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ABSTRACT

Recent evidence suggests that methylglyoxal (MG), a highly reactive
ketoal dehyde, isthe main responsible for the unusually high antimicrobial
activity of some New Zealand honeys. To provide further support to this
hypothesis and assess the potential of MG as a new natural antimicrobial
agent, we performed comparative in-vitro activity tests on some of the
microorganisms most frequently associated with human infections,
including amethicillin-resistant Staphylococcus epidermidis (MRSE) strain
fromaclinical isolate. Very similar activity profileswere observed by using
MG or amedical-grade (UMF 25+) Manukahoney as antimicrobial agents,
with the following susceptibility order: MRSE, S. aureus > E. coli, P.
mirabilis > P. aeruginosa. MG exhibited bacteriostatic and bactericidal
activity against all the microorganismstested, with MI1C and MBC values
rangingfrom1.05t04.22 mM and 2.11 to 4.22 mM, respectively. Experiments
made by adding 70 mM MG to an artificial honey and an equimolar glucose-
fructose mixture showed that the activity of Manukahoney arisesprimarily
fromthe presence of high levelsof MG Theremarkabl eantibacterial potency
of MG makes it an attractive candidate for the development of
pharmaceutical compositions for the treatment of microbial infections.
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INTRODUCTION

Theuse of honey to treat infections dates back to
the time of ancient Egyptians and Greeks, but only
recently hasitsability to inhibit bacterial growth been
scientificaly proven™3. Current evidence suggeststhat
several factors may contribute to the antimicrobial
propertiesof honey, themog important beingosmol arity,

acidity, theenzymatic generation of hydrogen peroxide
and the presence of various non-peroxide compounds
derived from the pollen or the nectar of flowers*. In
some honeys, the hydrogen peroxideformed fromthe
oxidation of glucose by theenzymeglucose oxidaseis
the predominant antimicrobial agent. Other honeys
display apronounced non-peroxide activity whichis
thought to be, at |east partly, related to asyet unidentified
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compounds. Thisisthe case of thehoney derived from
Leptospermum scoparium, aplant indigenousto New
Zedland whichislocally known asthe “manuka” tree.
Manukahoney hasalong and traditiond history of use
in thetreatment of infectionsand its efficacy iswell
documented®”. However, despitethe effortsmadeto
characterize the compounds responsible for the
unusually high non-peroxide activity, the chemistry
behind the anti septic properties of thishoney has not
yet been completely ducidated. Recently, Mavricetd @
have provided strong evidencethat methylglyoxa (MG),
aphytochemica found a highlevel sin Manukahoney,
could bethe main responsiblefor the observed non-
peroxide activity. According to Adams et a.[¥, this
compound would originate from the non-enzymatic
conversonof dihydroxyacetone, areducing sugar which
ispresent inthe nectar of Manukaflowers.

MG, also known as pyruvaldehyde or 2-
oxopropanal, isahighly reactive a-ketoaldehyde, i ..,
acompound characterized by the presence of both an
aldehyde and aketone group inthe molecule (Figure
1). MG occursin gppreciableamountsin dairy products,
roasted coffeeand fermented beverages™®. In addition,
it can beformed during cooking or prolonged storage
of foodsasaresult of carbohydrate degradation*?. In
living organisms, MG is produced by enzymatic and
nonenzymeétic pathways, including protein glycation by
glucose, lipid peroxidation and the metabolism of
acetoneand threoning*t12,
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Figurel: Chemical structure of methylglyoxal (a) and its
monohydr ated (b) and dihydrated (c) forms.

Most of the research on MG has been focused on
itsaccumulationin cellsand onintracel lular generation
of stableMaillard reactionintermediates, theso-caled
AGEs (Advanced Glycation End-products), because
of their possibleimplicationin diabetic complications
and neurodegenerativedisorders®®*., In contrast, scant

attention has been paid to assessing the effects of
exogenousM G on bacteria, especidly thosethat appear
to bemostly susceptibleto honey. Thereis, therefore, a
need for morein-depth assessment of theantimicrobia
propertiesof MG anditsrolein honey.

Themain godsof thisstudy wereto providefurther
support to the hypothesis that MG is the main
responsiblefor theantimicrobial efficacy of Manuka
honey and to assess its potentia as a new natural
antimicrobia agent. Tothisend, wefocused our etention
on some of the microorganisms most frequently
assodaed with humaninfections indudingamethicillin-
resistant strain of Saphyl ococcus epidermidiswhich
isresponsible for agrowing number of nosocomial
infectionsall over theworld.

MATERIALSAND METHODS

Bacterial strains

Escherichia coli (ATCC 25922), Saphylococcus
aureus (ATCC 25923), Pseudomonas aeruginosa
(ATCC 10145) and Proteus mirabilis (ATCC 25933)
wereobtained fromKairoSafe (DuinoAurisng, Itay).
Methicillin-resistant Saphylococcus epidermidis
(MRSE) was isolated from awound exudate at the
Department of Cardiac Surgery (“Tor Vergata”
University, Rome, Italy).

Antimicrobial agentsand chemicals

MG (2-oxopropanal) and methicillin (2,6-
dimethoxyphenyl penicillin) sodium salt were obtained
from Sigma-Aldrich (Milano, Itay). MG wasintheform
of a40% (w/v) agueous solution. Active Manukahoney
(UMF 25+) was purchased from Honey NZ
Internationa (Parnell, Auckland, NZ). UMF (Unique
Manuka Factor) isan indicator of the antimicrobial
potency of the honey and, according to the producer,
UMF 25+ denotesahoney for therapeutic usagewith
very highactivity levels.

Aninverted sugar syrup, supplied by FPP (Nizza
Monferrato, Italy), wasused asan artificial honey. Its
composition and other properties are reported in
TABLE 1. Mudler—Hinton broth, Mueller—Hinton Agar
2, D-(+)-glucose (>99.5%) and p-(—)-fructose (>99%)
werefrom Sigma-Aldrich (Milano, Italy). Theequimolar
olucose-fructose mixture was prepared by solubilizing
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40 g glucose and 40 g fructose in 20 mL of sterile
deionized water.

All other chemicalswere of analytical gradeand
used without further purification.

TABLE 1: Composition and propertiesof theartificial honey.

Components/ Properties Value
Glucose 40 wt %
Fructose 35wt %
Sucrose 5wt %
Water 20 wt %
Phosphates (as PO,Os) <05wt%
Sulphides (as SO,) <0.1wt%
Nitrogen (as NHy) <05wt%
Density at 20 °C 1.42 g/mL
pH 4.0-45

Antimicrobial activity assay

MG susceptibility tests were performed by
conventional agar dilution and agar-well diffusion
methods, and by determining the minimum inhibitory
concentration (MIC) and minimum bactericidal
concentration (MBC). Susceptibilities to Manuka
honey, artificial honey and the equimolar glucose-
fructose mixture were assessed by the agar-well
diffusion assay. Diluted honey sampleswere obtained
by di ssolving the appropriateamount of honey in sterile
deionized water. All testswererun at least intriplicate
and theresultswereaveraged.

Agar dilution method

Mueller—Hinton agar plates were prepared by
pouring 25 mL of themedium containingfrom 1.05 mvi
t016.9mM MG into each plate. After solidification at
room temperature, followed by 20 min drying at 40
°C, the plates were inoculated using a sterile loop and
incubated overnight at 37 °C.

Agar diffusion method

Bacterid strainsfroman exponentia-phaseculture,
obtained from a single colony, were spread on the
surface of agar platesusing asterile swab soakedinthe
bacterid suspension. -mmwellswerethencutinthe
agar and filled with 150 pL of an aqueous solution at
the appropriate MG (or honey) concentration. After
overnightincubationat 37 °C, the plateswereexamined
and thediametersof theinhibition zonesweremeasured.

BioTechnology —

Deter mination of minimum inhibitory concentration
(MIC) and minimum bactericidal concentration
(MBC)

MICand MBC vduesweredeterminedin Mudler—
Hinton broth using atwo-fold serid dilution technique.
Bacterid strainsfrom an exponentid-phaseculturewere
grown overnight at 37 °C, using an inoculum of
approximately 1.5 x 10° CFU/mL, inthe presence of
different concentrationsof MG Subcultureswerethen
stresked on Mudller—Hinton agar plates, which were
incubated at 37 °C for 18 h. After this time, the number
of coloniesformed on each plate was counted. MG
concentrationswerevaried from 0.53t0 135mM. The
MIC was defined asthe lowest concentration of MG
giving completeinhibition of bacteria growth, andthe
MBC asthelowest concentration killing 99.9% of the
origind inoculum.

RESULTS

Susceptibility of bacterial strainstoM G

Figure 2 shows the results of experiments
performed by inoculation of bacteriaonto agar plates
contai ning increasing concentrationsof MG. Thefive
strainswere all sensitiveto theantimicrobial agent,
but to varying degrees. S. epidermidis stopped
growing at an MG concentration of 2.11 mM, followed
by E. coli, S. aureus, P. mirabilis (4.22 mM) and P.
aeruginosa (6.33 mM).

Agar-well diffusontestsgavetheresultsin Figure
3, wherethe mean diameter of theinhibition zonesis
plotted against the concentration of MG For dl strains,
a dose-dependent response was observed.
Susceptibilitiesof S epidermidisand S aureustoMG
werevery highand nearly identica . Slightly lower but
still pronounced effectswere observed for P. mirabilis,
E. coli and P. aeruginosa.

MIC and MBC values arelisted in TABLE 2.
Overall, the MICs were in the range 1.05 — 4.22
mM and the MBCs were between 2.11 and 4.22
mM. S. aureus and S. epidermidis had identical
MICs(1.05 mM) and MBCs(2.11 mM). TheMICs
and MBCs for E. coli and P. mirabilis were the
same and equal to 2.11 mM. P. aeruginosa had a
MIC and an MBC of 4.22 mM.
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Figure?2: Resultsof agar well diffusion assay showing the
effect of increasing concentrationsof M G on thegrowth of E.
coli, S. aureus, P. aeruginosa, P. mirabilis and methicillin-
resistant S. epidermidis.
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Figure 3 : Effect of MG concentration (c,,,) on the mean
diameter of inhibition (D) for E. coli, S. aureus, P. aeruginosa,

P. mirabilisand methicillin-resistant S. epidermidis.

TABLE 2: Minimum inhibitory concentration (MIC) and
minimum bactericidal concentration (M1C) valuesfor MG
against themicr oor ganismstested.

Micr oor ganism MIC MBC MBC/MIC
[MM] [mM]
E. coli 211 211 11
S aureus 1.05 211 2:1
P. aeruginosa 4.22 4.22 11
P. mirabilis 211 211 11
S epidermidis 1.05 211 2:1

Susceptibility of bacterial strainstomanukahoney

Figure4 (pand A) showstheeffectsof increasing
concentrations of Manukahoney on bacteria growth.
At honey concentrations < 25% (v/v) little or no
antibacteriad activity wasfound. Abovethisvaue, dose-
dependent effectswere observed. The mean diameters
of theinhibitionzoneswere 12.8, 15.9, 17.7 and 20.1
mm for honey concentrations of 25, 50, 75 and 100%,
respectively. Therank order of susceptibility wasthe
sameasthat determined using methylglioxd, that is: S
epidermidis, S. aureus > E. coli, P. mirabilis > P.
aeruginosa. A representative exampl e of the effects of
Manuka honey (75% v/v) and MG (35 and 25 mM)
on S epidermidisderived fromtheclinical isolateis
presented in Figure5.

Susceptibility of bacterial strainstoartificial honey

Theresultsof experimentsusing artificial honey or
the glucose-fructose mixture are shown in Figure 4
(pand B). Bothwereapplied assuch or in combination
with 70mM MG, No activity wasdetected against the
bacterial strains tested (E. coli, S. aureus, P.
aeruginosa and P. mirabilis) when using the two
materialsassuch. Incontrast, high activity levelswere
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Figure4: Pand A: Effect of activemanuka honey on themean
diameter of inhibition (D) for E. cali, S. aureus, P. aeruginosa,
P. mirabilisand methicillin-resistant S. epidermidis. Panel
B: Effect of theaddition of 70 mM MG intoartificial honey
(AH) or theequimolar glucose-fructose mixture(G +F) on
thegrowth of E. coli, S. aureus, P. aeruginosaand P. mirabilis.
Thedashed linesindicatethesizeof theagar well.
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Figure5: Resultsof agar well diffusion assay showing the
susceptibility of the clinical isolate of S. epidermidisto 70
uM methicillin (M et); 75% manukahoney (MH); 35mM MG
(MG)Hand25mM MG (MG2).

observed on addition of MG to both of them. The
resulting effectswerevery smilar, withaverageinhibition
zonediametersof 26.6 (artificia honey + MG) and 27.9
mm (glucose-fructose mixture + MG). Once again, the
order of susceptibility was: S. aureus > E. coli > P.
mirabilis> P. aeruginosa.

DISCUSSION

Themicroorganismsinvestigaedinthisstudy indude
three Gram-negative species (E. coli, P. aeruginosa
and P. mirabilis) and two Gram-positives (S. aureus
and S. epidermidis). They are among the bacteria
pathogens most commonly associated with human
infectiond®>8, Treatment of theseinfectionsisgenerdly
difficult because of increasing resistance against
antibioticsand chemotherapeutic agents™™. Inparticular,
the preva ence of nosocomia and community-acquired
infectionscaused by methicllin-res sant Saphylococcus
p. isgrowingworldwide, withimportant implications
for patient health and therapy costg*@.

Theresultsfrom the present study indicatethat MG
has significant in-vitro activity against all the
microorganismstested, indudingthemethicillin-res sant
isolate of S epidermidis. Accordingto susceptibility
testing results, MG was not only inhibitory but also
bactericidal against these pathogens. Concentrations
higher than 2.11 mM (4.22 mM, for P. aeruginosa)
werecgpableof killing morethan 99.9% of thebacteria

BioTechnology —

Saphylococcus spp. showed higher sensitivity, while
P. aeruginosa wastheless susceptible, withan MIC
two- to four-times smaller than those of other species.

Response variability to MG action suggeststhat
theremay be differencesinthe mechanistic pathways
associated with the uptake and entry of MG into
microbia cells. Gram-negative bacteriaareknown to
be particularly resistant to many antimicrobial agents
because of |ower outer-membrane permesbility, which
preventsthem from reaching target sites*?. However,
it is also known that porin channels in the outer
membraneallow passivediffuson of smdl hydrophilic
molecules (withaMW roughly lessthan 500-600 Da),
asisindeed thecasefor MG (MW =72.06 Da). This
would explain theresponse of E. coli, P. aeruginosa
and P. mirabilisto MG and suggest that their lower
sengtivity, with respect to S aureusand S epidermidis,
arisesfrom factorsrelated to other stepsin the uptake
process, such asadsorption to cell surface, diffusion
into the periplasmic spaceand/or interaction with target
sites?, Regarding thenature of thesesites, it should be
considered that MG like other 2-oxoal dehydes, reacts
readily with thiol groupsof proteinsaswel aswith the
guanine basesof DNA, leading toinhibition of some
enzymeactivitiesand causing arrest of cdll divisionf*t,
It can, therefore, be specul ated that itsinhibitory and
bactericidal activity istheresult of an overal cellular
damage caused by random multipledetrimenta effects
on cytoplasmic condtituents, rather thaninteractionwith
specifictarget sites?.

Theability of Manukahoney toinhibit the growth
of themicroorganismsinvestigatedisin agreement with
theavailablebody of observationgd®227 and addsfurther
support to thetherapeutic potentia of thistypeof honey
for thetreatment of infections. Although the precise
mechanisms by which honey inhibits bacteriaremain
elusve, osmol arity dueto high sugar content, hydrogen
peroxidegeneration and phytochemica sare considered
to bethefactorsthat contribute most to its activity*2.
Inundiluted honey, the high sugar content (about 80%
w/w) reduces the water activity, i.e., the amount of
water avallableto themicroorganisms, thuslimiting their
growth?, On dilution, honeys containing the bee-
derived enzyme glucose oxidase produce hydrogen
peroxide (according to thereaction: CH,,O, + O, +

H,O0— CH,0,+H,0,), apowerful oxidizing agent

6 12
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that causesprotein and DNA damageviatheformation
of hydroxyl radicals*. In the case of Manukahoney,
experiments performed by adding catdase, theenzyme
that convertshydrogen peroxideto water and molecular
oxygen, haveunequivocally demongtrated thet itsactivity
canonly partly beattributed to hydrogen peroxides31-32,
Accordingto our results, a so osmolarity would seem
to play amargind roleininhibiting bacteria growth, at
least under theconditionsof thisstudy. Infact, no activity
wasdetectedwhenusingatificia honey or theequimolar
glucose-fructose mixture. Interestingly, however, the
addition of 70 mM MG to both materials strongly
inhibited the growth of all the bacteria tested. The
gamilaity of adtivity profilespointstoacommon causative
factor and, hence, tothedirectimplicationof MGinthe
antimicrobia propertiesof thehoney.

A quantitativeanadyssof theresultsreved sthat the
efficacy of pureManukahoney isequivalent to that of
an agueous solution with an MG concentration of about
30mM (seeFigure3 and panel AinFigured). If MG
werethe only responsiblefor theactivity of the honey
assayed, an apparent MG concentration of
gpproximately 1500 mg/kgwould result (consderinga
honey density of 1.4 kg/L). Theavailableliterature
valuesfor MG concentration in Manukahoneysare
roughly intherange 100-1000 mg/kg®34, Sincethe
honey used in this study (UMF 25+) hasthe highest
activity level among medica-gradeManukahoneys, its
MG concentration can reasonably be expected to be
closeto 1000 mg/kg. Thisvalue comparesfairly well
withtheestimate of 1500 mg/kg, further supportingthe
hypothesisthat theunusually high antimicrobid activity
of Manukahoney arisesfrom the presenceof MG,

Theobserved overestimation of MG levelscould
be dueto the contribution of other honey congtituents,
such aspolyphenols, organic acidsor asyet unknown
compounds*3!, Another possible explanationisthat
MGinhoneyismoreactivethaninwater. Inthisrespect,
it should be remembered that in aqueous media a
chemical equilibrium existsbetween unhydrated and
hydrated (mono- and dihydrated) MG formg® (Figure
1), and that the unhydrated keto-al deyde isthe most
reactive®l. Cons deringthelow water content of honey
and that most of the water molecules are hydrogen
bonded to hydroxyl groups of sugarg®’, it seems
reasonable to assume that, in honey, the above

equilibrium is shifted toward the more reactive
unhydrated form. Thiswould imply amore pronounced
reactivity and ahigher antimicrobid efficacy thanin
water.

Inconclusion, theresultsof thisstudy providefurther
evidence for the efficacy of medical-grade Manuka
honey against commonmicrobid pathogensand MRSE,
whichisbecoming anincreasingly frequent cause of
nosocomial infections. Second, and perhaps more
importantly, comparison of the responses of the
microbid speciesto MG and Manukahoney seemsto
support the hypothesis that the former is the main
respons blefor the observed honey activity. Findly, MG
was found to possess not only inhibitory but also
bactericidal activity against all the microorganisms
tested. Thesefeaturesand thefact that MGisconsidered
to be potentidly safefor human consumption®* make
this compound an attractive candidate for the
devel opment of new pharmaceutical compositionsfor
thetreatment of microbia infections. Inclusonof MG
or M G-containing honeysin food productscould also
represent avalid strategy to limit the spread of food-
borne pathogens.
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