Medical-Grade Honey Kills Antibiotic-Resistant
Bacteria In Vitro and Fradicates Skin Colonization
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Background. Antibiotic resistance among microbes urgently necessitates the development of novel antimicro-
bial agents. Since ancient times, honey has been used successfully for treatment of infected wounds, because of
its antibacterial activity. However, large variations in the in vitro antibacterial activity of various honeys have been
reported and hamper its acceptance in modern medicine.

Methods. We assessed the in vitro bactericidal activity of Revamil (Bfactory), a medical-grade honey produced
under controlled conditions, and assessed its efficacy for reduction of forearm skin colonization in healthy volunteers
in a within-subject—controlled trial.

Results. With Bacillus subtilis as a test strain, we demonstrated that the variation in bactericidal activity of 11
batches of medical-grade honey was <2-fold. Antibiotic-susceptible and -resistant isolates of Staphylococcus aureus,
Staphylococcus epidermidis, Enterococcus faecium, Escherichia coli, Pseudomonas aeruginosa, Enterobacter cloacae, and
Klebsiella oxytoca were killed within 24 h by 10%—-40% (vol/vol) honey. After 2 days of application of honey, the
extent of forearm skin colonization in healthy volunteers was reduced 100-fold (P<.001), and the numbers of
positive skin cultures were reduced by 76% (P<.001).

Conclusions. Revamil is a promising topical antimicrobial agent for prevention or treatment of infections,
including those caused by multidrug-resistant bacteria.

Antibiotic-resistant bacteria pose a very serious threat
to public health [1, 2]. For all kinds of antibiotics,
including the major last-resort drugs, the frequencies
of bacterial resistance are increasing worldwide [1, 2].
Even more alarming, very few new antibiotics are being
developed, because many large pharmaceutical com-
panies have abandoned the field of antibiotic drug dis-
covery [3]. Therefore, alternative antimicrobial strate-
gies are urgently needed.

Since ancient times, honey has been known to pos-
sess antimicrobial properties, as well as wound-healing
activity [4-6]. Microbial resistance to honey has never
been reported, which makes it a very promising topical
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antimicrobial agent. Indeed, the in vitro activity of
honey against antibiotic-resistant bacteria [7-9] and the
reported successful application of honey in the treat-
ment of chronic wound infections that were not re-
sponding to antibiotic therapy [5] have attracted con-
siderable attention [10-12].

At present, the evidence that honey is an effective
antimicrobial agent is limited. Although the efficacy of
honey for treatment of burns and postoperative wounds
was demonstrated in randomized, controlled trials,
these studies concerned small numbers of patients and/
or lacked well-defined end points [13, 14], or honey
was used as a last-resort medication because standard
treatments had failed [5]. Furthermore, there is large
variation in the antimicrobial activity of honeys col-
lected from natural environments [15, 16], which is a
concern from the view of clinical applications [14].

Revamil medical-grade honey (Bfactory) is produced
by bees in closed greenhouses. We assessed the batch-
to-batch reproducibility and the bactericidal spectrum
of this medical-grade honey in vitro and tested its ef-
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ficacy in reducing microbial skin colonization in healthy hu-
man volunteers.

MATERIALS AND METHODS

Honey

Revamil, a CE-marked, standardized, medical-grade honey, was
used in all experiments. Concentrations of honey are expressed
as the percentage of honey volume per total volume (vol/vol).
In the study involving volunteers, graduated ~-sterilized syrin-
ges with Revamil honey were used.

In Vitro Studies

Microorganisms.
was assessed for the following microorganisms: Escherichia coli
ML-35 [17], Pseudomonas aeruginosa PAO1 (American Type
Culture Collection 15692), clinical isolates of Enterobacter clo-
acae and Klebsiella oxytoca, extended-spectrum B-lactamase

Bactericidal activity of medical-grade honey

(ESBL)—producing strains of all the species mentioned above,
gentamicin-resistant E. coli, methicillin-susceptible and -resis-
tant strains of Staphylococcus epidermidis and Staphylococcus
aureus, and vancomycin-susceptible and -resistant strains of
Enterococcus faecium.

Oxacillin susceptibility of S. aureus and S. epidermidis strains
and vancomycin susceptibility of E. faecium strains were de-
termined by Etest (AB Biodisk; Solna) in accordance with the
manufacturer’s instructions. ESBLs were identified as described
elsewhere [18].

Microbroth dilution assay. Bactericidal activity of honey
was quantified with a microbroth dilution assay. Bacteria from
logarithmic-phase cultures in trypticase soy broth (Difco) were
washed twice with incubation buffer (10 mmol/L phosphate
buffer [pH 7.0] and 0.03% wt/vol trypticase soy broth) and
were diluted to 5 X 10° cfu/mL in this buffer on the basis of
optical density. Before each experiment, a 50% vol/vol solution
of honey (density, 1.4 g/mL) in incubation buffer was freshly
prepared. Twenty-microliter aliquots of bacterial suspensions
were mixed with 80-uL aliquots of various concentrations of
honey and were incubated on a rotary shaker at 150 rpm at
37°C. At indicated time points, duplicate 10-uL aliquots of
undiluted and 10-fold serially diluted incubation mixtures were
spotted on blood agar. The plates were incubated at 37°C and
were inspected for growth after 24 h.

Study of Honey for Treatment of Skin Colonization
in Healthy Volunteers

Study design. We investigated the potential of medical-grade
honey to decrease microbial skin colonization on the forearms
of healthy volunteers. The study protocol was approved by the
Academic Medical Center Amsterdam Research Ethics Com-

mittee. Forty-two healthy adult volunteers were recruited for

the study in September and October 2006. Written informed
consent was obtained from all volunteers before inclusion. Ex-
clusion criteria were infectious skin diseases or other skin dis-
eases that can be considered to influence colonization.

Two patches of skin (diameter, 2 cm) on the left forearm
were sampled with cotton swabs moistened with 0.9% NaCl
(saline). A volume of 0.5 mL of honey was applied to 1 of these
patches, covering an area of ~2 cm in diameter. Transparent
polyurethane dressing (Tegaderm; 3M Health Care) was applied
to the honey-covered and control skin patches. After 2 days,
the honey was collected using dry cotton swabs, and the skin
patches were sampled using moistened cotton swabs. Skin col-
onization was defined as the presence of a total of >5 cfu in
the collected honey and skin swab.

Identification of bacterial skin microflora.
of bacterial isolates from honey-treated skin patches was per-

Identification

formed using 16S rRNA gene sequencing. Single colonies were
suspended in 100 pL of demineralized water, and the suspen-
sion was boiled for 10 min and was centrifuged at 20,000 g for
3 min. Five microliters of the supernatant served as the template
for PCR amplification of ~900 bp of the rRNA gene by use of
primers P515F and P13B [19], for 25 cycles at 95°C for 1 min,
62°C for 1 min, and 72°C for 2 min, with a final extension for
10 min at 72°C. The PCR products were sequenced with prim-
ers P515F and P13B by use of the ABI Prism Big Dye Termi-
nator cycle-sequencing kit, version 2.0 (Applied Biosystems),
and overlapping sequences from both strands were aligned and
inspected using the software package CodonCode 1.5.2
(CodonCode Corporation). The Ribosomal Database Project
II from the Center of Microbial Ecology [20] was used for
identification of the bacteria at the genus level. The coagulase
tube test was used to discriminate between S. aureus and co-
agulase-negative staphylococci.

Statistics. The percentages of culture-positive skin swabs
of honey-treated and control skin patches in the volunteer study
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Figure 1. Bactericidal activity of 11 batches of Revamil medical-grade
honey against Bacillus subtilis. B. subtilis was incubated for 2 h in 0%—
40% vol/vol honey with 5% incremental steps. The highest dilutions of
honey causing a 1000-fold reduction in the number of cfu are indicated
as mean values for independent triplicate incubations. Error bars represent
SEMs.

1678 « CID 2008:46 (1 June) * Kwakman et al.



MSSA

=
A
w
>

MW B U1 O~ 00 W0
NWh OO~ 0O

=

T o

w

m
=
o
S
w
S
~
=

MSSE

log cfu/mL
NWhAOO WO
NWhEOO~N®O

0 10 20 30 40
VSEF

—_
o

20 30 40

3
m o
m

NG B O~ 00 ©
N WO~ 00w

0 10 20 30 40 0 10 20 30 40
% honey (vol/ivol)

Figure 2. Susceptibility of gram-positive bacteria to honey. Methicillin-
susceptible Staphylococcus aureus (MSSA), methicillin-resistant S. aureus
(MRSA), methicillin-susceptible Staphylococcus epidermidis (MSSE),
methicillin-resistant S. epidermidis (MRSE), vancomycin-susceptible £n-
terococcus faecium (VSEF), and vancomycin-resistant E. faecium (VREF)
isolates were exposed to the indicated concentrations of honey for 24
h, after which survival was determined quantitatively as cfu/mL.

were analyzed with McNemar’s test for matched case-control
studies. Univariate analyses by paired Wilcoxon rank-sum test
were performed to investigate the significance of differences in
numbers of cfu (GraphPad Prism, version 4.03) [21].

RESULTS

Batch-to-batch reproducibility of bactericidal activity of
honey. We compared the activity of 11 batches of Revamil
medical-grade honey in a microdilution assay with Bacillus sub-
tilis as the target microorganism. Bactericidal activity varied
<2-fold between all batches (figure 1).

Activity of honey against gram-positive bacteria.
Antibiotic-susceptible and -resistant strains of S. aureus, S. ep-
idermidis, and E. faecium were exposed to dilutions of honey
(figure 2). Methicillin-susceptible and -resistant S. aureus iso-
lates were equally susceptible to honey (figure 2). At 40% vol/
vol, honey completely killed the inocula of all isolates tested,
and 20% vol/vol honey had potent bactericidal activity against
all methicillin-resistant S. aureus isolates and 2 of 3 methicillin-
susceptible S. aureus isolates (figure 2).

S. epidermidis was even more susceptible; all isolates tested

were completely killed by 10% vol/vol honey. As for S. aureus
isolates, there were no marked differences in susceptibility be-
tween methicillin-susceptible and -resistant S. epidermidis iso-
lates (figure 2). For E. faecium, incubation in 30% vol/vol honey
resulted in a marked reduction in the numbers of cfu for all
isolates tested, including antibiotic-susceptible isolates and an-
tibiotic-resistant isolates (figure 2).

Activity of honey against gram-negative bacteria. Nearly
all gram-negative bacteria tested, including the ESBL-producing
strains, were killed after 24 h of incubation in 20% vol/vol
honey (figure 3). For antibiotic-susceptible E. cloacae and an-
tibiotic-resistant K. oxytoca (ESBL-producing) isolates only, at
least 30% vol/vol honey was required to kill the entire inocula
(figure 3).

Reduction of forearm skin colonization by application of
honey. To determine the potential of honey for topical ap-
plications in vivo, we quantitatively determined the capacity of
honey to reduce microbial colonization of forearm skin of
healthy volunteers. Forty-eight h after application of honey, the
median level of skin colonization was reduced 100-fold, com-
pared with control incubations, from 110 cfu/swab in the con-
trol group to 1 cfu/swab in the honey-treated group (P<
.001) (figure 4A). The percentage of positive skin cultures, de-
fined as cultures with >5 cfu, was reduced from 79% in the
control group to 19% in the honey-treated group (P<.001)
(figure 4A). Within the honey-treated group, median coloni-
zation was reduced from 26.5 cfu to 1 cfu (P<.001) 48 h after
application, whereas, in the control group, the median had
increased from 21.5 cfu to 110 cfu (P<.001) after a similar
incubation period (figure 4A). There was a large variation in
baseline skin colonization among subjects, ranging from 0 to
>1000 cfu/swab, but colonization of control and honey-treated
skin patches on the same arm were similar for most of the
subjects at the start of the experiment (figure 4B, left panel).
Forty-eight h after application (figure 4B, right panel), 39 of
42 honey-treated patches showed less colonization than did the
corresponding untreated control patches on the same arm. Af-
ter treatment with honey, skin colonization was reduced for 38
of 42 patches, compared with colonization before treatment
(figure 4C, right panel), whereas, for control skin patches, in-
creased colonization was observed for 30 of 42 patches at 48
h after application of a dressing (figure 4C, left panel).

For every subject, all phenotypically distinct bacteria that
survived on honey-treated skin patches were isolated and char-
acterized. Of the total 18 isolates, 14 (78%) were identified as
coagulase-negative staphylococci, and Bacillus, Micrococcus,
Brevundimonas, and Corynebacterium species were each iden-
tified once. In an assessment of their susceptibility to honey in
vitro, inocula of all these isolates were killed by <30% vol/vol
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Figure 3. Susceptibility of various gram-negative bacteria to honey.
Antibiotic-susceptible isolates (4) and extended-spectrum B-lactamase—
producing isolates (B) of Escherichia coli (squares), Pseudomonas aeru-
ginosa (upward-pointing triangles), Enterobacter cloacae (diamonds), Kleb-
siella oxytoca (downward-pointing triangles), and gentamicin-resistant E.
coli (circles) were exposed to the indicated concentrations of honey for
24 h, after which survival was determined quantitatively as cfu/mL.

honey after 24 h of incubation, which demonstrates that these
bacteria were not intrinsically resistant to honey.

DISCUSSION

We demonstrate that Revamil medical-grade honey had repro-
ducible bactericidal activity in vitro and was equally active
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Figure 4.

against antibiotic-resistant and -susceptible isolates for all spe-
cies tested. Application of Revamil for 2 days on forearm skin
of healthy volunteers was highly effective in reducing both the
frequency of positive skin cultures and the numbers of cfu
cultured (both P<.001, for comparison with controls).

Honey has several well-known properties responsible for its
antimicrobial activity. These include a high osmolarity due to
the high concentration of sugars (~80% wt/vol) [22], a low
pH (3.2-4.5 for undiluted honey), and the production of hy-
drogen peroxide, which, after dilution of honey, is produced
by glucose oxidase originating from the bees [6, 23]. In ad-
dition, unknown floral or bee components contribute to the
activity [24, 25]. Unfortunately, large variation in antimicrobial
activity exists among honeys collected from different environ-
ments [13, 16], possibly related to spatial and temporal vari-
ation in sources of nectar [15]. Even honey collected from a
single location can have significant batch-to-batch variation in
antibacterial activity [15]. The unpredictable antibacterial ac-
tivity of such nonstandardized honey preparations hampers its
introduction as an antimicrobial agent.

Revamil is produced in greenhouses under standardized con-
ditions. With <2-fold variation in activity for 11 different
batches, this honey showed good batch-to-batch reproducibility
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Efficacy of honey in reducing forearm skin colonization. A, Number of culture-positive samples and number of cfu cultured from control

and honey-treated skin patches. An aliquot of 0.5 mL of honey was applied on 1 forearm skin patch, and a second patch on the same arm served
as a no-treatment control. Both patches were covered with polyurethane dressing. Before and after 2 days of application, the skin patches were
sampled to assess quantitatively the level of microbial skin colonization. B, Colonization of control and honey-treated skin patches on the same arm
of individual subjects at the start of the experiment (left panel) and after 48 h (right panel). C, Colonization of individual skin patches at the start of
the experiment and after 48 h for control patches (/eft panel) and honey-treated patches (right panel). The percentages of culture-positive skin swabs
of honey-treated and control skin patches were analyzed with McNemar's test for matched case-control studies, and univariate analyses by the paired
Wilcoxon rank-sum test were performed to investigate the statistical significance of the differences in numbers of cfu.
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of activity, which is an important criterion for clinical
application.

As many infections become more and more difficult to treat,
because of increased antibiotic resistance among pathogens
[26-28], new antimicrobial agents are needed. Revamil had
potent in vitro bactericidal activity against antibiotic-resistant
gram-positive and gram-negative bacteria. Inocula of all S. ep-
idermidis strains tested were completely killed after 24 h of
incubation in 20% vol/vol honey, and 40% vol/vol honey killed
all S. aureus and E. faecium strains tested. Antibiotic-susceptible
and -resistant strains of all gram-negative bacteria tested were
killed by 20%-30% vol/vol honey. Therefore, medical-grade
honey has the potential to be a topical antibacterial prophylaxis
or to be a treatment for topical infections caused by antibiotic-
resistant bacteria.

To the best of our knowledge, our study is the first to assess
quantitatively the efficacy of honey to reduce microbial skin
colonization in a controlled trial. Unfortunately, it is very dif-
ficult to evaluate honey in a blind trial, because no suitable
control substance resembling honey exists. Therefore, we per-
formed an open-label, within-subject trial to assess the efficacy
of honey to reduce skin colonization, compared with no-treat-
ment controls. The mean numbers of cfu cultured from skin
were reduced 100-fold after application of honey for 2 days,
and 81% of the honey-treated skin patches yielded negative
culture results, compared with 21% for control patches. In 3
subjects, honey was not effective, but we showed that the bac-
teria isolated from these subjects were susceptible to honey in
vitro. Possibly, the isolated bacteria had emerged from deeper
sites within the skin during the sampling, and had not been
reached by the honey applied on the skin surface.

Two major indications for application of honey could be
treatment of wound infections and topical prophylaxis at sites
where microorganisms may give rise to infection, such as cath-
eter-insertion sites [29]. Small, randomized, controlled trials
reported the efficacy of honey to reduce the time needed for
healing and to reduce the time to negative culture results for
burn wounds [30-34] and postoperative wound infections [35].
Another relatively small study showed that there was a com-
parably bacteremia-free period in the use of tunneled, cuffed
hemodialysis catheters after application of honey, compared
with after mupirocin treatment [36]. This indicates that honey
could be a valuable alternative to mupirocin, but larger, ran-
domized trials using well-defined honey are required to assess
the efficacy of honey as an antimicrobial agent.

In summary, we showed that Revamil medical-grade honey
has batch-to-batch reproducible and broad-spectrum bacteri-
cidal activity and is a good disinfectant for human skin. Thus,
this honey has excellent potential as an anti-infective agent for

topical prophylaxis or for topical treatment of skin infections
caused by antibiotic-susceptible or -resistant bacteria.

Acknowledgments

Financial support. P.H.S.K. was supported by a SENTER grant
(TSGE2055) from the Dutch Ministry of Economic Affairs, which was
awarded to Bfactory, the manufacturer of Revamil.

Potential conflicts of interest. All authors: no conflicts.

References

1. Levy SB. The antibiotic paradox: how misuse of antibiotics destroys
their curative powers. Cambridge: Perseus Publishing, 2002.

2. Levy SB, Marshall B. Antibacterial resistance worldwide: causes, chal-
lenges and responses. Nat Med 2004; 10:5122-9.

3. Projan SJ. Why is big Pharma getting out of antibacterial drug dis-
covery? Curr Opin Microbiol 2003; 6:427-30.

4. Bodeker GC, Ryan TJ, Ong CK. Traditional approaches to wound
healing. Clin Dermatol 1999; 17:93-8.

5. Efem SEE. Clinical observations on the wound-healing properties of
honey. Br J Surg 1988;75:679-81.

6. Molan PC. The antibacterial activity of honey. 1. The nature of the
antibacterial activity. Bee World 1992;73:5-28.

7. Cooper RA, Wigley P, Burton NE. Susceptibility of multiresistant strains
of Burkholderia cepacia to honey. Lett Appl Microbiol 2000;31:20—4.

8. Cooper RA, Halas E, Molan PC. The efficacy of honey in inhibiting
strains of Pseudomonas aeruginosa from infected burns. ] Burn Care
Rehabil 2002;23:366-70.

9. Cooper RA, Molan PC, Harding KG. The sensitivity to honey of gram-
positive cocci of clinical significance isolated from wounds. J Appl
Microbiol 2002;93:857-63.

10. Bonn D. Sweet solution to superbug infections? Lancet Infect Dis
20035 3:608.

11. Dixon B. Bacteria can’t resist honey. Lancet Infect Dis 2003;3:116.

12. Lusby PE, Coombes A, Wilkinson JM. Honey: a potent agent for wound
healing? ] Wound Ostomy Continence Nurs 2002;29:295-300.

13. Molan PC, Betts JA. Clinical usage of honey as a wound dressing: an
update. ] Wound Care 2004; 13:353-6.

14. Moore OA, Smith LA, Campbell F, Seers K, McQuay HJ, Moore RA.
Systematic review of the use of honey as a wound dressing. BMC
Complement Altern Med 2001; 1:2.

15. Molan PC. The antibacterial activity of honey. 2. Variation in the
potency of the antibacterial activity. Bee World 1992;73:59-76.

16. Allen KL, Molan PC, Reid GM. A survey of the antibacterial activity
of some New Zealand honeys. ] Pharm Pharmacol 1991;43:817-22.

17. Lehrer RI, Barton A, Daher KA, Harwig SS, Ganz T, Selsted ME.
Interaction of human defensins with Escherichia coli: mechanism of
bactericidal activity. ] Clin Invest 1989; 84:553—61.

18. Naiemi NA, Duim B, Savelkoul PH, et al. Widespread transfer of
resistance genes between bacterial species in an intensive care unit:
implications for hospital epidemiology. J Clin Microbiol 2005;43:
4862—4.

19. Relman DA, Schmidt TM, MacDermott RP, Falkow S. Identification
of the uncultured bacillus of Whipple’s disease. N Engl ] Med 1992;
327:293-301.

20. Ribosomal database project II: classifier—start. Available at: http://
rdp.cme.msu.edu/classifier/classifier.jsp. Accessed 15 April 2008.

21. GraphPad Software. QuickCalcs: online calculators for scientists. Avail-
able at: http://www.graphpad.com/quickcalcs. Accessed 15 April 2008.

22. Chirife J, Scarmato G, Herszage L. Scientific basis for use of granulated
sugar in treatment of infected wounds. Lancet 1982;1:560-1.

23. White JW Jr, Subers MH. Studies on honey inhibine. 2. A chemical
assay. ] Apic Res 1963;2:93-100.

Bactericidal Activity of Medical Honey ¢ CID 2008:46 (1 June) ¢ 1681



24.

25.

26.

27.

28.

29.

30.

31.

Bogdanov S. Nature and origin of the antibacterial substances in honey.
Lebensm Wiss Technol 1997;30:748-53.

Willix DJ, Molan PC, Harfoot CG. A comparison of the sensitivity of
wound-infecting species of bacteria to the antibacterial activity of ma-
nuka honey and other honey. ] Appl Bacteriol 1992;73:388-94.
Navon-Venezia S, Ben Ami R, Carmeli Y. Update on Pseudomonas
aeruginosa and Acinetobacter baumannii infections in the healthcare
setting. Curr Opin Infect Dis 2005; 18:306-13.

Linares J. The VISA/GISA problem: therapeutic implications. Clin Mi-
crobiol Infect 2001;7(Suppl 4):8-15.

Appelbaum PC. MRSA—the tip of the iceberg. Clin Microbiol Infect
2006; 12(Suppl 2):3-10.

Safdar N, Kluger DM, Maki DG. A review of risk factors for catheter-
related bloodstream infection caused by percutaneously inserted, non-
cuffed central venous catheters: implications for preventive strategies.
Medicine (Baltimore) 2002; 81:466—79.

Subrahmanyam M. Topical application of honey in treatment of burns.
Br J Surg 1991;78:497-8.

Subrahmanyam M. Honey dressing versus boiled potato peel in the

32.

33.

34.

35.

36.

treatment of burns: a prospective randomized study. Burns 1996;22:
491-3.

Subrahmanyam M. A prospective randomised clinical and histological
study of superficial burn wound healing with honey and silver sulfa-
diazine. Burns 1998;24:157-61.

Subrahmanyam M. Honey impregnated gauze versus polyurethane film
(OpSite) in the treatment of burns—a prospective randomised study.
Br J Plast Surg 1993;46:322-3.

Subrahmanyam M. Honey-impregnated gauze versus amniotic
membrane in the treatment of burns. Burns 1994;20:331-3.

Al Waili NS, Saloom KY. Effects of topical honey on post-operative
wound infections due to gram positive and gram negative bacteria
following caesarean sections and hysterectomies. Eur ] Med Res 1999;4:
126-30.

Johnson DW, van Eps C, Mudge DW, et al. Randomized, controlled
trial of topical exit-site application of honey (Medihoney) versus mu-
pirocin for the prevention of catheter-associated infections in hemo-
dialysis patients. ] Am Soc Nephrol 2005; 16:1456—62.

1682 ¢ CID 2008:46 (1 June) * Kwakman et al.



