
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mixture. Following 1 h of incubation at room temperature in the dark, the absorbance
was measured at 765 nm versus a blank containing Folin-Ciocalteu reagent and ultrapure
water and the measurement of absorbance was conducted. The optical density of the
sample (20 uL) in 25% w/v solution of sodium carbonate (280 nuL) and ultrapure water
(1.7 mL) at 765 nm was also measured. The TPC was determined using a standard curve
of absorbance values correlated with standard concentrations (50-1500 pg/mL) of gallic
acid. The results are expressed as gallic acid equivalents (GAEs) using the standard curve
(absorbance versus concentration) prepared from authentic gallic acid and the TPC was
expressed in mg of gallic acid equivalents (mg GAE/100 g of honey).

Determination of Flavonoids: The total flavonoid content (TFC) of honey samples was
determined by the aluminum chloride method [48]. Subsequently, 1 mL of a honey solution
(1 mg/mL) was mixed with 0.3 mL NaNO, (5%). After 5 min a solution of 0.3 mL AICl;
(10%) was added and six minutes later the tested honey samples were neutralized with a
2 mL of NaOH solution (1 M). The mixture was shaken, and the absorbance was measured
for all samples at 510 nm using a spectrophotometer. Quercetin (Sigma—-Aldrich, St. Louis,
MO, USA), which is having a moderate absorbance, was used as the standard and a
calibration curve was made using a standard solution of quercetin 20-100 mg/L. The
results were expressed in mg for Quercetin Equivalents (CE)/100 g of honey, as the average
of triplicate measurements [49].

2.2. Determination of the Antibacterial Activity
2.2.1. Tested Microbial Strains

The strains of the pathogenic bacteria that were tested as cell- targets to assess the
antibacterial activity of honey were the following:

e  Staphylococcusaureus subsp. aureus, methicillin, and vancomycin resistant (source:
dental septicaemia)

e  Staphylococcus aureus subsp. aureus, methicillin, and vancomycin resistant (source:

tooth abscess)

Staphylococcus aureus subsp. anaerobius (source: septicaemic gingivitis)

Streptococcus mutans (source: oral cavity)

Fusobacterium nucleatum (source: oral cavity)

Staphylococcus aureus subsp. aureus, reference strain ATCC 12600

Staphylococcus aureus subsp. anaerobius, reference strain ATCC 35844

All the above strains were identified and classified by standard laboratory proce-
dures, which are followed by the National and Kapodistrian University of Athens, School
of Dentistry.

Antibiotic Susceptibility Assay

Antibiotic susceptibility for the used bacterial strains and the reference strains was
detected using the disc diffusion method, according to the standards set by The National
Committee for Clinical Laboratory Standards (later renamed The Clinical Laboratory
Standard Institute-CLSI) [50,51]. An aliquot of 100 puL of an overnight culture was diluted
in saline solution to about 1.5 x 108 CFU/mL (0.5 McFarland turbidity standard). Mueller—
Hinton agar (Oxoid Ltd., Basingstoke, UK) plates were flooded with this suspension in
order confluent colonies given. The inoculated plates could stand at room temperature
for 15 min prior to dispensing the paper discs and were then placed at 37 °C for 24 h. The
diameters of the clear zones around each disc were measured after incubation.

In the present study, 9 antibiotic discs were used to determine the antibiotic resistance
of the wild pathogenic Staphylococcus tested strains: Vancomycin (VA, 30 ug, Oxoid Ltd.,
Basingstoke, Hampshire, UK), Erythromycin (E, 15 ug, Oxoid Ltd., Basingstoke, Hampshire,
UK), Ampicillin (AMP, 10 pg, Oxoid Ltd., Basingstoke, Hampshire, UK), Oxacillin (OX,
1 pg, Oxoid Ltd., Basingstoke, Hampshire, UK), Ciprofloxacin (CIP, 5 pg, Oxoid Ltd.,
Basingstoke, Hampshire, UK), Sulfamethoxazole with trimethoprim (SLT, 25 pg, Oxoid
Ltd., Basingstoke, Hampshire, UK), Oxytetracycline (OXY, 30 pg, Oxoid Ltd., Basingstoke,
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Hampshire, UK), Ceftriofur (CFT, 30 pg, Oxoid Ltd., Basingstoke, Hampshire, UK), and
Amoxicillin with Clavulanic acid (AMC, 30 pg, Oxoid Ltd., Basingstoke, Hampshire, UK).

For the S. mutans strain, the antibiotics employed in this study were: Ampicillin
(AMP, 10ng, Oxoid Ltd., Basingstoke, Hampshire, UK), Cefotaxime (CTX, 30 png, HiMedia
Labs, Einhausen, Germany), Erythromycin (E, 15 pg, Oxoid Ltd., Basingstoke, Hampshire,
UK), Cephazolin (kZ, 30 nug, Oxoid Ltd., Basingstoke, Hampshire, UK), Methicillin (ME,
5 nug Oxoid Ltd., Basingstoke, Hampshire, UK), Lincomycin (L, 2 pg, Oxoid Ltd., Bas-
ingstoke, Hampshire, UK), Clindamycin (CC, 2 ug, Abtek Biologicals Ltd-UK, Liverpool,
UK), Vancomycin (VA, 30 png, Oxoid Ltd., Basingstoke, Hampshire, UK) Metronidazole
(MTZ, 5 ug, Abtek Biologicals Ltd-UK, Liverpool, UK), Rifampicin (RIF, 5 ng, HiMedia
Labs, Einhausen, Germany), Ciprofloxacin (CIP, 5 nug, Oxoid Ltd., Basingstoke, Hampshire,
UK)), Ofloxacin (OF, 5 ug, Oxoid Ltd., Basingstoke, Hampshire, UK), Gentamycin (GEN,
10 pg, Oxoid Ltd., Basingstoke, Hampshire, UK), Penicillin G (P10, 10 ng, Oxoid Ltd.,
Basingstoke, Hampshire, UK), Chlortetracycline (CTE, 30 pg, Oxoid Ltd.), Doxycycline
(DO, 30 pg, Oxoid Ltd., Basingstoke, Hampshire, UK), Chloramphenicol (CHL, 30 ug,
Oxoid Ltd., Basingstoke, Hampshire, UK), Tetracycline (TE, 30 pg, Oxoid Ltd., Basingstoke,
Hampshire, UK) and Amoxicillin (AMO, 30 pug, NEOSENSITABS™-Rosco Diagnostica,
Taastrup, Denmark). Finally for the F. nucleatum strain the tested antibiotic discs were:
Ampicillin (AMP, 10 ng, Oxoid Ltd., Basingstoke, Hampshire, UK), Clindamycin (CC, 2 ug,
Abtek Biologicals Ltd-UK, Liverpool, UK), Erythromycin (E, 15 pug, Oxoid Ltd., Basingstoke,
Hampshire, UK), Metronidazole (MTZ, 5 png, Abtek Biologicals Ltd-UK, Liverpool, UK),
Amoxicillin-clavulanic acid (AM, 30 ug, Oxoid Ltd., Basingstoke, Hampshire, UK), Tetra-
cycline (TE, 30 ug, Oxoid Ltd., Basingstoke, Hampshire, UK), Trovafloxacin (TROVAN,
30 nug, Pfizer Pharmaceuticals, Berlin, Germany) and Azithromycin (AZM, 15 pg, Oxoid
Ltd., Basingstoke, Hampshire, UK).

The inhibition zone was measured after 24 h of aerobic and anaerobic incubation at
37 °C. The experiments of each antibiotic were performed in triplicate. The results were
interpreted according to Clinical and Laboratory Standards Institute (CLSI) methodology.

2.2.2. Study Design
Used Solvents

In the present study, as a solvent to prepare various solutions and concentrations of
honey, phosphate-buffered saline (PBS) was used. A simulation of in vivo (oral cavity)
testing was attempted and all the tests for the determination of the minimum inhibitory
concentration (MIC), with the difference that artificial saliva also was used as solvent of
the honey samples.

The artificial saliva was prepared according to the composition used in dental studies,
as shown in Table 1 [52,53]. The mucin used in this study was porcine gastric mucin,
which comprises of both human mucins type MUC5AC and type MUC6 [54] and is said to
simulate human saliva rymucins (mucin type MUC5B) [55].

Introduction on the Methods of Assessment of Antimicrobial Potency of the Different
Honey Types

For the assessment of the antibacterial potency of the different types of honey, two dif-
ferent in vitro methods were used: (i) Agar wells diffusion method, and (ii) determination
of the minimum inhibitory concentration by microtiter plates. The first method is based on
the inhibition of bacterial growth in a circular zone around the well. The second method
is based on the inhibition of bacterial growth in different dilutions of honey. In order to
investigate the possible modes of antibacterial action involved, four different techniques of
MIC determination by microtiter plates were used: (al) addition of catalase, with PBS as
solvent (a2) addition of catalase, with artificial saliva as solvent, (b1) addition of proteinase
K, with PBS as solvent and (b2) addition of proteinase K, with artificial saliva as solvent.
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Table 1. Chemical composition of artificial saliva. Reprinted with permission from Refs. [55,56] 2009

Elsevier.
Components in Artficial Saliva Concetration (g/L)
Sodium chloride NaCl 1.594
Ammonium nitrate NH4NOj 0.328
Potassium phosphate KH,PO4 0.636
Potassium chloride KC1 0.202
Potassium citrate K3C¢H507-H,O 0.308
Uric acid sodium salt CsH3N4O3Na 0.021
Urea H,NCONH, 0.198
Lactic acid sodium salt C3H503Na 0.146
Porcine gastric Mucin Type II 1.35
D- (+) glucose 0.1

ax-amylase
Four times distilled H,O and
Water 0.1 M NaOH used to achieve

pH 6.8

Agar Well Diffusion Assay

It should be noted that the agar well diffusion assay was performed only for the
50% dilution of honey to simulate the dilution of honey in the oral cavity. It is estimated
that a spoon of honey was screened for its antibacterial activity, according to the agar
well diffusion method proposed by the Clinical and Laboratory Standards Institute (CLSI,
former NCCLS) guidelines [20]. Briefly, overnight bacterial cultures grown in Mueller-
Hinton broth were adjusted to 0.5 McFarland turbidity standard (~1.5 x 108 CFU/mL).
Mueller-Hinton agar plates were inoculated with roughly 10° CFUs over the entire surface
of the plate. Wells of 8 mm in diameter were cut into the surface of the agar using a sterile
cork borer. Subsequently, 100 uL (50% w/v in phosphate-buffered saline (PBS)) of the tested
honey types, manuka honey, and artificial honey were added separately to each well. The
plates were incubated aerobically and anaerobically at 37 °C for 16-18 h. Antibacterial
activity was assessed by measuring (with a calliper) the diameter of the inhibition zones
surrounding the wells, including the diameter of the well. The diameter of the inhibition
zone, if present in the negative control, was recorded and subtracted from the inhibition
zones of the tested honey, as well as of manuka honey. The experiment was repeated
three times.

Determination of Minimum Inhibitory Concentration (MIC)

The minimum inhibitory concentration (MIC) of the honey types was determined in
sterile 96-well polystyrene microtiter plates (Kisker Biotech GmbH and Co. KG, Steinfurt,
Germany) by using a spectrophotometric bioassay, as previously described [20,57]. Briefly,
overnight bacterial cultures grown in Mueller-Hinton broth were adjusted to a 0.5 Mc-
Farland turbidity standard (~1.5 x 108 CFU/mL). Approximately 5 x 10* CFUs in 10 pL
Mueller-Hinton broth were added to 190 pL of 2-fold diluted test honey (honey concentra-
tion ranged from 75 to 0.58% w/v) in Mueller-Hinton broth. Two-fold serial dilutions of
the same range of manuka honey and artificial honey were included for comparison. The
control wells contained only Mueller-Hinton broth-inoculated with bacteria. The optical
density (OD) was determined at 630 nm using a microplate reader (Multi-detection reader,
BioTek®), just prior to incubation (t = 0) and after 24 h of incubation (t = 24) at 37 °C. MIC
was determined as the lowest honey concentration that results in 100% growth inhibition.

Determination of Minimum Inhibitory Concentration (MIC) Performed After Enzymatic
Treatment of Honey Samples with Catalase and Proteinase K

This determination was done following two options:

(a) by using catalase, which degrades hydrogen peroxide, allowing evaluation of the
contribution of hydrogen peroxide production to antibacterial activity [58].
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(b) by adding proteinase K, with which the part of antibacterial activity that is due to
y gp P y
proteins and peptides in honey can be assessed [59].

Catalase stock solution was prepared by dilution of 30 mg powder of catalase originat-
ing from bovine liver (SERNA, Heidelberg, Germany) to 10 mL phosphate buffer (pH 7.4.
In 1.5 mL honey 50% v/v (750 uL honey and 750 uL. Muller Hinton Broth), 28 uL of the stock
solution were added so that the final concentration of catalase was 600 U/mL. The dilution
of honey was put in the incubator shaker for 16 h at 37 °C in 210 rounds. Subsequently,
all the different honey solutions were prepared to determine the MIC. For the proteinase
K stock solution of 10 mg/mL concentration, 10 mg of proteinase powder (Ambion®,
Inc., Huntingdon, Cambridgeshire, UK) were diluted in 1 mL distilled water. The same
procedure was followed as described for catalase to obtain the different dilutions, so that
the final concentration of proteinase Kwas 100 pg/mL. Catalase- and proteinase K-treated
honey samples were then used in the antibacterial assay to determine the MIC values, as
described in paragraph “Determination of Minimum Inhibitory Concentration (MIC)”.

Controls containing no honey (positive growth control), and no honey with catalase or
proteinase K (catalase only control/ proteinase K only control) were included to evaluate
the effect of catalase/proteinase K alone on bacterial growth.

The elevated MIC values of the treated honey compared to the untreated honey
revealed the presence of hydrogen peroxide and/or proteinaceous compounds, which
contributed to the antibacterial activity of the tested honey types.

Three-fold samples for every honey and for every concentration were examined.

Statistical Analysis

The physicochemical characteristics of honeys were expressed as means (+SD) of
triplicate analyses. Results from the well diffusion assays and minimum inhibitory concen-
tration are also presented as means (£5SD) of mm or honey concentration (%). Analysis of
variance with Tukey’s post-hoc comparison was used to compare either the physicochemi-
cal characteristics of the samples or the antibacterial effects. Spearman’s rho correlation
coefficient was used to indicate any correlation between the physicochemical characteristics
and cluster analysis to distinguish groups of observations with similar characteristics. All
statistical analyses were performed with SPSS v. 21 statistical package (IBM Corp. Armonk,
NY) with a significance level at p < 0.05.

3. Results

In citrus honey samples (1 = 20), pH values ranged from 3.5 to 4.5 with a mean value
of 3.8 £ 0.3, hydrogen peroxide from 10.4 to 61.0 pug/g (mean 32.2 & 15.1 ug/g), free acidity
from 10.6 to 27.4 (15.6 & 4.4), lactonic acidity from 3.1 to 10.3 (6.2 £ 2.3), TPC from 22.4 to
75.6 (41.4 + 11.9 mg GAE/100 g), and TFC from 0 to 2.5 (1.1 + 0.5 CE/100 g).

The average values of all variables varied considerably among the samples studied as
indicated by the ANOVA procedure (Table 2). Cluster analysis (nearest neighbor method,
squared Euclidean) revealed that one major group of observations contained 19 samples
and another group consisting of the 3 observations of sample No.4 was distinguished by
the increased value of free acidity and TPC, as indicated in Table 3. Correlation analysis
revealed only one strong positive correlation between TPC and free acidity (Spearman
rho = 0.73, p < 0.05).
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Table 2. Physicochemical characteristics of the 20 citrus honey samples.

TFCmg Quercetin
Honey pH Unprljczzt(e)si (:(L:‘llgl-/lgoney) Free Acidity Lactonic Acidity TP(g: LT%S;::];;IOO quivalents
(CE)/100 g of Honey
1 3.9 114+ 042 13.6 + 0.2 de 91+02f 35.1+044d 0.65 + 0.22b
2 3.5 37+09¢ 12.1 £ 04bc 53+ 044 29.5+0.2P 1.2 + 0.2 abe
3 37 11+ 0562 2214 0.18h 78+02¢ 52.140.7h 08+072
4 35 17 +£0.8° 274061 32+022 75.1 4+ 0.81 224034
5 3.5 47 +£2.548 11.7 + 0.1 abe 45+02d 453 +0.7f 1.9+ 04¢cd
6 3.6 32+1514 12.8 + 0.3 45404 292 +0.7P 0.5540.32
7 3.8 52 +2.74h 152 +02¢ 7.14+02¢ 334+02¢ 0.7+ 022
8 3.9 41 +1.98 ¢ 222 +03h 48+0.14 453 +05f 1.1 £+ 0.3 abe
9 3.8 39+ 1.09¢ 17 +02f 4.1 + 0.5 abc 324+07¢ 0.8+ 0.2
10 39 40 +1.1¢f 18.1 £ 0.3f 71+03¢ 452 +03f 124022
11 35 39+04¢ 11.2 £ 0.7 94+ 031 33.7 £ 0.5 cdf 0.7+ 022
12 3.6 224+ 1.04°¢ 10.8 £0.22 92+ 0.1f 447 +02f 0.7+ 032
13 39 59 +1.771 142 +02¢ 42 +04bc 53.140.7h 09+012
14 4.1 55+ 1.74 N 11.8 + 0.3 abe 35+0.12b 227 +04°2 1.6 +02¢d
15 42 244+ 08¢ 142 +0.7¢ 3.7 + 0.1 abc 39.1+01¢ 1.5 + 0.7 abed
16 3.7 17 +£0.8P 141+ 05¢ 33+022 442 +02f 0.8+ 0.2
17 3.6 14 £ 0.82b 171 +04f 7.1 4 0.6 502+ 048 09 +0.12P
18 4.1 294074 214+0.18 89+ 01" 551 +0.11 1.2 +0.2b¢
19 45 14 £2.13b 143 +04° 102+0.18 29.7 +£0.2P 1.5 + 0.2 acd
20 3.9 44 4+1.111%8 11.7 + 0.2 abe 71+07¢ 334+07¢ 0.7 £ 0.2

F=349.7,p <0.01 F=4435,p<0.01 F=1639,p<0.01 F=1800,p<0.01 F=6.53,p<0.01

Different superscript letters in a column indicate statistically significant differences (ANOVA, Tukey’s HSD post-hoc comparison with a
95% confidence level).

Table 3. Centroids of the 2 clusters formed by the physicochemical analysis of the 20 citrus honey samples.

TFCmg
H,0; (ug/g Free Lactonic TPC (mg Qu.ercetm
Cluster pH  Unprocessed Acidit Acidit GAE/100 g Equivalents
Honey) y y of Honey) (CE)/100 g of
Honey
1 3.8 33.0 15.0 6.36 39.65 1.0
2 3.5 17.0 26.96 3.2 75.1 2.2

In Satureja spp. honey samples (1 = 20), pH values ranged from 3.0 to 4.1 with a mean
value of 3.4 £ 0.3, hydrogen peroxide from 2.5 to 15.5 ug/g (mean 6.9 £+ 3.9 ug/g), free
acidity from 16.2 to 79.9 (33.8 £ 17.5), lactonic acidity from 0.3 to 33.3 (11.8 £ 6.2), TPC from
24.2 t0 149.6 (73.4 = 32.7 mg GAE/100 g), and TFC from 0.6 to 5.3 (2.5 £ 1.2 CE/100 g).
The average values of all variables varied considerably among the samples studied as
indicated by the ANOVA procedure (Table 4). Cluster analysis (nearest neighbor method,
squared Euclidean) revealed that one major group of observations contained 19 samples
and another group consisting of the 3 observations of sample 3 were distinguished by
the increased value of TPC and the lower value of hydrogen peroxide as indicated in
Table 5. There were no strong (Spearman rho > 0.70) and statistically significant (p < 0.05)
correlations between the various physicochemical characteristics in those honey samples.
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Table 4. Physicochemical characteristics of the 20 honey Satureja spp. samples.
H,0; (ug/ TFC mg Quercetin
Honey pH Unprocesgsfd Free Acidity Lactonic Acidity TPC (T;:_IGAE/IOO 8 Equivaleits (CE)/100 g
Honey) of Honey) of Honey
1 3.2 6+0.7d 22405¢ 16.8 + 0.2 cde 785+0.18 2.5 + (0.4 bede
2 3.4 14+048 17.9 +0.22 7.1 4 0.3 abed 993 +21h 32+03¢
3 3.6 3+062 28+ 034 16.5 bede 117.1 £ 1.4] 1.7 4+ 0.5 abed
4 4.1 3+022 17 +0.82 1.7+022 652 +0.7¢ 2.9 + (0.2 bede
5 3.9 5+ 0.1bc 17.8 £ 092 182 +0.3de 55.7 +£0.34 52+ 0.1f
6 3.6 7 +0.4de 28 +0449 6.8 + 0.1 abed 1478 £ 1.7! 3.4 +04de
7 3.2 11+03f 28+0.14 6.5 4 0.3 abc 130.1+21k 14+042b
8 3.5 8+04° 452 +04f 17.1 + 0.2 cde 47840.7°¢ 094022
9 3.1 8+07¢ 55+ 0.2h 8.5 + (.3 abed 55.2 + 0.7 36+04°
10 3.0 10+04f 28+0.14 7.8 + 0.1 abed 65.7 +09°¢ 1.7 + 0.4 abe
11 3.6 8+0.1°¢ 17 £0.32 11.2 £ 0.3 abed 403 +05P 2.2 4+ (.4 bed
12 3.7 6+01d 72 +0.11 53+ 0.6 65.1 +£0.8¢ 2.3+ 0.1 bed
13 40 34042 322+04¢ 11.5 =+ 0.3 abede 110.1 £ 3.21 3.1 +04de
14 3.1 3+032 79.7 + 0.21 10.9 + (.1 abed 723+1.1° 14+042
15 3.3 15+0.78 32+02¢ 16.2 + 0.7 bede 58.1+234 52+ 02f
16 3.0 54 05Pbc 273 +0.14 16.8 + 0.7 bede 40.1+3.1° 09 +022
17 3.6 4401Pb 31+02¢ 10.8 =+ 0.4 abed 2484092 35+ 09¢de
18 3.1 3+042 193 +0.4Pb 227 +02¢ 982 +3.1h 1.7 4 0.2 abe
19 3.2 144028 32+02¢ 17.5 + 0.3 cde 59.5 +0.44 2.2+ (0.4 bd
20 3.1 3+0.12 484 +0.38 6.9 + 0.2 abed 378+21P 1.7 + 0.7 abe
F=286.6,p<001 F=6444,p<0.01 F=6.72,p<0.01 F=1149, p <0.01 F=2823,p<0.01

Different superscript letters in a column indicate statistically significant differences (ANOVA, Tukey’s HSD post-hoc comparison with a
95% confidence level).

Table 5. Centroids of the 2 clusters formed by the physicochemical analysis of the 20 Satureja spp.
honey samples.

TFC mg
Cluster pH l%por(z)c(;gs/egd Free Lactonic gilgligragg E%:S:f:::s
Honey) Acidity Acidity of Honey) (CE)/100 g of
Honey
1 3.4 6.9 33.9 11.4 72.66 2.5
2 3.6 3.6 28.3 33.3 115.9 15

In oregano and sage honey samples (n = 20), the pH ranged from 3.0 to 4.2 with a
mean value of 3.4 £ 0.3, hydrogen peroxide from 4.6 to 17.3 ug/g (mean 9.6 + 3.4 ug/g),
free acidity from 27.4 to 99.3 (49.1 & 20.8), lactonic acidity from 3.6 to 22.3 (11.2 + 4.4), TPC
from 22.6 to 89.1 (47.6 £ 17.4), and TFC from 0.6 to 7.0 (3.5 £ 1.3).

The average values of all variables varied considerably among the samples studied as
indicated by the ANOVA procedure (Table 6). However, cluster analysis (nearest neighbor
method, squared Euclidean) revealed some similarities among the samples based on the
results of the physicochemical examination. As indicated in Table 7, all samples had
similar physicochemical characteristics, except for sample 14, which had almost twice the
concentration of hydrogen peroxide and TPCm but approximately half the concentration of
free acidity and TPC. No strong correlations (Spearman rho > 0.7, p < 0.05) were observed
between the various physicochemical parameters of oregano and sage honey samples.
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Table 6. Physicochemical characteristics of the 20 oregano and sage honey samples.

H,0; (ug/ TFC mg Quercetin
Honey pH Unprocesgsfd Free Acidity Lactonic Acidity TPC (mg GAE/100 g Equivalgnts (CE)/100
Honey) of Honey) of Hone

y g y
1 3.1 11 £+ 0.2de 524031 115+0.14 38.2+0.74 5.1+ 0.7 f8h
2 3.6 9+03¢ 382 +0.7¢ 152 + 0.7 ¢ 442 +02¢ 3.7 4 0.5 cdef
3 35 6+072ab 99.1+0.2° 9.1 +0.2Pb¢ 86.1+ 3.1k 4.4 + 0.6 defg
4 3.2 54022 87 + 021 454072 453+1.3¢ 4.1 + 0.2 def
5 35 5+032 65.1 £ 0.7k 112 +0.74 55.7 +£ 098 2.8 + (0.4 bed
6 41 11 4 0.7 de 55+ 0.1J 142 +07¢ 62.7+2.1h 2.9+ 0.6 bed
7 3.6 13+03f 478+ 03h 56+022 33.9+0.7¢ 33+04cd
8 3.0 10 £ 0.4 382+09¢ 7.84+02P 614 +04h 4.7 + 0.4 defg
9 3.1 12+01¢f 71 +0.1! 11.3 +0.5bd 50.7 +£ 2.7 f 3.7 + 0.2 ¢ef
10 32 540472 4124028 11.1+0.74 427 +0.24de 3.1 + 0.4 bede
11 35 13+02f 32.7 +£0.3bc 223 +01h 329 +£35bc 2.3 4+ (.2abc
12 3.6 11 £ 0.2de 279+07°2 172+0.78 40.8 + 0.8 de 1.8+£032
13 3.0 7+02P 32.1+0.7P 10.3 £ 0.1 <4 228+022 62+08h
14 35 17 £04h 292 +0.72 163+ 0478 853+ 0.2k 3.1 4 (.3 bede
15 42 11 +£0.24de 332 +04Pbc 102 + 0.7 <d 37.8+0.8 11+052
16 3.9 15+038 35.7 +£0.24 424042 29.1+0.7P 2.4 + (.3 abc
17 31 7+02b 402+ 0418 142 +0.1°¢ 33.8+0.7¢ 4.1 4 0.8 def
18 3.2 6+0.12b 33.7+02¢ 784020 415+ 0.84de 33+04¢d
19 3.0 7+03b 851+ 0.6™ 91+07¢ 712 +1.7] 3.6 + 0.2 bed
20 3.6 12+02¢f 39.7 +02f 11.7 +£0.14 375+ 0.71 5.8 £ 0.6 ¢8h

F=315.03,p<0.01 F=6047,p<0.01 F=2438,p<0.01 F=428.6,p<0.01 F=214,p<0.01

Different superscript letters in a column indicate statistically significant differences (ANOVA, Tukey’s HSD post-hoc comparison with a
95% confidence level).

Table 7. Centroids of the 2 clusters formed by the physicochemical analysis of the 20 oregano and
sage honey samples.

TFC mg
Cluster pH lizportz)c(;ilegd Free Lactonic (;r:g/l(g:)gg E%:ie‘:;le::;s
Honey) Acidity Acidity of Honey) (CE)/100 g of
Honey
1 3.2 9.21 50.21 10.92 45.65 3.55
2 3.5 16.9 29.13 16.23 85.23 3.03

In Table 8, the mean (£standard deviation) of physicochemical characteristics of the
three types of honey included in the study, i.e., citrus honey, honey from Satureja spp. and
oregano and sage honey are presented.

Among the statistically significant differences observed between the characteristics
of the various honey types, the most profound were the differences in free acidity and
hydrogen peroxide concentration (Table 8). Honey samples produced from hives foraging
citrus varieties of plants exhibit approximate half of the acidity of honeys produced from
Satureja spp. and almost one third of the ones produced from oregano and sage plant
species. However, as shown in Table 8, citrus honeys contained three to five times more the
concentration of hydrogen peroxide compared to the other two types.
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Table 8. Physicochemical characteristics of the honey types used in the study.
TFC mg
H,0; (ugl/g TPC (mg Quercetin
Honey(rsl:;lmples pH Unprocessed Free Acidity Lactonic Acidity GAE/100 g of Equivalents
Honey) Honey) (CE)/100 g of
Honey
Citrus (20) 381+03? 3219 £15.0° 156+43% 62+£23%2 41.6 £119° 1.07+05%
Satureja spp. (20) 3414+03° 6.89 £3.9° 338 £17.4° 11.8 £ 6.2° 734 4+ 44.6° 248 +1.2°
Oregano and sage 342 +£03° 959 +£35° 49.1 +208¢ 11.2 4+ 4.4P 47.6 £ 1742 352+15¢

F=30.02,p<005 F=136.1,p<0.05 F=669,p<0.05 F=26.5,p<0.05 F=234.0,p<0.05 F=76.9,p<0.05

Different superscript letters in a column indicated statistically significant differences among the honey types for each characteristic (ANOVA,
Tukey’s HSD post-hoc comparison).

3.1. Antimicrobial Activity

In well diffusion assays, all honey samples had an antibacterial effect against pathogens
(and reference strains) when compared with artificial honey, where only the osmotic effect
is considered (Table 9, Figure 1a—g). The average of inhibition zones from honeys of Satureja
spp. were 16.7 + 4.1 mm, oregano and sage 15.9 £ 3.5 mm, and of citrus 15.9 4= 3.9 mm
indicating that samples of Satureja spp. were among the most effective, particularly against
S.aureus A, S. aureus B, S. aureus ATCC 12600, S. mutans, and F. nucleatum. The most sensi-
tive strain was proven to be S. mutans, with an average inhibition zone of 19.5 & 4.7 mm
and the least sensitive being S. anaerobius and F. nucleatum, with average inhibition zones
of 14.0 £ 3.8 mm and 14.3 & 3.1 mm, respectively, which indicates differences among the
susceptibility of the strains (ANOVA F = 25.64, p < 0.05). Almost all honey samples were
more effective against pathogens than the manuka honey. Overall, the manuka honey gave
an average inhibition zone of 13.7 & 2.2 mm in comparison to 16.0 &= 4.0 mm of the local
samples. In these experiments, F. nucleatum was the least sensitive to manuka (mean zone
11.7 + 0.9 mm) and S. aureus ATCC 12600 the most sensitive (mean zone 15.9 + 2.5 mm).

The results from MIC experiments showed that local honey samples were effective
enough against the seven bacteria tested alone or after treatment with proteinase K, catalase,
or by using artificial saliva as diluent. A sample of commercially available manuka honey,
equally diluted, was included in the study for comparison (Figures 2a—g and 3a—g). On
average 9.3 £ 7.6% (w/v) of honey inhibited the growth of our pathogens. Again, samples
from Satureja spp. floral source were the most effective (mean MIC 8.2 % 6.2%) followed
by citrus honey (mean MIC 9.6 + 6.9%) and oregano and sage (mean MIC 10.2 & 9.2%).
In those experiments, S. aureus A was the most sensitive strain (mean MIC 8.1 & 3.6%)
and S. aureus spp. anaerobius the least sensitive (mean MIC 17.0 £ 13.0) with the rest of
the pathogens being among the above. When the above experiments were repeated with
manuka honey, an increase to the MIC (or a decrease in effectiveness) was observed from
9.3 £ 7.6 to 10.7 £ 6.4 for all strains and honey samples (ANOVA F = 20.9, p < 0.05). S.
mutans (MIC 6.2 + 0.0), S. aureus ATCC 12600 (MIC 6.2 4 0.4), S. anaerobius (MIC 6.4 + 1.1),
and S. anaerobius ATCC 35844 (MIC 6.25 + 0) were the most sensitive to manuka honey
and F. nucleatum the least, with a mean MIC of 25.0 £ 0.
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Table 9. Antimicrobial activity of honeys: Minimum inhibitory concentration (MIC) expressed in % w/v by broth dilution and inhibition diameter (mm) including well (8.0 mm) of honeys
at 75% by well diffusion assays (WDA) against various pathogens.

Well Diffusion Assay (mm) MIC 75% (wlv) MIC % (w/v) Using Artificial Saliva
Bacterial Species Honey Origin (N)
Honey Manuka Honey Manuka + Catalase + Proteinase K Honey Manuka + Catalase + Proteinase K
S. aureus A Citrus (20) 139 £ 3.6 124 £09 % 8.9 £ 3.7 12.5 £ 0 30.6 +13.5 11.8 £ 6.5b2 79 £392 219 £542 275 +16.7 % 9.2+82
Satureja spp. (20) 17.14+44° 12.3 +£ 1.5 734+36% 12.5 £ 022 754354 7.6 +333 6.7 £3.6 231+£452 754350 6.1+54"
Oregano and sage (20) 15.1 4+ 2.3P! 121 +£12%2 8.1+ 3421 1254+ 0% 8.1+£3.3% 165 +£7.22 72412 25040 8.1+34" 128 £832
Artificial honey 8.0+07 13.0 & 20?2
S. aureus B Citrus (20) 134 £23"% 121 £ 1.1 10.3 £3.0% 122 4145 31.6 £ 16.1 %2 10.5 4.7 94436 14.1 £ 4.8 %2 294 +164 % 7.8 +48%
Satureja spp. (20) 175+ 4.2¢ 13.0 £ 1.3 2 6.4 +34% 118+ 1.9 8.6 +5.0% 8.7 +49 6.4 +34% 119 +£1.9% 8.8 +£7.3"2 7.3 £ 5.6 12
Oregano and sage (20) 16.1 2.4 12.5 4 0.9 22 78+3.67 10.9 £ 2.7 22 84 +347 144 £ 7.5 7.8 +£3.7b 10.9 £+ 2.7 22 11.6 + 6.6 2 12.8 £ 6.9
Artificial honey 80+0 13.0 + 1.222
S. aureus ATCC 12600 Citrus (20) 17.0 £ 121 163 +1.3 58+1.1" 6.25+ 0 25.6 +13.9 < 6.9 £2.7 78 +44¢ 625+0" 225 +£7.6% 6.25 £ 0 P!
Satureja spp. (20) 19.3+1.8 9 155+ 1.1 48+19% 6.1£0.7 73+£36% 5.8 £ 2.9 212 2.9 £0.6% 6.25+£072 7.8 £ 50 12+£37%
Oregano and sage (20) 183+ 1.6 16.0 4.0 22 524 1.6 6.25 + 022 153 835 8.6 + 5.8 5.5+ 1.4 "1 6.25+012 7.8 +£6.1°2 84+72
Artificial honey 80402 16.0 £2.022
S. aureus anaerobius Citrus (20) 18.7 £2.7 ¢ 149 £1.52 554 4+ 142 6.6 +1.4% 24.1 + 14412 7.0+24% 47+16% 1254+ 0% 72+£22% 55392
Satureja spp. (20) 114 £14"% 15.1 & 1.4 22 16.1 104 ®2 6.25 071 15.1 4+ 8.7 22 14.4 +£ 1032 10.5 + 5.8 712 11.9 4 2.7 212 129 £ 8.6 9.8 £5.2"1
Oregano and sage (20) 1224130 153+ 152 29.4 £10.7 < 6.6 =142 29.4 +10.7 2 26.5 4+ 14.1 < 25.0 £+ 19.5 <2 119 £ 4.8 24.7 £14.6 < 10.0 £ 11.6 ™
Artificial honey 800 15.0 £ 1.4
S. aureus “;’ggﬂ’”‘s ATCC Citrus (20) 187 + 1.8 143 4 0.9 2 54+152 625+ 021 30.0 £ 12.8 2 6.6 +£2931 49 +18% 1254+02 109 £32 7844
Satureja spp. (20) 13.6 +£1.2P 148 +£1.2%® 122450 625+ 0 139 + 9.5 168+ 6.5 9.8 £3.7% 11.25 £ 3.8 10.1 +£3.84! 125 +£9.85
Oregano and sage (20) 14.0 £1.2%! 151+ 1.0 83 +3.6" 625+ 071 28.4 +13.5%2 8.7 £4.9b 16.6 + 152 11.9 £ 2.7 312 9.7 £ 587 225+ 157
Artificial honey 8007 15.0 & 2.0 ?1
Streptococcus mutans Citrus (20) 18.3 4 4.7 b1 14.1 42722 6.2+ 3.4"0 625+ 02! 225 +17.4%2 83+ 5.3b! 614072 625+ 021 6.25 4+ 3.4 2! 56+193
Satureja spp. (20) 20.7 £3.7¢ 13.7 £2.5% 454182 6.25 + 02 6.1 +25% 51+24% 6.1+0.7 6.25+ 0% 6.25 £ 0 40+£772
Oregano and sage (20) 20.1 + 4.9 13.8 £2.5% 6.25 £ 0" 6.25 0 9.4+60% 8.1+£45 6.25 02 6.25+ 0% 69+19% 8.1+4.0
Artificial honey 800 14.0 £2.0 %
Fusobacteriumnucleatum Citrus (20) 11.3 +£1.3" 12.14+1.022 250+0¢ 250+ 0 18.7 £20.9 2 14.1 + 12222 11.6 £ 2221 125+£0 13.7 £21.8 " 225+£7.6
Satureja spp. (20) 169 £229 115+ 0.9 % 59 +092 250+0% 84 +57% 7.5+ 4712 5.6+ 12% 125+ 0% 53+22% 1.6 +£3.9%
Oregano and sage (20) 151 4+2.1< 11.5 + 0.8 22 6.25 £ 0b1 25.0+£0% 13.1 £9.3%2 56+27 534+ 1.7 1254+0% 13.7 £ 78 9.7 £ 6.7 2
Artificial honey 80+07! 10.9 & 1.0 22

Different superscript lower letters in columns indicate statistically significant differences (ANOVA with Tukey’s HSD post-hoc comparison) between the honey types of each experiment and for each strain.
Different superscript numbers in rows indicate statistically significant differences (ANOVA with Tukey’s HSD post-hoc comparison) for each honey within the various experiments (well diffusion assay, MIC
with diluted honey, MIC with artificial saliva).
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Figure 1. (a-g): Antimicrobial effect of local and manuka honey samples estimated by the well diffusion assay against seven
pathogens. Lines indicate the inhibition zone of artificial honey in local honey experiments (blue) and with manuka (yellow).



Appl. Sci. 2021, 11, 6318

15 of 25

(a) S. aureus A
50

40

MIC % (w/v)
S

=
o

mCitrus ™ Satureja spp ™ Oregano/sage

(c) S. aureus ATCC 12600

50

40

30

20

MIC % (w/v)

10

Honey + catalase + proteinase

m Citrus ® Satureja spp M Oregano/sage
(e) S. aureus anaerobius ATCC 35844
50
40
30

20

MIC % (w/v)

10

Honey + catalase + proteinase

M Citrus M Satureja spp M Oregano/sage

w
o

MIC % (w/v)
]

=
o

BT T

Honey + catalase + proteinase

(b) S. aureus B
50

40
30

20

ST

Honey + catalase + proteinase

MIC % (w/v)

=
(=}

m Citrus ® Satureja spp ® Oregano/sage

(d) S. aureus anaerobius

Honey + catalase + proteinase

m Citrus  m Satureja spp  m Oregano/sage

(f) S. mutans

Honey + catalase + proteinase

M Citrus M Saturejaspp ™ Oregano/sage

(g) F. nucleatum

c |
]ﬁﬁ iii Ris

+ catalase + proteinase

W Satureja spp ™ Oregano/sage

Figure 2. (a-g): Minimum inhibitory concentration of local (n = 60) honey samples treated with and without catalase or

proteinase, as well as manuka honey (n = 1) against seven oral pathogens. Different letters indicate differences among the
types of honey within each treatment. Line (blue) indicates the MIC value of manuka.
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Figure 3. (a-g): Minimum inhibitory concentration of local (n = 60) honey samples treated with and without catalase or
proteinase as well as manuka honey (1 = 1) against seven oral pathogens with artificial saliva as diluent. Different letters
indicate differences among the types of honey within each treatment. Line (blue) indicates the MIC value of manuka.

As already mentioned, the estimation of the minimum inhibitory concentration was
accomplished first by using multiple dilutions of honey in deionized water and again
with artificial saliva as dilutant. In those later experiments there was a decrease in MIC
values below the values presented in MIC experiments with ordinary dilutions, or in other
words, an increase in effectiveness of the local honeys. The reduction in MIC values was
statistically significant (ANOVA F = 11.6, p < 0.05) from an average of 9.3 + 7.6 t0 8.3 7.6,
which is proof of the active involvement of (artificial) saliva in the antimicrobial action of
honey. However, the use of artificial saliva with manuka honey did not result in a similar
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increase of effectiveness but on the contrary, there was an average increase in MIC by 1.5%
from 10.6 & 6.4 to 12.1 £ 5.9%.

Finally, as expected the results from the well diffusion estimations were negatively
correlated with those of the MIC (Spearman Rho = —0.65, p < 0.05), indicating an overall
consistency of our data.

3.2. Antibiotic Susceptibility of Used Strains

All strains were tested for their susceptibility in common antibiotics. S. aureus (A) and
(B) (both methicillin and vancomycin resistant) were proven to be multi-resistant in 66.7%
of the drugs (Figure 4). S. mutans. was also multi-resistant in 7 out of 19 antibiotics. The
two S. aureus reference strains were sensitive in all tested antibiotics, while F. nucleatum
was resistant only in ampicillin (10 pg) and erythromycin (15 ug).

Strain AMC AMO AMP AZM CC CFT CHL CIP CTE CTX DO E GEN KZ L ME MTZ OX OF OXY P10 RIF SLT TE TROVAN VA
S. aureus A R R S R S R S R R

S. aureus B R R S R S R S R R

S. aureus anaerobius R R S S S S S R S

S. aureus ATCC 12600 S S S S S S S S

S. aureus anaerobius ATCC35844 S S S S S S S S

S. mutans R R 5] 5 8§ &8 R & R & RS & § 5] R S R

F. nucleatum S R S S R S S S

Figure 4. Antibiotic susceptibility profile of the strains used in the study (see in the text for antibiotic abbreviations).

3.3. Effect of Physicochemical Characteristics in Antimicrobial Action

Multiple regression analysis with the results of well diffusion assays or MICs (with and
without artificial saliva) as the dependent variable and the physicochemical characteristics
of the honey samples as independent variables, showed that (a) no significant contribution
of these characteristics was observed in well diffusion assays for the three types of honey
studied (ANOVA F = 2.06, p > 0.05); (b) similarly, no critical factors were identified in
the manuka well diffusion experiments (ANOVA F = 0.06, p > 0.05), (c) only TPC was a
critical factor (ANOVA F = 10.6, p < 0.05) for MIC with no artificial saliva results, (c) all
physicochemical characteristics (except pH) were contributing factors in the results of
MIC experiments with the addition of catalase (ANOVA F = 63.7, p < 0.05) and all factors
(except pH and TPC) contributed in MIC values in experiments with the addition of
proteinase (ANOVA | F =5.44, p < 0.05). When artificial saliva was used as a diluent in
MIC experiments, multiple regression analysis revealed that the contributing factors were
free acidity and TPC (ANOVA F = 8.19, p < 0.05) when the three types of honey were
tested. In MIC experiments with artificial saliva and catalase addition, the concentration
of hydrogen peroxide, lactone acidity and TPC were indicated as contributors (ANOVA
F =20.17, p < 0.05). When proteinase was added, then all physicochemical characteristics
(except pH and TFC) were identified as critical factors (ANOVA F13.26, p < 0.05) while
no characteristics appeared to contribute in manuka MIC experiments (ANOVA F = 1.07,
p > 0.05).

3.4. Effect of Honey pH in Antimicrobial Action

The pH of the various honey samples ranged from 3.0 to 4.5 with a mean of 3.55 & 0.36.
Although there were statistically significant differences among the pH values from different
floral sources (citrus, Satureja spp., oregano and sage) as shown in Table 9, it was not
statistically possible to correlate (positively or negatively) these values to the antimicrobial
action observed both in well diffusion experiments and in MIC estimations.

3.5. Effect of the Addition of Catalase

Except for F. nucleatum, all other pathogens including the reference ones exhibited a
significant increase in MIC (Table 9) after the treatment with catalase. This is an indication
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of decrease in the antimicrobial action of the honey samples and particularly in those of
citrus origin. A profound decrease of antimicrobial action was the most noticeable among
the reference strains, with the new MIC values being 4 to 6 times higher than those without
catalase treatment. As already stated, F. nucleatum was the only strain in which the addition
of catalase increases the susceptibility.

In most of the MIC experiments with artificial saliva as diluent, no statistically sig-
nificant differences were observed. A significant increase of MIC was observed in citrus
and oregano and sage honeys against F. nucleatum and in all honeys against S. aureus A, S.
aureus B, and S. aureus ATCC 12600.

3.6. Effect of Proteinase K

In general, and regardless of the pathogen or the floral source, almost all honey
samples showed a reduced activity after the proteinase K treatment from a total MIC
average of 9.3 £ 7.6 (% w/v) to 10.4 & 8.1 (% w/v). In one third of the experiments, those
differences were statistically significant, as indicated in Table 9, while the rest showed no
differences. Increased antimicrobial activity after proteinase K treatment was noted from
citrus samples against F. nucleatum. Similar results were also obtained in MIC experiments
where artificial saliva was used as diluent.

4. Discussion

Dental decay has been known since recorded history, but was not an important health
problem until sucrose became a major component of the human diet. When sucrose
is consumed frequently, an organism known as S.mutans emerges as the predominant
organism, and it is this organism that has been uniquely associated with dental decay [60].
The tooth surface initially represents a carrier state relative to harboring this primary
cariogen in the dental plaque on a smooth surface. The proportion of the cariogen in the
flora is similar in both cases, but the location of S. mutans differs within the plaques. In
the tooth destined to develop decay, S. mutans is located on the enamel surface, whereas
in the tooth destined to remain caries free, S. mutans is confined to the saliva-plaque
interface [61]. Debriding procedures, such as toothbrushing and flossing, might remove
most plaque organisms except of S.mutans, including S. aureus and F. nucleatum, tested in
this study, but could leave untouched those bacteria either firmly attached to the enamel
surface or sequestered in defects and cavities in the enamel or dentin surface [60,62,63].
In such cases, alternative natural diet sources such as honey tested here could inhibit the
proliferation of the previous mentioned pathogen’s population, resulting in controlling
or even better, preventing dental caries. Other pathogens can also proliferate in the oral
cavity inducing periodontitis and other soft tissue diseases resulting in the loss of teeth and
low quality of life [60,62,63]. Within the limitations of this in vitro study, different honey
samples, originating from the region of Epirus in Greece, were found to be effective against
dental pathogens when treated in artificial saliva means. Artificial saliva has rheological,
lubrication, and antibacterial properties similar to the ones of natural saliva and is used
with good clinical results in patients suffering from xerostomia after radiation and other
similar ailments, which reduces the production of natural saliva [64].

In our study, despite the strain and botanical dependent variation of our results, the
majority of our samples performed better than manuka honey. This is an important finding,
because manuka honey is considered by most researchers as the “front-runner of honeys
for non peroxide antimicrobial activity” [65]. Hydrogen peroxide is not accumulated in
manuka honey due to the destruction of glucose oxidase by methylglycoxal [66] and this is
perhaps one reason for the outperformance of antibacterial activity of the Greek honeys.
These honeys can act as both bacteriostatic and bactericidal depending on the concentration
used. Pasture honey (4-8%) and 5-11% manuka honey were found to be bacteriostatic,
whereas bactericidal activity was achieved at 5-10% and 8-15% concentrations, respec-
tively [15,27,67]. In contrast, artificial honey (sugar solution which mimics the composition
of honey) showed only bacteriostatic activity (at 20-30% v/v) and not bactericidal in the
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study of Bansal et al. (2005) [68]. In the present study, the bacteriostatic result was not
differentiated from the bactericidal effect, mostly because (a) the aim of the study was to
assess the total antibacterial activity and (b)—to a lesser degree—from a therapeutic point
of view it is the inhibition of bacterial growth that matters most.

Mechanisms of antimicrobial activity of honey are different from antibiotics, which
destroy the bacteria’s cell wall or inhibit intracellular metabolic pathways. The antibacte-
rial activity is related to four properties of honey [11,17,22,26,33,69]. First, honey draws
moisture out of the environment and thus dehydrates bacteria. The sugar content of honey
is also high enough to hinder the growth of microbes, but the sugar content alone is not
the sole reason for honey’s antibacterial properties [68]. The second antimicrobial reason
of honey is the pH values. The pH of honey is between 3.2 and 4.5 [26,27,38,70]. This
acidity is low enough to inhibit the growth of most microorganisms of the ones tested
here [26,27,38,70-72]. Although statistically significant differences were observed among
the pH values off the different honey types, it was not possible to conclude any positive
(or negative) statistically significant effect of these differences on the antimicrobial action
either in well diffusion experiments or in MIC estimates. Furthermore, hydrogen peroxide
produced by the glucose oxidase is one of the most important antibacterial components of
honey, although some authors believe the non-peroxide activity is equally or even more
important. Glucose oxidase is incorporated into honey during the foraging of the bees
and oxidizes glucose to glucolactone [40,41]. This oxidation results in the production of
gluconic acid and in the reduction of molecular oxygen to hydrogen peroxide [73]. The
latter substance however can also be produced by polyphenol autoxidation [74]. In the
present study, the hydrogen peroxide’s antibacterial activity was assessed by the addition
of catalase (Figures 2 and 3). Catalase can be found naturally in honey and is of pollen
origin [75]. The results show (Figures 2 and 3) that for all types of honey and for all
pathogens, MIC increases after the addition of catalase. This increase in MIC implies an
increased susceptibility of the dental pathogens due to the hydrogen peroxide content of
honey. However, hydrogen peroxide, although a significant bactericidal ingredient, is not
the sole or the most potent cause of the antibacterial activity of unprocessed honey. In our
study, citrus honey contains 3.35 and 4.67 more hydrogen peroxide than oregano honey
and Satureja spp. honey, respectively (Table 8), yet 5 out of 7 pathogens and reference
strains showed a smaller inhibition zone in comparison to the other honeys (Table 9). On
the other hand, the bacterial susceptibility can perhaps be attributed to the strain or even
species-specific factors. Furthermore, several phytochemical factors with antibacterial
activity have been identified in honey [76,77]. All these substances have been described as
non-peroxide antibacterial factors [78].

In most of the MIC experiments with artificial saliva as the diluent, no statistically
significant differences were observed. A significant increase of MIC was observed in citrus
and oregano and sage honeys against F. nucleatum and in all honeys against S. aureus A,
S. aureus B, and S. aureus ATCC 12600. Artificial saliva alters the viscosity of honey as
well as its colloid structure. These physicochemical changes reduce the susceptibility of
certain bacteria and thus the increase in MIC values in our study. However, this effect
must have a species-specific element since only the S. aureus strains were found most
susceptible to all honeys. In addition to the previous information, volatiles, organic acids,
lysozyme, beeswax, nectar, pollen and propolis are important chemical factors that provide
antibacterial properties to honey [78-80]. Propolis, a natural resinous mixture produced
by honeybees, which exhibits anti-microbial, anti-inflammatory, cytostatic, and cariostatic
properties. has been used already for cosmetic cremes for the skin and oral hygiene sources
such as dentifrices. Propolis, as it is known, influences the cytoplasmic membrane and has
an inhibitory effect on the bacterial motility and enzymatic activity. It has bacteriostatic
activity at low concentrations and can be bactericidal at high concentrations [81]. It breaks
down bacterial cell wall, cytoplasm and prevents bacterial cell division. There are reports
on the effectiveness of propolis-containing dentifrices for the control of caries in young
adults [82]. In addition, in the study of Ophori et al. (2010) [83], it was also established
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that propolis and especially the ethanol extract of propolis (EEP) exerted bacteriostatic
and bactericidal effects against S. mutans, respectively, at concentrations of 1.875 and
3.75 ug/mL or more. It was stated that organisms were the most susceptible to EEP at
acidic pH followed by neutral and alkaline pH [84]. In another study, propolis mouth rinse
was found to have an effective antimicrobial action against S. mutans [84]. In this sense,
Greek honeys, which are already more effective than the manuka control source, as tested in
this study, are estimated to better fulfill the pathogens inhibition status if specific extracted
derivatives were also used in oral hygiene sources such as gels, mouth rinses, or dentifrices.
Honey also contains oligosaccharides in large quantities. The sugar composition of honey
from different floral sources was related to the growth inhibition of various intestinal
bacteria [85]. Sugars do not possess antibacterial properties per se, but their concentration
regulates the osmolarity and the osmolality of honey [86,87]. From the findings of our
study, it is not clear however, if these differences can significantly affect the colloidal and
rheological properties of different honeys and thus alter their antibacterial effect.

Despite their antibacterial effect, honey’s carbohydrates could be a factor of cariogen-
esis in high-risk dental patients [62,63]. Of course, in this risk category, patient’s use of
honey is better than the sugar itself [62]. As shown in the study of Sela et al. (1998) [88],
the initial microhardness of the surface of the enamel decreased significantly after con-
sumption of a teaspoonful of honey in the subjects with a regular saliva flow, whereas
in the irradiated dry-mouth patients, no enamel microhardness decrease occurred. The
supposed solubility-reducing factor present in honey, which remains active in the absence
of saliva but is inactivated by salivary enzymes, gives some support to the hypothesis that
honey is less cariogenic or erosive in dry-mouth subjects [63,89]. These findings could most
likely suggest that honey as a natural diet source could work better as an anticariogenic,
anti-erosive, or wound healing factor in patients with hyposalivation [89-91]. However,
diagnosed hyposalivation often comprises a sequela of severe systemic diseases, such as
Sjogren’s syndrome [91,92], diabetes mellitus [93], or cancer during the phase of chemother-
apy and radiotherapy [94,95]. It can also be derived by age or certain drugs (i.e., intake
of angiotensin-converting enzyme inhibitors, anorexiants, anticholinergic/antispasmodic
agents, sedatives, anti-parkinsonism agents, antipsychotics, etc.) [96,97]. Possibly, in these
patients, honey should be used through natural sources while propolis should be used in
younger and healthy patients as extracts in oral hygiene products.

Moreover, it is reported that a part of the antibacterial activity might be attributed to
the components of plant origin [97,98]. In our study, honeys of different plant origins were
used, and the results show differences in the diameter of the inhibition zones as well as
in MIC according to the plant origin. After the addition of catalase, which eliminates the
activity of hydrogen peroxide, the still existing antibacterial activity of honey is entirely due
to various phytochemicals. A portion of these substances is of protein or peptide origin,
as the addition of proteinase K suggests, and the rest are phenolic, flavonoid, and other
compounds with antibacterial activity, all of them derived from the plants that bees forage.
Honey contains proteins and peptides with antibacterial activity. Brudzynski and Sjaard
(2015) [99] identified fragments of glycoproteins, which exerted non-specific membrane
permeabilization of the bacterial cells, resulting in a strong inhibition of growth. The same
researchers (2014) [100] argued that compounds in Canadian honey act against bacterial
cells in a mode similar to 3-lactams. Four families of antibacterial peptides and proteins
have been identified so far, in bees: apideacins, abaecins, hymenoptaecin, and defensin.
These compounds represent the humoral defense of bees against pathogens and some of
them, such as defensin 1, are incorporated into honey [100,101].

An interesting find is that in the case of citrus honey, most of the tested pathogens
showed decreased susceptibility after the addition of protease K (Figure 3). The remaining
antibacterial activity is due to phenolic and other non-protein compounds, and since the
susceptibility of the pathogens was reduced, it follows that possibly the action of some of
these compounds must have been inhibited by some peptides. Combarros-Fuertes et al.
(2019) [102] demonstrated that the antibacterial activity of the phenolic and flavonoid
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compounds of honey in MIC range from 0.05 g/mL to 0,40 g/mL. The use of artificial
saliva in the present study served the purpose of simulating the conditions in the oral
cavity. The results show that the antibacterial effect was enhanced in most cases. To our
knowledge, this is the first study researching the effect of artificial saliva as a solvent to
the antibacterial effect of honey. Having a greater viscosity than distilled water (the usual
solvent), artificial saliva reduces to a lesser extent the viscosity and the colloidal structure
of honey, which retains due to these properties more of its initial antibacterial activity.

A limitation of the present study is the lack of pollen analysis of the different types of
honey. This analysis would verify the botanical source of each sample. We relied on the
information about the geographical origin of the samples, which included the dominant
plant species.

Finally, as a probable limitation in this study, we could point the use of a post-hoc
multiple comparison methodology but without a Bonferroni reduction, since it works by
reducing the p-values, making it possible to reject the valid conclusions (Type II error). We
chose to follow the classical approach (without Bonferroni reduction) which, despite its
flaws, remains a standard and convenient approach.

5. Conclusions

1.  The Greek honeys and particularly the citrus and the oregano and sage honey, showed
an impressive antibacterial activity against all oral pathogens tested in this study as
well as the reference strains.

2. This antibacterial activity outperformed in most cases the one of manuka honey, which
was used as control due to its well-studied and fully documented antibacterial activity.

3.  Asignificant part of the antibacterial activity was due to hydrogen peroxide. Further
studies are needed for evaluating the effect of other compounds such as peptides and
non-peptides (phenolic compounds, flavonoids, and others) in the antibacterial action.

4. Inin-vitro conditions, the antibacterial activity of honey is found to be enhanced in
most cases when artificial saliva is used for its dilution.

5. There is an indication that in a clinical environment, Greek honeys can be used as anti-
cariogenic, anti-erosive and/or oral wound healing factor in patients with hyposalivation.

6.  Although further clinical research is needed, there is a strong indication that honey
should be used in elderly patients through natural sources while propolis or other
honey derivatives should be used in younger and healthy patients as extracts in oral
hygiene products.

7. Our results are promising, and a future project must include not «artificial saliva» but
saliva from volunteers, and perhaps not only healthy volunteers but also volunteers
with specific dental lesions. In this case, the interaction between the natural microflora
of the oral cavity and the pathogenic bacteria in the presence of various types of honey
should also be studied.

8.  The exact botanological profile of the various types of honeys should be investigated
in order to classify them accurately and derive more specific clinical suggestions.
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