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THE ANTIBACTERIAL ACTIVITY OF HONEY
1. The nature of the antibacterial activity

PeTerR C MoLAN

Department of Biological Sciences, University of Waikato,
Private Bag 3105, Hamilton, New Zealand

Introduction

Honey has been used as a medicine since ancient times in many cultures®™*(fig. 1),
and is still used in "folk medicine’”. The use of honey as a therapeutic substance
has been rediscovered by the medical profession in more recent times, and it is gain-
ing acceptance as an antibacterial agent for the treatment of ulcers and bed sores,
and other surface infections resulting from burns and wounds*'*. In many of the
cases in the cited reports, honey was used on infections not respondmg to standard
antibiotic and antiseptic therapy. It was found in almost all of the cases to be very
effective in rapidly clearing up infection and promoting healing. Honey has also
been found to be effective in treating bacterial gastroenteritis in infants”.
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FIG. 1. The Koran, circa 590 AD.

Translation:

68. And thy Lord taught the Bee

To build it cells in the hills,

On trees, and in (men’s) habitations;

69. Then to eat all ........ . : there issues
From within their [the bees] bodies

A drink of varying colours,

Wherein is healing for men.



. Bacillus anthracis .

«Escherichia col,
Haemophilus influenzae
‘Klebsiella pneumoniae

Mycobacterium tubercult
Pasteurella multocida

Pseudomonas aeruginosa
:Salmonella species.

Salmonella cholerae-suis

Some infections caused by some of the species of
bacteria that have been found to be sensitive to
the antibacterial activity of honey™

Pathogen Iinfection caused

rax

Corynebacterium diphtheriae

ear infections, meningitis, respiratory
infections, sinusitis

Listeria monocytogenes

roteus specie

Vibrio cholerae cholera

In the ancient use of honey as a medicine there was no knowledge of it having
antibacterial properties — it was just known to work. In more recent times, now
that it is known that festering wounds are the result of infection by micro-organ-
isms, honey is used on the basis of it being an antibacterial substance, but the
nature and extent of its antibacterial activity is not widely known. A large amount
of research work has been done on the antibacterial activity of honey, but the
results of this remain unknown to most users of honey because the work is so wide-
ly spread over time, and is published in different journals and in different lan-
guages. Because it is important to be aware of the research findings to realize the
full potential of honey as a therapeutic substance, this review has been prepared
to bring together what is known about the antibacterial activity of honey.

Reports of antimicrobial activity of honey
Experimental approach

The antibacterial activity of honey appears to have been reported first by van Ketel
in 1892 (cited by Dustmann®). The next report was by Sackett in 1919”. He also
reported that the antibacterial potency was increased by limited dilution of honey,
an observation that was hard to explain. More intensive study did not commence
until the work of Dold et a/. in 19377, They introduced the term ‘inhibine’ for the
antibacterial activity of honey, a term which has been widely used since in the lit-
erature on honey.

Since then there have been many reports. Some have been of simple testing that

FIG. 2. Honey solutions being pipetted into wells in an agar plate (the agar is impregnated with
Staphylococcus aureus).



FIG. 3. Measuring the size of zones of inhibition of growth on the agar plate.

has shown honey to have antibacterial activity: these have often been done'wrchout
recognition of the prior discovery of this by others. Most, hpvyever, have mvplved
investigation of the activity spectrum of honey (i.e. determining )A/hlch species of
micro-organism are sensitive to the action of hon_ey), or comparison of different
types of honey for the potency of their action against one or more species of bac-
teria. Also there have been many investigations of the nature of the antibacterial

substances present.

In studies where the potency of the antibacterial activity of honeys has been mea-
sured, this has involved the use of one form or another of two standard mvr:robl-
ological techniques. In the agar diffusion assay technique, a small quantaty.of
honey, or a solution of honey, is applied to a nutrient agar plate mocu_lated with
a microbial culture (fig. 2). While the plate is incubating, the honey diffuses out
into the agar from its point of application. Where the concentration of honey in
the agar is high enough to inhibit growth of the culture no colonies devgzlop, and
a clear zone is seen around the point of application of the honey. The size of the
clear zone is a measure of the patency of the honey (fig. 3). However, because
the honey is diluted as it diffuses into the agar, the effective antibacterial concen-
tration of the honey in this type of assay is always lower than the concentration
of the solution applied. In the other type of assay, honey is incorporated in the
nutrient agar or in the nutrient broth in which the culture is grown. By using a
series of different concentrations of honey it is possible to find the minimum
inhibitory concentration for each honey. Whether diluted by extensive diffusion
in the first method, or as a further step in a dilution series in the second, the more
potent the antibacterial activity of a honey, the more it can be diluted and still
retain its inhibitory action.

None of the methods mentioned can show whether the action of honey is bac-
tericidal (i.e. lethal to the bacteria). If no colony development occurs in the period
of incubation, it can only be taken as a bacteriostatic action (i.e. inhibition of
growth of the bacteria). Demonstration of bactericidal activity requires subsequent
culturing in fresh nutrient medium to see if the test micro-organisms survived expo-
sure to the honey.

Species found to be susceptible

The microbial species that have been found to be sensitive to the antimicrobial
activity of honey are listed in table 1. Many of the reports, especially the older
ones, use names no longer in common use for many of the bacterial species: the
currently used names for these species are listed in table 1, as identified from past
and present editions of Bergey’s manual of determinative bacteriology™ ™.
Table 1 also shows the lowest concentration of honey reported to show an antibac-
terial effect against each species in each study. In many of the studies this con-
centration is not necessarily the minimum inhibitory concentration. In some cases
the testing for susceptibility was done with a single concentration of honey. In
others, where a dilution series was used, activity was found at the lowest concen-
tration in the series. It is possible that activity could have been detected at lower
concentrations in all of these instances, if lower concentrations had been used in
the testing.

In some of the reports, results are given of the testing of susceptibility to more than
one type of honey. In these instances the results presented in table 1 are those
obtained with the most active honey used. The decision to do this was based on
the finding in many other studies that honeys vary very widely in their antibacterial
potency, many having no detectable antibacterial activity (see later). As one of
the aims of this review is to show the potential of honey for use as an antibacterial
agent, the results are therefore presented of what can be achieved with honeys
of high activity, rather than what is achieved if unselected honeys are used.

The concentrations of honey used in the assays of antibacterial activity are given
in most of the reports as percentages, but in many of the reports there is no nota-
tion of whether it is grams of honey per 100 g of solution (% wt/wt), grams of
honey per 100 ml of solution (% wt/vol), or millilitres of honey per 100 ml of solu-
tion (% vol/vol). As honey is a liquid of high density, the way the percentage is
calculated makes a substantial difference to the value given. Where it cannot be
deduced from the description given of the way the solutions were prepared, it is
assumed that the values given are % vol/vol. If in any instance the assumption is
incorrect, the actual concentration of honey that caused the observed antibacterial
effect would have been lower than the value given in table 1. To facilitate com-
parison between the reports, all values for the concentration of honey used are
given in this review as % vol/vol, these being calculated on the basis of honey hav-
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ing a density of 1.4 g/m!™.

Antifungal activity

Although an earlier brief review® of the biological effects of honey expressed the




TABLE 1. A summary of the reports of the antimicrobial activity of honey, showing the species S
affected and the concentration (% by volume) of honey used in the testing. Results for the most
active honey are shown where more than one honey was used. The lowest concentration with activity

is shown if more than one concentration was used. ]

§ signifies an agar diffusion assay — the active concentration is lower than the value given, the honey being

diluted by diffusion into the agar.
Values are in brackets where completeness of inhibition was not stated (the results were reported as “sensitive to

honey”).

Species inhibited

BACTERIA
Alcaligenes sp.

Conc. of honey (%)
for complete micro-
bicidal action

? signifies that the actual concentration used was not given in the report.

Conc. of honey (%)
for complete inhib-
ition of growth

108%; 1008”

Conc.of honey (%)
for partial inhib-
ition of growth

Alcaligenes faecalis 7.4%

Bacillus sp. 50"

Bacillus alvei extract™ "

Bacillus anthracis 2.5 1.3 5% 177
20*; 1008

Bacillus cereus 177 428%; <100§'; 100§%

Bacillus cereus var. mycoides 177%; 1008™ 87

Bacillus larvae extract”

Bacillus megaterium extract"®

Bacillus pumilus 1.3 137, 13" 87" 25%
17%; 2587, 28"

Baciflus stearothermophilus 428%

Bacillus subtilis [50 partial]” 108*; 10%; 137, 17%; 57, 87,
20"; 42§%; <1008'%; 25
100'§59, 103, 1'!9'_—(-,)70, !
distiilate”’"’; o
extract*“"®

TABLE 1. (continued)

Species inhibited Conc. of honey (%) Conc. of honey (%) Conc.of honey (%)
for complete micro- for complete inhib- for partial inhib-
bicidal action ition of growth ition of growth

Citrobacter freundii 3.6%; 108"

Corynebacterium diphtheriae GroL, 2.5% . 108*,

. 25§67; J52

Edwardsiella tarda 99'"®

Escherichia coli 7.:1;:5,- 95':5520“’; 0.22‘5’; 2% 3.1 36, 0.7"; 1.4%;
307; 99" . 45" 5" 5-67; 6.25; 57- 10
[25 partial] 7,26°‘ia10§:-::;43 97"; 172,

12.5% . 20,40.57, 42,
<25577. 2250§67 85,92, 2561. 4056. g)'(tr'aCt l,m
s25775 ; 3 . istillate
100517, 43,69, 82,103, 112, 113,

(10)”; ()% 2™ 75%

distillate™ '

Haemophilus influenzae 10%

Klebsiella sp. 108*; !

KI b 2 ” 2 95 20, 57 § ;(10)

ebsiella pneumoniae 15%; 20 10°**"; 258; 25°; 40%
50%; 1008
distillate™'?

Listeria monocytogenes <257"; 30°*

Micrococcus sp. 108>

Micrococcus luteus 108'%; 428

Mycobacterium tuberculosis 100" 4.5% 1.2%

Neisseria sp. 108 '

Pasteurella multocida ?)°

Proteus sp. 108™; 20"; (10)*% 5v

g - B ext‘rxact"2

roteus mirabilis 30 3.6"; 6.4 20"; 40° 1.4 57
1008”; distillate” =




TABLE 1. (continued)
Species inhibited

¢

Proteus morganii

Conc. of honey (%)
for complete micro-
bicidal action

Conc. of honey (%)
for complete inhib-
ition of growth

0.25§°

Conc.of honey (%)
for partial inhib-
ition of growth

Proteus vulgaris 23%; 99™ 0.6%; 5-6; 108™; 10%
20%%° o, <36%; extract”
Pseudomonas sp. (10}53 1008% ]
Pseudomonas aeruginosa 102¥; 20 3% 3,1-6; 57, 0.7"; 87,
99”5 5 652 450 10§54 1317, 1733 100§37
<25” 256' 30%%: <36 1008™”; extract®
distillate™ ™, extract”“
Pseudomonas fluorescens 8.3"; 25" N . .
Salmonella sp. 108" 258%; 40°%; 1008 30%; extract
Salmonella cholerae-suis 7.4% .
Salmonella dublin N extract
Salmonella enteritidis 7.4%; 99" . . .
Salmonella gallinarum 10;1; £36% 57; extract
Salmonella paratyphi-A 7.4" 17 ésextract .
Salmonella pullorum 53657 ex’;r?}ct
Salmonella schottmuelleri 7.4% 25§ - 1756'
Salmonella typhi 99'® 0.25§% 10%; 30°; 20
extract"™ .
Salmonella typhimurium 99'® 521 10§%; <25”; 1008%;
extract'™
Salmonella typhosa 7.4%”; 20° 17°7%; 20%; 2587
Sarcina lutea 10§”’6 25°% <36%%; 508%;
<1008%; 100§$2
Sarcina orangea 258% . - .
Serratia marcescens 99'* 5" 108> 137, 258"%; 0.7%: 87
25%: 50°; distiltate™ 0 40"3
Shigella sp. 108*
TABLE 1. {(continued)
Species inhibited Conc. of honey (%) Conc. of honey (%) Conc.of honey (%)

Shigella boydii
Shigella dysenteriae
Shigella flexneri

Shigella sonnei
Staphylococcus sp.
Staphylococcus aureus (albus)

Staphylococcus aureus

Streptococcus sp.
Streptococcus faecalis
Streptococcus mitis

Streptococcus mutans
Streptococcus pneumoniae

for complete micro-
bicidal action

7.495

520, 57

20% 30"

1,35 5
9% 20"
50), €9

2 520, S7. 3015.
A

for complete inhib-
ition of growth

40

6.9% 8.3'%; 177; 20°
O.5§,}; 125; 2"510,5;.

5% 105 10"

0.8%; 5-6% 17°

375; 5_652; 951

10"; 25°";

(10)*; extract™®

0.3% 0.58% 0.6"*"";

172 1 5694 950

395 127, 128, I]D 3 30,

3.6§% 3. 6‘ 4% 4 51
521 1, |21 3 1 66-! 6‘29
6.373; 981; 1029; 10§54‘ 92;
(10)*%; 20 <2577; 258%; 25°";
50§8 16.17, 056

100§]7 d] 82, 103, 112, ”9

(?)70 7 83,

d»smlate’9 . extract™
2 520 57, 52‘ 5 48‘

30%; <36, (10)”

6.9% 7.1%; 8.3"% 108;
20"; 25§%; 40%; 1005%;
distillate”

108>

1008

108>

for partial inhib-
ition of growth

177
1 727, 83
1 OS‘I

st

S”; 1 727, 83

0.4" 1.4%
1.727.55; 2’08 !

2056

5\7’_ 3055

£l

-
N




Conc.of honey (%)
for partial inhib-
ition of growth
0.7"% 10*

25
25"
2585
2585

Conc. of honey {%)
for complete inhib-

ition of growth
3.1%; distillate™; 2§%

0.6 2 g". 10§54
2655; 1'00‘§37, |<’)3 ‘
75 distillate”
7555

60123
1.6 <1008%;

distillate®™ '™

(?)70

Conc. of honey (%)
for complete micro-
bicidal action

100"; distillate™

[50 partial]®

0 620, s7

Vibrio cholerae biotype Proteus

Candida pseudotropicalis

Candida reukaufii
Peniciltium chrysogenum

Streptococcus pyogenes
Candida stellatoidea
Candida tropicalis
Saccharomyces sp.

Aspergillus parasiticus
Candida utilis

Aspergillus fumigatus
Candida albicans

Streptococcus salivarius
Aspergillus niger

Streptomyces sp.

TABLE 1. (continued)
Vibrio cholerae

Species inhibited
Aspergillus flavus
Penicillium sp.

FUNGI
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opinion that honey had no effect on fungi beyond its osmotic action, the data in
table 1 show that some honeys, at least, must have antifungal factors present, as

some fungi are inhibited under conditions where the sugar content of the honey
is clearly not responsible.

Non-specific reports

Two studies have been carried out on the antimicrobial activity of honey against
unidentified micro-organisms in soil, water and air. Growth of colonies from
70-90% of the bacteria and 30-60% of the fungi from sewage, soil, air and tap
water was found to be prevented by 25% honey™. Growth of colonies from air-
borne contaminants was found to be prevented completely by 20% honey and par-
tially by 2% honey, the survivors being mainly fungi®.

Differences in susceptibility between species

The relative sensitivity of various species of micro-organisms to honey is of great
interest, as more resistant species may be able to overcome the inhibitory effects
of the honey in areas of an infection where the honey is at lower concentrations.
However, the nature of the studies carried out so far limit the accuracy of quan-
titative comparisons between species in their sensitivity to the antibacterial effect
of honey. Because of this, and because the values given are not necessarily the
minimum inhibitory concentrations, comparison of the sensitivity of various species
is not possible by reference to the values given in table 1.

The major differences in findings on the sensitivity of each species are more likely,
however, to be due to differences in the honeys used. Many workers have demon-
strated that not all honey samples have the same degree of antibacterial activity
(see later), therefore the sensitivity of species cannot be compared using the results
from different studies, as the honeys used in the studies may have had widely dif-
fering antibacterial activity. The sensitivity of species relative to each other can
be validly determined within a single study in which the same honey and same test
conditions are used. Even so, the relative sensitivity of species could be found to
be different within another study because species could respond differently to the
different types of antibacterial factor that may be present in a different honey.
This difference in ranking of sensitivity has been demonstrated by Willix™ in a spe-
cific study of this point using two honeys known to have different types of anti-
bacterial factors present. It was also observed by Popeskovik et a/.%, and further

evidence of it can be seen in the data of others who worked with larger numbers
of honeys****.

Where the effect of a honey, or a group of honeys, on a number of species has been
assayed under the same conditions within one study, sensitivities can be compared
and the relative sensitivity of the species tested ranked. Staphylococcus aureus,
a species included in most of these comparative studies, can be seen to be one of
the SpECiES mOSt SenSf‘tlve to honey17.20.35. 40, 59, 52, 54, 57. 61, 63, 79, B2, B4, 92, 103, 118, 119.13\‘ (ThiS IS Of
medical significance because this species, as a result of its wide resistance to anti-
biotics, has become the major cause of wound infections and septicaemia in hos-
pitals®). The relative sensitivity of other species is not so discernible because of
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the marked variation from study to study. This almost gertainly r‘eflects the dif-
ferences in the antibacterial factors in the honeys used in the various studies.

Explanation of the antibacterial activity of honey
Osmotic effect

Honey is a saturated or super-saturated solution o_f sugars, the water content usually
being only 15-21% by weight'**. Of the solids in honey, 84% is a mixture of the
monosaccharides fructose and glucose'®. The strong interaction of these sugar
molecules with water molecules leaves very few of the water molecules available
for micro-organisms. This ‘free’ water is what is measured as the wgter activity
(a,): mean values for honey have been reported.as 0.562 and 0.589”, 9‘572 and
0.607", and 0.62'". Although some yeasts can live in honeys that have a high water
content, causing spoilage of the honey, the a,, of ripened‘hor}ey is too low to sup-
port the growth of any species, no fermentation occurring if the water content
is below 17.1%*.

Many species of bacteria have their growth completely inh‘ibited by thg a,, being
in the range 0.94-0.99% . These values correspond to solutions of a typical honey
(a,, of 0.6) of concentrations from 12% down to 2%, calculated on the basis of t_he
concentration being proportional to -log a,™. On the ot‘r;er hand, some species
have their maximum rate of growth when the a,, is 0.99 ?, sO mh_lbmon by the
osmotic (water-withdrawing) effect of dilute solutions of honey obviously depends
on the species of bacteria.

Fungi are generally much more tolerant of low a, than bacteria are®, so the reports
of antifungal activity with diluted honey iqdncate that there is more involved than
just the sugar content of the honey. Likewise, Staphylococcus aureus hqs.an excep-
tionally high tolerance of low a,, yet is one of the species most sensitive to the
antibacterial activity of honey. For complete inhibition of grovx_/th of S. aureus tID'\e
a. has to be lowered below 0.86™ ™ ®, which would be a typical honey at 29%.
There have been many reports of complete inhibition of 5. aureus by honeys much
more dilute than that.

The results of some experiments have demonstrated qguite clearly that there is much
more than an osmotic effect involved. In one study with 5. aureus, honeys were
dialysed to remove the sugar, yet complete inhibution was observed with some at
dilutions down to 1.5% honey”. In another study’, honeys were tested at a con-
centration of 18% in an agar diffusion assay, where the activity of many hc_)neys
was below the level of detection: the activity of others was up to 2_0 times hlghgr
than the minimumn detectable. In a similar study™ a honey of low anﬂbagtenal activ-
ity showed no activity against 5. aureus when tested at a concentration of 50%
in an agar diffusion assay that allowed activity to be detec‘ged in an active honeg‘y
diluted to a concentration of 1%. The range of a,, found in honey (9.47—0.70 )
could account for only a two-fold difference in activity due to osmotic ef’fect§.

further indication that the antibacterial activity of honey is due to a lot more thgn
just the removal of water from bacteria is seen in the results of the many stlfche.s
in which the antibacterial activity of honey has been cqmpared w_uth thgat of ‘arti-
ficial honey’ (a solution of sugars of the same proportions as typically in honey).
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In one study, 13 species®, and in another study, 15 species”, were found to be sub-
stantially or completely inhibited by honey at 17% in the nutrient agar, but were
not inhibited by artificial honey in its place at the same concentration. A bacterio-
static action against five species seen with 20% honey was not seen with 20% arti-
ficial honey®. Bacteriostatic and bactericidal activity against 12 species was seen
with honey diluted to toncentrations of 20% down to 0.6%, but with artificial
honey only bacteriostatic activity was seen, only with dilutions down to 20%, and
only against certain Gram-positive species™. Honey diluted 1 in 10 was found to
inhibit S. aureus, Shigella flexneri and Escherichia coli, but a 76% solution of glucose
used as an artificial honey was not inhibitory when diluted 1in 5. Streptococcus
faecalis and Shigella dysenteriae were found to be completely inhibited by
8.3-21.6% honey but not by 25% artificial honey™. In another study these species
were found to be completely inhibited by 10-25% honey but not by 25% artificial
honey®. No inhibition of Corynebacterium diphtheriae was seen with 25% artificial
honey, but strong inhibition was seen with 25% natural honey®. In tests involving
S. aureus, Pseudomonas aeruginosa and a strain of Streptococcus, a marked lack
of antibacterial activity was observed in artificial honey compared with that in var-
ious types of natural honey®".

In other studies inhibition was observed with artificial honey, but greater inhibition
was seen with natural honey. A very low degree of inhibition of £. coli and S.
aureus was seen with artificial honey compared with that from natural honeys®.
With five species of bacteria only partial inhibition of growth was seen with artificial
honey at 20% compared with complete inhibition with natural honeys at concen-
trations down to 5%*'. There was 60% inhibition of growth of E. coli with artificial
honey at 20% compared with complete inhibition with natural honey at 6-12%"".
Larger zones of inhibition were seen in an agar diffusion assay against E. coli and
a strain of Salmonella with natural honey than with artificial honey®. A similar
finding was made in another study with E. coli, Bacillus pumilus, S. aureus and a
strain of Penicillium®. Complete inhibition of growth of Aspergillus niger, A. flavus
and Penicillium chrysogenum was seen with 75% natural honey, but only partial
inhibition with 75% artificial honey®. To achieve 50% inhibition of growth of
Proteus mirabilis, 3.6% natural honey was required but artificial honey had to be
at a level of 14%"'. Recombining the components of honey in proportions equiv-
alent to their original levels in honey, complete inhibition of S. aureus was seen
at a concentration equivalent to 7.7% honey; no inhibition was seen to result from
the sugars alone at a concentration equivalent to 12.9% honey'. High levels of
activity against S. aureus were found in an agar diffusion assay with 50% solutions
of honey, but there was no inhibition when the honeys were replaced with an arti-
ficial honey®. However, using a different assay method, in which the honeys were
not diluted by diffusion, at a concentration of 20% the artificial honey gave approx-
imately 20% inhibition of growth.

Thus it can be concluded that both the osmolarity and additional factors are
involved in the antibacterial activity of honey, their relative importance depending
on the sensitivity of the species and the level of the additional factors in any honey.
Some species of bacteria, with little tolerance of low a,, are likely to be inhibited
by quite low concentrations of honeys that have nothing more than their sugar
content at work. Other species of bacteria, and fungi, tolerant of lower a,, can
still be inhibited by very low concentrations of some honeys if these contain high
levels of other antibacterial factors.
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@ Acidity
of the early thinking on the explanation of the antibacterial activity of honey
igrr:;iedered the azidity of P?oney to be important™ 9‘._ Honey is characteristically quite
. acidic, its pH being between 3.2 and 4.5™. This acidity is due primarily to the con-
tent of gluconolactone/gluconic acid present as the result of enzymic action in the
. ripening nectar, average values of 0.23-0.98% being reported in honey™. However,
studies in which acidity was taken into account fqung no EE()%rfoe;:la‘c:on between
. antibacterial activity and the pH of the honeys studied™ ™™™ . Because there
may be different degrees of buffering in different honeys, the pH is not necessarily
® an indication of the titratable acidity which is what would determine the final pH
. when honey is diluted by a neutralizing medium. Even so, in a study in which a
buffered gluconolactone/gluconic acid solution was made up to match the com-
position of the most acidic honey sample, this solution at the equivalent concen-
tration of 25% honey showed no detectable activity in an agarochfzfumon assay in
. which the honey gave a clear zone of‘23 mm diameter at 12.5%". The concenm
tration of gluconolactone/gluconic acid in this experiment wxjth 5. aureus was 0.2%.
. In different work with this species” no inhibition was seen with gluconic acid added
to nutrient broth at levels up to 0.25%. In other studies on_honey, marked antlb_ac—
® terial activity was still found when the honeys were neutralized before assay, ruling

3 % b 20, 42,51,
. out any contribution from the acidity to the antibacterial activity observed
77, 83, 84, 85, 88, 132

observations point to the acidity of honey being unimportant, they
ﬁl} Zgl‘ég:etahne ‘Stiat acidity doe?not contribute to the antibacteu:ia} activity of honey.
Pothmann®™ measured the pH of the nutrient broth containing the minimum
inhibitory concentration of honey (4.5%) for Corynebacterium diphtheriae gand
found it to be 6.2. With this species the lowering of the p}:I of the growth medium
was of consequence, as the minimum inhibitory concentration of neutral_lzed hc_)ney
was found to be 10%. The low pH of honey was found to be of effect in the inhi-
bition of Bacillus cereus also: inhibition by 50% honey in an agar dg})ffusmn assay
was lost if phosphate buffer was added to bring the pH to 6.1-6.5%.

H of honey would be inhibitory to many animal pathogens, with their
ggzrlT?L\J/vmppH for grO\)//vth normally falling between 7.2 and 7.4, and .th‘h mmlmur_;
pH values for growth of some common wounc.i infecting species being: E. coli, 4.3;
Salmonella species, 4.0; Pseudomonas aeruginosa, 4.4; Streptococcus pyogenis,
4.5, Under experimental conditions, especxally'vylth heavily diluted honeys, the
growth medium used tends to neutralize the acidity of the honey so that it does
not cause inhibition, but when honey is used as a dressnng on a wound or L{lcgr,
bacteria may be in contact with honey that is much less diluted, and the acidity
could well be of importance. The fairly strong bqffermg capacity of body fluids
would most likely neutralize the acidity of honey in other situations where there

is greater dilution of honey.

Hydrogen peroxide

ibili i ible for the
The possibility that hydrogen peroxide cpuld be the substance responsi
antit?acteria [t)elsctivity of honey was investigated by Adcock because both hydrqgen
peroxide and the antibacterial activity of honey are destroyed by exposure to ixght
He reported in 1962 that the antibacterial activity of honey could be removed by
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the addition of catalase, and measured the presence of hydrogen peroxide in
honey'. The topic was also studied by White et a/. who had found that the major
acid in honey is gluconic acid'. They reported in 1963 that it was produced by
the action of glucose oxidase which produced hydrogen peroxide in the reaction,
and they showed a direct relationship between the hydrogen peroxide produced
and the ‘inhibine number’ of various honeys™.

That antibacterial activity could result from such enzyme activity was not a surprise
as it had been found well before in a different system. When following up
Fleming's work on the antibacterial properties of Peniciffium notatum, Coulthard
et al.” obtained erratic results which were traced to the potent activity of a second
factor, notatin, present in addition to penicillin. They found notatin to be a com-
bination of the enzyme glucose oxidase with glucose, and showed the activity of
notatin to be due to the production of hydrogen peroxide. Others working on
the antibacterial property of honey have since demonstrated antibacterial activity
to result from a combination of glucose oxidase and glucose®** %,

It was reported by Gauhe in 1941 that glucose oxidase is present in the hypopha-
ryngeal glands of the honey bee, and that the contents of the honey sac become
acidic on standing”. The glucose oxidase in honey was found to strongly resemble
the enzyme in the hypopharyngeal glands of the bee®, and is assumed to be secret-
ed along with other enzymes from the hypopharyngeal glands into the nectar to
assist in the formation of honey®. Gauhe suggested that this would be of advan-
tage in preservation of the honey. This function of glucose oxidase may account
for its unusual production by an animal species™. The hydrogen peroxide produced
at the same time would be of effect only during the ripening of honey however,
as full-strength honey has a negligible level of hydrogen peroxide (undetectable®™
", or < 10 mmol/kg™).

White et al.” found that the enzyme is practically inactive in full-strength honey,
it giving rise to hydrogen peroxide only when the honey'is diluted. On dilution
the activity increases by a factor of 2500-50 000'%. This explains the paradoxical
finding of Sackett™ that the deleterious effect of honey on the survival of bacteria
put in it was increased by dilution of the honey. It also brings into question the
conclusion reached by some that hydrogen peroxide is not responsible for the
antibacterial activity of honey™® when their conclusion was based on finding a
low level of hydrogen peroxide in honey assayed undiluted.

In most of the studies on the antibacterial activity of honey, solutions of honey dilut-
ed to 50% or below have been used, so the enzyme would have been active. Thus
a good relationship has been observed between the antibacterial activity of diluted
honey samples and the level of hydrogen peroxide that accumulated in them on
incubation®* ™' The involvement of hydrogen peroxide in the antibacterial
activity of diluted honey is also supported by the finding that all or a substantial
part of the detected activity can be removed by the addition of enzymes that
destroy hydrogen peroxide (catalase, or peroxidase plus a hydrogen donor)"***

72,92,127, 131

The antibacterial activity arising from enzymatic production of hydrogen peroxide
accounts for many of the discrepancies in earlier observations on the molecular
weight of the antibacterial factor in honey. It has subsequently been demonstrated
that if honey is dialysed, removing the sugars, the enzyme is retained and will give
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i rogen peroxide if glucose is added back to it™ . Prior to this, some
® Eﬁce):ghk‘l);dhatqthe gntibacteria% factor was of high molecular weight and szfn.e of
. low. Their conclusions can be explained by looking at their expenmenfcal conditions:

hydrogen peroxide would have been produced by Fhe the enzyme in the'dlalyms
L retentate with glucose added™ ", but not without it added”’; when the diffusate
was recovered, concentrated and tested, it wquld _hgve contamed hydrogen per-
‘ oxide produced in the diluted honey during dlalysr§ ; Adso_rptpn of thg Sr;;ms
on to asbestos would account for removal of activity by Seitz filtration™™ ™™ 7=
proteins are known to be adsorbed'. It has also been found that acnvx‘q{ is
‘ removed by a Berkefeld filter (diatomaceous earth) and by adsorption on to ;ay
soil, bolus alba and kaolin”. The activity found to pass through a Seitz fllterylv ez
. 50% honey was used” could have been hydrogen peroxide p‘rodgced in the dilute
honey: however, it may have been that the EK-coated Seitz filter used did not

‘ adsorb the enzyme.

jon that has not been addressed in the literature on the subject is why,

' \(/)vlr']\zr? gﬁ:te'gzyme and its substrate, glucose, are j(ogether in hqney_, glucose oxn_ja_se
‘ is inactive until the honey is diluted. The most likely explanation is that its actlvx;y

is suppressed by the unfavourable pH in ripened honey. The enzyme h.as_ andop i-
. mum pH of 6.1, with a good activity from p}igs.s to pH 8, but the‘actnv:tg‘] rops

off sharply below pH 5.5 to near zero at pH 4~ The pH measured in the dilution
. series of agar plates in an assay of the inhibine number of a honey of pH 3.9 ylvas
@ foundto be from 5.5 to 6.4'. White et al."”” observed that with some honeys, dilut-
ed without buffering, the maximum rate of prpductlon of hydrogen pergxw}e is
found at the intermediate inhibine number dilutions ar)d not at the lowest dllgtlg;\;
as expected. This phenomenon was not observed_ if dialysed honey was use v:j/l
glucose added back, but was observed when dried honey was added lns?gia a;
the source of glucose. These findings could easily be explained by the ac? ity o
some honeys keeping the pH too low for the enzyme unless well diluted.

of the acidity in honey is due to the gluconic acid tha} arises from
ﬁ":?:c:%/?t;ngfsglucose oxida>sle‘°’, the syuppression of the enzyme’s activity appears
to be due to the resultant pH rather than to the reaction product per se.‘:jn a
buffered system no inhibition at ali was seen with 10 mmol/litre glucomcgcx or
gluconolactone™. Nor, it is reported”™, does the other reaction product, hy drpgep
peroxide, cause inhibition at the levels that are produced. The I_atter fin 1217ng l;
brought into question, however, by data presented from _studles with honeyﬁ an
with the isolated enzyme™ which show the rate of reaction to be falling (; over
a short period of time, a period in which denatt.izrqatlon of the enzyme at the tem-
perature of incubation would not be noticgablg : Remov;l of the.hydroge_n Rcfwrn
oxide produced, by the addition of ascorbic acid, gave a flve-fold increase in ﬁ
rate of reaction®™. Even so, the level of hydrogen peroxide is so low in full-lstrengt
honey that product inhibition of the enzyme can be ruled out as an explanation
of why the enzyme is not active before dilution.

ibili inhibiti t on consideration of the
The possibility of substrate inhibition can also be ruled out on
findiF;g that élucose concentrations beyond those occurring in honey do not sup-
press the rate of reaction™. In fact, the optimum substrate concentration for the
glucose oxidase in honey is exceptionally high (1.5 molflitre™), this being well suited
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to the enzyme's functioning in ripening honey. (The concentration of glucose in
ripened honey is around 2 mol/litre.)

Not so well suited is the enzyme’s requirement for a minimum of 100 mmol/litre
of sodium for maximum activity”. The levels of sodium in honey range from 0.3-41
mmol/litre, but would typically be 2-3 mmol/iitre™. If honey were diluted by body
fluid, the requirement for sodium would easily be met. In laboratory assays of its
antibacterial activity the situation could be different, depending on the composition
of the medium used to dilute the honey.

Consideration needs also to be given to the effect of dilution on the concentration
of substrate, with the enzyme requiring such a high level of glucose for maximum
activity. The rate of production of hydrogen peroxide decreases acutely when the
level of glucose is lowered, as would happen when honey is diluted a lot. This caus-
es a complication in interpreting the inhibine number (see later) as a measure of
antibacterial activity. Normally an assay of minimum inhibitory concentration
would be expected to give a linear measurement of the concentration of antibac-
terial substance present. Samples under test are each diluted to the level at which
the response is the same. Usually this means that if one sample has twice the
antibacterial activity of another it would have to be diluted twice as much to be
at this level. The complication in determining the inhibine number is that the bac-
teria are responding to a secondary substance (hydrogen peroxide), not to the sub-
stance being diluted. It has been clearly demonstrated™ that a constant response
to a constant level of hydrogen peroxide is occurring in the assay at the minimum
inhibitory concentration of honey. However, the degree of dilution necessary to
achieve this level of production of hydrogen peroxide is not linearly related to the
level of glucose oxidase in the nutrient agar because the reduction in substrate
concentration gives a sharp decline in the rate of production of hydrogen peroxide.

This is well demonstrated in the data from a study in which hydrogen peroxide
was assayed in the plates of a dilution series for determination of the inhibine num-
ber'. In this study dialysed glucose oxidase from honey was used , with glucose
added back at the same levels as would be present in the usual dilutions of honey
in the assay. The amount of hydrogen peroxide measured at the greatest dilutions
was disproportionally low, but was found to be much more in proportion to the
concentration of glucose oxidase if glucose was added at the same level as in the
least dilution. Itis also shown in a study of 45 honey samples in which it was found
that the inhibine number (i.e. the stepwise dilution) correlated with the logarithm
of the level of accumulation of hydrogen peroxide in the samples assayed with
them all diluted to the same degree (20%)™. A completely different result was
seen when an agar diffusion assay was used, in which the honey samples were all
assayed at the same degree of dilution (50%): there was found to be a significant
(P =0.001) /inear correlation between the antibacterial activity and the level of
accumulation of hydrogen peroxide in the 37 samples studied®.

The non-linearity of the inhibine number as a measure of antibacterial activity was
recognized by Duisberg and Warnecke in 1959”'. They devised a formula to obtain
a linear measure:

100
concentration of inhibine =

(30 - 5) x inhibine number
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This non-linearity would apply to the results of most of the studies of antibacterial
activity in honey in which dilution methods have been used: only one study” kept
the level of glucose constant. Thus the results from these studies will underestimate
the true potential of honey as an antibacterial agent. The actual antibacterial activ-
ity at high dilution may be considered to be the more appropriate measure in the
context of the action of honey diluted to low levels by body fluids. However, it
is the full potential to produce hydrogen peroxide that should be compared when
considering the effectiveness of a honey in the treatment of an infection, and a

linear measure is better for this.

The amount of hydrogen peroxide produced in diluted honey is clearly high enough
to give a substantial antibacterial activity. When the levels of hydrogen peroxide
accumulating in the agar plates of an inhibine-number assay were monitored, it
was found that the minimum inhibitory concentration of the honeys corresponded
with an accumulation of 0.05 mmol/litre in 1 h, 0.07 mmol/litre in 2 h, and 0.12
mmolditre in 4 h'7. A study of the accumulation of hydrogen peroxide in 90 sam-
ples of honey diluted to 14% and incubated for 1 h found values ranging from
0 to 2.12 mmol/litre (mean 0.47, s.d. 0.55)™. A similar assay of 31 samples by ano-
ther researcher found values ranging from 0 to 0.95 mmol/litre (mean 0.32, s.d.
0.27)%. Another study, carried out with 36% honey, found in the 25 samples assayed
the level of hydrogen peroxide accumulated ranged from 0.11 to 0.58 mmol/litre
(mean 0.22, s.d. 0.13)". Two other studies, in which the dilution of the honey was
not stated, gave results for the production of hydrogen peroxide per hour per gram
of honey. Expressed as the rate for a 14% solution of honey, these would translate
to 0.02 to 3.89 mmol/litre (mean 1.48,s.d. 1.50,n= 11)® and 0.14 to 3.66 mmol/litre

(mean 1.24,s.d. 1.18, n = 9)*.

There have been several reports on the levels of hydrogen peroxide required for
antibacterial activity. In work with Bacillus cereus” it was found that to obtain clear
zones in an agar diffusion assay with hydrogen peroxide applied to the paper disks
used, a minimum of 5.9 mmol/litre was required. (There would, however, have
been a substantial dilution of the applied solution as it diffused from the small
paper disk into the mass of agar in this work, so the effective level of the hydrogen
peroxide would have been much lower.) In the early work on notatin® it was found
that S. aureus failed to grow in 24 h in nutrient broth containing hydrogen peroxide
at 0.29 mmol/litre but grew at 0.15 mmol/itre. This was confirmed by others work-
ing with S. aureus'™ who found only one colony grew on a nutrient agar plate con-
taining 0.29 mmol/litre hydrogen peroxide, and none at the next level tested, 0.5
mmol/litre. In another study with S. aureus’ it was found that 20% inhibition over
an incubation period of 16 h corresponded with an accumulation of 0.12 mmol/litre
hydrogen peroxide from the glucose oxidase-glucose system used to generate it.

It is possible that hydrogen peroxide has an even greater potential for inhibiting
bacteria when in honey than when it is tested on its own. It appears that hydrogen
peroxide is itself not antibacterial, the antibacterial action being due to damagingly
reactive hydroxyl free radicals generated by the catalytic action of traces of metal
ions from the bacterial cells™. The bactericidal action of hydrogen peroxide can
be potentiated by ascorbic acid (vitamin Q), especially in the presence of certain
metal ions™. With ascorbic acid at 0.1 mmol/litre and hydrogen peroxide at 1-10
mmol/litre a powerful bactericidal effect was observed®. The sporicidal action of
hydrogen peroxide has been found to be markedly increased by copper at 10
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mmol/litre'. It has also been found that the antibacterial
peroxide is increased ten-fold by 0.83 mmol/litre iron, copppe?,tsarcgnﬁfurxdcrggspc
or manganese, but these destabilize hydrogen peroxide solutions so cannot be
added to an antiseptic prgparation“. However, when honey is used as an antiseptic
'éhe hydrogen peroxide is generated in situ so its stability is unimportant. It has
een observed that the addition of 9.7 mmol/iitre ascorbic acid to honey glucose
oxidase in fact stimulates a five-fold increase in turn-over of the enzyme as its prod-
uct (hy(_irogen peroxide) is removed®”. As bactericidal free radicals would be gen-
erated in the removal of hydrogen peroxide, high levels of hydrogen peroxide do
not have to be reached. The levels of ascorbic acid found in honey have been u
to 22 mmol/litre, although more typically the level would be 0.2-0.3 mmol/litre“?
'(I)‘Pz)e levels of iron, copper, manganese and cobalt in honey have been found to bé
-01-0.60, < 0_.01—0.28, <0.01-0.80, and 0.01-0.03 mmol/litre respectively™. These
are not inhibitory to glucose oxidase”. Thus in some honeys at least, there is the
potential for the generation of free radicals, catalysed by ascorbic acid and metal
ions, from the decomposition of the hydrogen peroxide produced on dilution.

Itis suggested that this decomposition reaction may be the reason why hydrogen
pgroxlde went out of favour as an antiseptic, unfavourable results being obtained
with the unstabilized preparations in use at that time™™. An upsurge of interest
in more recent times, with good germicidal activity being reported, has been point-
ed out now that stable preparations are in use™. Hydrogen perc;xide was widel

usedvat one time, but went out of favour also on the theoretical grounds that somg
species of bacteria possess the enzyme catalase which decomposes hydrogen per-
oxide®. Note should be taken, however, of the finding that the catalase actip\)/ity

of strains of S. aureus does n i i itivi
i ot correlate with their sensitivity to hydrogen

Catalase is also present in plasma, at a mean level of 6.9 units/ml, (i.e i
of hydrogen peroxide removed per minute). That present in eiudlsnz r;ll:sor:\/gni’s
a wound could be augmented by catalase released from dead leucocytes. Although
this catalase would be considered to reduce the antibacterial activity df honey %y
removal of the hyd_rogen peroxide generated, it could in the process be itself gen-
erating ant!bacterlal activity in the form of free radicals®. This, and the possible
augmentation of the leucocytes’ own production of hydrogen peroxide for the
killing of ingested bacteria, could account for the clinical observation that hone
is a mare effective bactericide in vivo than in vitro®. ¥

If a solution of hydrogen peroxide is used as an antiseptic it is li

ef_fect:ye than a ‘slow_re!ease preparation’ in the form Sf hon;y. kélﬁl%:fi: z;rcéis:
wuth_htgh conzczentranons of hydrogen peroxide but is of low activity with physi-
ological levels®. Unexpectedly high levels of catalase were found to be necess)ela
to destroy the antibacterial activity of honey" ™. A further consideration is thg
gweyrc:_)l;rézric:‘x;cri]zslz J?e enzyme that generates the active free radicals from hydrogen

ocytes, is in ide®, bei

ot s abovéy; s (l) I/&;icttr'?.md by excess hydrogen peroxide™, being dena-

Other factors
Since the work of White et al. established that hydrogen peroxide is responsible
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for antibacterial activity in honey, the term inhibine has in many cases been used
interchangeably with hydrogen peroxide in the literature on honey, the autho_rs
doing so obviously not considering other factors beyond apduty and ogmolari'ty
to be involved. However, there is much evidence of there being other antibacterial
factors, some of significant activity.

There has been much disagreement about the existence of r_\on-peroxide antibac-
terial substances in honey, some authors being of the opinion that they account
for little if any of the activity™ ™™ and others that they account for all of the
activity®”"® beyond that due to the acidity and high osmolarity of honey. Mostly
it is accepted that both types of activity occur, to dnfferent degrees in dnfferent hon-
eys. The evidence for the existence of non-peroxide factors is mainly in the form
of the peroxide-generating system failing to account for all of the obseryed non-
osmotic antibacterial activity, but there have also been some reports pf isolation
of antibacterial substances from honey that are not hydrogen peroxide.

The level of hydrogen peroxide accumulating in hongy can vary according to the
floral source because of negative influences from various other components (see
later), but should be at its maximum in honey produced by bees fed on sugar syrup
instead of nectar. In this case the negative influences from various plants would
not be present to counteract the production of hydrogen peroxide t_)y the enzyme
secreted into the honey by the bees. Yet it was found that the bacteriostatic activity
against E. coli and S. aureus”, and against these and three other species’’, was low
in honey from sugar-fed bees . Also it was found that whereas complete bacte-
ricidal action against Mycobacterium tuberculosis took one day in sainfoin-lavender
(Onobrychis viciifolia - Lavandula sp.) honey, amﬂ two days in honeydew honey,
it took four days in honey from sugar-fed bees™.

The existence of non-peroxide antibacterial factors is indicated also by findings
that the antibacterial activity does not correlate comapalsejtzgli);awnth the rate of_ accu-
mulation of hydrogen peroxide in honey sarppleS‘ I In one study it was
found that honeys producing hydrogen peroxide when diluted were not antibac-
terial, and the ones that were antibacterial did not produce any significant amount
of hydrogen peroxide™. However, this extreme case may have been the result of
Bacillus cereus being used in this study instead of the usual S. aureus. The use of
test species possibly more resistant than S. aureus to hydrogen perox[d_e could also
explain the finding® that Bacillus subtilis and Saccharomyces cerevisiae were no
more sensitive to honey than they were to a sugar solution of the same osmolarity,
yet E. coli and a strain of Salmonella were sensitive.

it could also be the explanation for Gonnet and_Lavie‘12 concluding that hydrogen
peroxide is not involved in the antibacterial activity of honey. Their conclusion was
based on the finding that heating honey for 1 h at 75-80°C did not destroy its activ-
ity against B. subtilis. If this species were less sensitive to hydrogen peroxide and
more sensitive to the non-peroxide factor present, then denaturation of glucose
oxidase by heating (see later) would have made little difference. Others have fo_und
that heating honey causes loss of activity against some species whilst it is retained
against others™**.

The finding of antibacterial activity in honey that is stable to heating has been an
indication in several other studies of the existence of non-peromqe antibacterial
factors. Although the stability of glucose oxidase can vary according to the pres-
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ence of different plant-derived components in honey (see later), there have been
reports of honeys with stability well in excess of this variation.

In a study of some Jamaican honeys, the activity of the two most active honeys was
not reduced by steam-sterilizing. in three less active ones it was reduced by boiling,
and in the least active honey it was destroyed by boiling™. Activity with a very high
stability to heating has also been found in New Zealand manuka (Leptospermum
scoparium) honey” and other honeys of unspecified floral source®™”. A study of
some Romanian honeys found that conifer honeydew honey, which had exception-
ally high activity, contained a heat-stable as well as a heat-sensitive antibacterial
factor™. Heat-stable activity has been reported in other honeys also®"***.

More direct evidence for the existence of non-peroxide antibacterial factors in
honey is seen in the reports of activity persisting in honeys treated with catalase
to remove the hydrogen peroxide activity"***7*** ™' In the first study in which
catalase was added to remove the hydrogen peroxide, substantial antibacterial
activity remained in many of the honeys yet direct assay of the level of hydrogen
peroxide present showed that the catalase had been completely effective’. It was
reported that the residual activity could be removed by the addition of higher levels
of catalase, greatly exceeding those required to destroy the amount of hydrogen
peroxide present. it was suggested that the catalase in this case could be having
an effect on components other than hydrogen peroxide. This would be feasible
if the catalase generated reactive free radicals as discussed above.

High levels of non-peroxide activity were found in some New Zealand honeys with
sufficient catalase added to remove hydrogen peroxide at a level one hundred
times higher than that with activity equivalent to the most active honey in the
study”. Manuka honey was found to have a particularly high level of this type of
activity”. In a later study* finding similar results, it could be seen that the catalase
was effective in use, in that it removed all detectable activity from honeys with
very high levels of activity. In this study of 345 samples, non-peroxide activity was
found to be associated only with honey from vipers bugloss (Echium vulgare) and
manuka. In the former, of relatively low activity, it accounted for 75% of the total
activity; in the latter, of relatively high activity, it accounted for 90% of the total
activity. The possibility was investigated that the activity remaining in manuka
honey after the addition of catalase was the result of a component of this honey
inhibiting the enzyme, but it was shown that inhibition did not oceur®,

In another study on honey® it was found that whereas catalase removed the
antibacterial activity detectable by an agar diffusion assay, it had no effect on the
inhibition of bacterial growth in nutrient broth assessed after 16 h incubation. The
hydrogen peroxide content at the end of 16 h in the latter assay was far too low
to account for the inhibition when catalase was not added, suggesting that the
bacteria had removed it. Further investigation of the residual inhibitory activity
led to the extraction and identification of pinocembrin as an antibacterial com-
ponent of honey®.

Further investigation® of this non-peroxide activity indicated that propolis was the
most likely source of the pinocembrin. This compound is the major flavonoid in
propolis, and the flavonoid composition of honey and propolis have a similar pat-
tern. However, flavonoids dissolve only a little into honey: the level of pinocembrin
was found to be only 1-2% of what would be required to account for the observed
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non-peroxide activity. The occurrence of a considerable level of this heat-stable
activity in honey from sugar-fed bees suggested that it is produced by the bee
rather than coming from a plant source. The possibility that the he:at-st'able non-
peroxide antibacterial activity derived from the bee is the b_actenolyttc enzyme
lysozyme was excluded by the finding that the honey used in the study had no
detectable activity in a standard test for lysozyme.

Lysozyme has been identified in honey”, occurring at a level of 5-10 mg/ml usually,
occasionally at 35-100 mg/ml (expressed as concentration of egg-white lysozyme
of equivalent activity), if the honey is freshly extracted from the comb. The level
was found to be much lower in older samples. It is questionable, however, whejcher
lysozyme activity is of any significance in the non-peroxide antibacterial activity
in honey that has been reported by others, because much of tr]e work has _been
done with samples that had not been recently extracted. Also, in the study iden-
tifying lysozyme™ the test species used was Micrococcus lysode/’kj.‘/.cus, a bacterial
species traditionally used for this purpose because of its high sensitivity to lysozyme.
Species used in other studies would probably be less susceptible to it.

Investigation of an ether extract of manuka honey by preparative 'ghin-lay_er ch(o-
matography led to the identification of some components with antibacterial activ-
ity: 3,5-dimethoxy-4-hydroxybenzaic acid (syringic acid), methyl _3,5-ghg1ethoxy-4-
hydroxybenzoate (methyl syringate), and 3,4,5-trimethoxybenzoic acid™. Another
phenolic acid with antibacterial activity, 2-hydroxy-3-phenylpropionic acid, was iden-
tified as the major component of the ether extract of manuka honey ob§erved by
gas chromatography-mass spectrometry'”. The same study found 1,4-dihydroxy-
benzene as the major component of the ether extract of vipers bugloss hope;y.
Subsequent quantitative work™ showed that the non-peroxide antibacterial activity
of viper’s bugloss honey could be accounted for entirely by its content of 1,4-dihy-
droxybenzene, but in manuka honey only 1.6-3.2% was due to Z—hydr'oxya—phenyl-
propionic acid, and 0.2-0.35% to 3,S—dimethoxy—4—hydroxybeng0|g acid. The other
antibacterial components identified were found to make an insignificant contri-
bution to the antibacterial activity. Additionally, 2-hydroxybenzoic acid was found
to contribute 0.2-0.3%.

A similar conclusion, that the major antibacterial component remains to be iden-
tified, has to be reached on considering the findings of Téth et al. in their gaschro-
matographic analysis of the steam-distilled oil obtained from hon{ey'“. Although
the terpenes and benzyl alcohol identified may have known antibacterial prop-
erties, the quantities present were far too low to be of any consequence.

Others have also found volatile antibacterial substances in honey. Some Bulgarian
honeys were found to have a bactericidal component which gave zones of
inhibition extending up to 15 mm from glass cups in which the honey was placed
on agar plates™®. A similar effect may have been the explanation for the ob§er-
vation made in other work, that when more than six honey-soaked paper disks
were placed on each plate in an agar diffusion assay of honey, the size of the clear
zone around each disk was larger”. Loss of volatile antibacterial substances could
explain the finding that the antibacterial activity was reduced by bubbling air
through honey, an experiment performed in an attempt to explain the“loss of activ-
ity only in honeys that had been opened frequently during storage®. The study
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with the Bulgarian honeys found that the volatile activity was lost if honeys were
left open for 24 h at 37°C.

Some researchers have been able to distil antibacterial activity from honey.
Fractional distillation of honey under vacuum (18 mm Hg) gave rise to a potently
antibacterial distillate boiling at 25-26°C™'. This distillate was collected at a rate
of 0.4-70 mg/kg of honey, depending on the source of the honey. None could be
obtained from the honey produced by bees fed on syrup. Anocther study using frac-
tional distillation found that antibacterial activity could be collected in the fraction
boiling at 95°C”. This activity was light-sensitive but heat-stable. Other workers
distilled a ‘yellowish-brown oil’ from honey in the boiling range 123-126°C”. This
distillate was easily dissolved in water.

The differences found in the boiling points of the distillates by various workers
make it clear that more than one compound is involved in the non-peroxide
antibacterial activity of honey. Roth et al.* also concluded that more than one sub-
stance exists because not all of the honeys they studied could have their non-per-
oxide antibacterial activity extracted into ether.

Roth et al.* found that the non-peroxide antibacterial activity was extracted almost
completely by ether, but only slightly or not at all by petroleum ether, ethyl acetate,
and methylene chloride. Schuler and Vogel™ were able to extract activity into
ether, a little into chloroform, and none into propanol. They were also able to
detect activity in the urine of people fed 50 g of honey, the maximum activity being
present 3 h after eating the honey. (No activity was detected in control urine.)
Gonnet and Lavie” found that the antibacterial activity (against Bacillus subtilis)
in honey could be partly extracted with acetone, and extracted totally with alcohol.
Lavie” reported subsequently that hot alcohol was twice as effective as cold alcohol
in extracting the activity, and cold alcohol was twice as effective as cold acetone.
The alcohol extract was water-soluble, and the activity was increased three times
by extracting this solution into ether. Vergé' also found that activity could be
extracted into alcohol, acetone and ether, but the antibacterial activity in the honey
he used was extracted best into acetone. This activity was decreased by exposure
to heat and light. Dustmann® found that activity could be extracted into acetone,
but it was only a small fraction (often less than 2%) of the activity due to hydrogen
peroxide. Chambonnaud' " similarly found that 2.5-5% of the total activity in
honey could be extracted into acetone. Lindner® also found that most activity
remains in honey extracted with solvents.

There is clearly much vafiation in the findings of non-peroxide antibacterial factors
in honey, and.in the quantitative importance of these factors in the antibacterial
activity of honey. A problem in considering quantitative aspects is that in many
of the studies, extracted antibacterial factors have been concentrated to a level
above that at which they occur in the honey. The variation seen beyond that intro-
duced by different degrees of concentrating almost certainly reflects differences
in the degree of contribution of antibacterial phytochemicals made by the source
plants through the nectar or honeydew collected by the bees (although it is possible
that the phytochemicals themselves are without antibacterial activity until acted
upon by enzymes from the bee). There have been some attempts, with success,
to enhance the process by feeding bees on extracts of various herbs to increase
the antibacterial activity of the honey produced™ ™.
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The likely significance of non-peroxide factors in a clinical situation was investigated
by Willix"' who compared the susceptibility of common wound-infecting species
of bacteria to a honey with high activity due mostly to hydrogen peroxide, and
to manuka honey with activity due mostly to non-peroxide factors. The species
tested were E. coli, Proteus mirabilis, Pseudomonas aeruginosa, Salmonella
typhimurium, Serratia marcescens, Staphylococcus aureus and Streptococcus pyo-
genes. It was found that both honeys were very active against the range of species
tested, but the order of sensitivity for the species tested was quite different for
the two types of honey. The concentrations of honey needed to achieve 50% inhi-
bition of growth of each species over 8 h were 3.9, 2.6, 5.4,1.3,24,27 and 1.4%
respectively for the honey with activity due to hydrogen peroxide, and 0.8, 4.7,
5.4, 1.3, 3.4, 0.9 and 2.2% respectively for the honey with non-peroxide activity.

Conclusion

Honey has been shown convincingly to have a potent antibacterial activity, effective
against a very broad spectrum of species, and to have antifungal properties as well.
The activity seen with dilute solutions of honey clearly indicates that there is much
more than the high sugar content of honey involved in its antibacterial action. This
additional antibacterial activity is due to hydrogen peroxide produced by enzymatic
activity in the honey, and in some honeys to plant-derived antibacterial substances
as well.

Part 2 of this review (Bee World 73 (2) 1992) will cover the very large variation that
has been found in the antibacterial potency of different honeys, and the loss of
activity that results from inappropriate handling and storage of honey.
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THE ANTIBACTERIAL ACTIVITY OF HONEY
2. Variation in the potency of the antibacterial activity
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Introduction

Honey is gaining acceptance by the medical profession for use as an antibacterial
agent for the treatment of ulcers and bed sores, and other surface infections result-
ing from burns and wounds* ™. In many cases it is being used with success on infec-
tions not responding to standard antibiotic and antiseptic therapy. Its effectiveness
in rapidly clearing up infection and promoting healing is not surprising in light of
the large number of research findings on its antibacterial activity, covered in Part
1 of this review (Bee World 73(1): 5-28, 1992).

None of the reports in the medical literature, however, mention any selection of
the honey used for the treatment of infections. Although it is recognized that
honey has antibacterial activity, it is not generally realized that there is a very large
variation in the antibacterial potency of different honeys, and that the antibacterial
properties can be easily lost by inappropriate handling and storage of honey. Part
2 of this review covers the research that has been done on these aspects: giving
regard to these findings should result in a more rational usage of honey in medicine
and allow its full potential as an antibacterial agent be achieved.

Variation in antibacterial activity

A common feature of all of the reports in the medical literature on the use of honey
as an antibacterial agent is that no consideration is given to the selection of type
of honey for therapeutic use. Aristotle, ¢ 350 BC', and Dioscorides, ¢ AD 50 %, rec-
ommended that honey collected in specific regions and seasons (and therefore pre-
sumably from different floral sources) be used for the treatment of different ail-
ments. Such considerations have continued into present-day folk medicine: the
strawberry-tree (Arbutus unedo) honey of Sardinia is valued for its therapeutic
properties™; in India lotus (Nelumbium sceciosum) honey is said to be a panacea
for eye diseases”. In modern clinical practice, however, these views have gone unno-
ticed, as have the laboratory findings of large differences in the antibacterial poten-
¢y of honey from different floral sources.

Degree of variance observed

In almost all studies in which more than one type of honey has been used, differ-
ences in the antibacterial activity of the honeys have been observed. The degree
of difference observed has in some cases been very large, and in many others where
it has been smaller this possibly is the result of a more limited range of testing
rather than of less variance in the activity of the honeys. In many studies the
antibacterial activity of different honeys has been compared by way of the inhibine
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number determined by the method devised by Dold and Witzenhausen for such
comparisons®.

Dold and Witzenhausen coined the term ‘inhibine number’ in 1955” to describe
the degree of dilution to which a honey will retain its antibacterial activity. This
is a term that has been widely used since as a measure of the antibacterial activity
of honey. The inhibine number involves a scale of 1 to 5 representing sequential
dilutions of honey in 5% steps, from 25% to 5%. There have since been various
minor modifications to this method so that the actual concentration corresponding
to the inhibine number reported may vary. One modification has been to estimate
fractional inhibine numbers by visual assessment of partial inhibition on the agar
plate with the concentration of honey that just allows growth"™ ', Another mod-
ification® has been the use of double-strength nutrient in the dilution mixture to
keep the concentration of nutrient constant throughout the series: in the original
method of Dold and Witzenhausen® this varied considerably. The effect of differ-
ences between methods on the comparability of the inhibine numbers from dif-
ferent studies has been discussed by White et al.'”.

In most of the studies measuring the inhibine number of honeys, activity has been
found to range over the five-fold difference in concentration in the dilution series”
52,61,94,96,121,122,127,126.125, 10,132 11y three other studies™ ™ '™ activity was found to range
over a four-fold difference in concentration in the dilution series. With some honeys
not active at the highest concentration tested in some of the studies, and others
still active at the greatest dilutions, it is possible that if greater and lesser degrees
of dilution had been included in the testing then a wider range of activities would
have been detected. One study using a wider range of dilutions (honey from
50-0.25%) found the minimum inhibitory concentrations of the honeys tested to
range from 25% to 0.25%’. Another, testing from 50% to 0.4% found the minimum
inhibitory concentrations to range from greater than 50% (i.e. not active at 50%)
to 1.5%%. Other studies with wide ranges tested also found some honeys without
activity at the highest concentration tested, and other honey with activity at the
lowest concentration tested: the ranges were from 20-0.6%" and 50-1.5%"".

When the data are examined, activities are seen to be fairly well spread over these
ranges. Duisberg and Warnecke™ plotted the distribution of the activity of 131 sam-
ples of honey tested, and found that it deviated from a normal Gaussian distribu-
tion because of the large number of samples with low activity. (In 7% of the sam-
ples the activity was below the level of detection.) They attributed this to
destruction of activity by exposure to heat and light, and estimated that 50% of
the samples had lost more than half of their original activity, and 22% had lost more
than three-quarters. Another study of 345 samples of honeys* also found a large
number with low activity (36% of the samples had activity near or below the level
of detection), the rest having almost a Gaussian distribution over a twenty-fold
range of activity.

Association with floral source

Although some have concluded that honey from certain plants has better antibac-
terial activity than that from others, there is not enough evidence for such definite
conclusions to be justified. Some of these conclusions are based on data from very
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FIG. 4. Honey bee foraging on manuka flowers in New Zealand.

small numbers of samples. Other studies, though, have shown that there can be
a large variation in the activity of different samples from the same plant source.
Because of this, and because of the likelihood of misidentification of the source,
the impossibility of getting a truly unifloral honey, and of variation associated with
instability of the activity (discussed later), small numbers of samples cannot be taken
as being representative of a particular source of honey. Even large-scale studies
produce data of limited usefulness in this respect: because there are so many dif-
ferent plant species from which honey is produced, not many can be looked at from
each. However, honeys from some sources have been been studied in large enough
numkéers or have been included in enough different studies for some trends to be
noted.

There have been several studies in which dark honey from the conifer forests of
the mountainous regions of central Europe have been found to have particularly
high activity' %722 3526815413 Thic honey is not from a nectar source, but from
honeydew, produced by aphids sucking the sap from the leaves of the trees. Honey
from sweet chestnut (Castanea sativa), a nectar source, has also been reported to
have high activity'*, but it is dark in colour and thus is considered to be partly
derived from honeydew™. Another dark coloured honey, from manuka
(Leptospermum scoparium)in New Zealand (fig. 4), has also been found to have
a high level of activity* ™. Roth et al.* commented on the association of high activity
with dark coloured honeys in their study of Canadian honeys.

Heather (Erica spp.) honey, which has a fairly dark colour, has been found to have
a high level of antibacterial activity in one study®, but a fairly low"* or low™” level
of activity in others. Rape {Brassica napus) honey has also been found to have a
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FIG. 5. Sampling broth cultures to measure the rate of bacterial growth with different concentrations

of honey added.

high level of activity in one study’, but a fairly low™ or low™ ™ level of activity
in others. In several studies linden (7ilia cordata) honey has been found to have
a fairly high level of activity’*-"*, but a fairly low level of activity in others™ %,
Clover {Trifolium spp.) honey has been consistently found to have low activity* ™

? and cotton (Gossypium hirsutum) honey high activity'™ ",

Reasons for variance

The water activity of honey varies relatively little, and is not of much importance
in the antibacterial effect of the dilute solutions of honey used to study the antibac-
terial activity of honey. Although the acidity of honey varies considerably, this too
is likely to be of little consequence when the honey is in dilute solution in nutrient
broth for testing its effect on bacterial cultures, as the broth buffers the acidity
(fig. 5). The major variations seen in overall antibacterial activity are due to variation
in the level of hydrogen peroxide achieved, and in some cases to the level of non-
peroxide factors. The latter was found to be responsible for much of the activity
in honeys with high fevels of antibacterial activity in a study of 64 samples™. The
content of non-peroxide factors is obviously related to the floral source, and some-
times it can account for the major part of the antibacterial activity in a honey, as
is found with manuka honey®. The level of hydrogen peroxide achieved can also
be related to the floral source, as components from some floral sources can affect
both the production and the destruction of hydrogen peroxide (discussed below).
There is a dynamic equilibrium: the level of hydrogen peroxide depends upon the

balance between the rate of its production and the rate of its destruction'.
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Hydrogen peroxide obviously must be degraded, or else full-strength honey would
contain substantial amounts of it, and any dilution of honey would eventually
achieve inhibitory levels.

From the first work demonstrating that hydrogen peroxide is responsible for
antibacterial activity in honey, it was realized that hydrogen peroxide is destroyed
by components of honey. When testing Staphylococcus aureus for its susceptibility
to added hydrogen peroxide, it was found that higher levels had to be added to
achieve an inhibitory effect if honey was present'”. Hydrogen peroxide was found
to rapidly disappear when added to dilute honey, and, except in samples accumu-
lating very high levels, the level of hydrogen peroxide accumulated from enzymatic

action was seen to decline with time'.

Of the factors possibly involved in the destruction of hydrogen peroxide, an obvious
component to consider was catalase. This enzyme had long been thought to be
present in honey”, and was unequivocally shown to be present by Schepartz” in
1966. Catalase comes from the pollen and nectar of certain plants; more coming
from the nectar”. Honeys from some floral sources have been found to have very
high levels of catalase, and these honeys accumulate low levels of hydrogen per-
oxide: the ones accumulating high levels of hydrogen peroxide had low levels of
catalase™®. There was some deviation from the inverse correlation seen in these
studies, but this could well have been the result of non-peroxide antibacterial fac-
tors giving higher levels of activity, or prior denaturation of glucose oxidase giving
lower levels. The latter would probably have been the explanation for the group
of honeys with low antibacterial activity and low catalase activity found in another
study of 28 samples'®. Excluding this group, in this study a highly significant inverse
correlac;cion was found between catalase activity and accumulation of hydrogen
peroxide.

Not all the variation, however, in the destruction of hydrogen peroxide associated
with floral sources is due to the plants contributing catalase to the honeys. it has
been found that the disappearance of hydrogen peroxide added to honey occurs
even if honey is boiled beforehand to inactivate the catalase, indicating that a
chemical degradation is involved as well as the enzymatic destruction'. This could
well be the metal-catalysed reaction with ascorbic acid discussed earlier

The floral source can influence the production as well as the destruction of hydro-
gen peroxide, thus affecting the balance between these and lowering the level
of accumulation. Very large differences have been found between honeys from
different floral sources in the thermal stability of their glucose oxidase content'”.
A similar finding has been made in respect of the sensitivity of glucose oxidase to
denaturation by light, a photosensitizing component responsible for the photo-
oxidation of the enzyme being partially characterized in this study™. Of course,
the influence of these factors on the antibacterial activity depends on the degree
of exposure of honey samples to heat and light before they are assayed, but it is
likely that much of the variation seen in the antibacterial activity of honeys reflects
the history of those honeys. The level of antibacterial activity in a honey has for
a long time been taken as an indication of whether or not a honey has been sub-
jected to heating in its processing, although with the realization that it depends
on other factors as well, this measure is no longer recommended™.
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Bactericidal or bacteriostatic action?
Duration of bacteriostasis

Most of the reports on the antibacterial activity of honey do not allow a distinction
to be made between whether a honey is killing the bacteria or whether it is just
stopping the bacteria from growing. Although no growth may have been seen over
the period of observation, sometimes up to four days, in the absence of other evi-
dence this only can be taken to be a bacteriostatic action, even if termed a bac-
tericidal action by some authors™*'. A bactericidal action only can be concluded
to have been observed in those studies where subculturing in a honey-free medium
after initial exposure to honey shows no subsequent growth, which is what is
recorded as bactericidal action in table 1. There may have been a bactericidal action
in additional instances, but this cannot be known without the additional exper-
imentation needed to demonstrate it.

Limited experimentation in these studies may also have left instances of bacteriosta-
sis unobserved. In most cases a bacteriostatic action was demonstrated by lack of
visible growth at the end of a period of incubation, a single observation being
made at the end. It is likely, especially in the many studies with a long period of
incubation, that growth would have ceased well before the observation was made:
in batch culture, exhaustion of nutrient or build-up of toxic end-products can limit
growth in quite a short time. In these cases a partially inhibited culture could ‘catch
up’ an uninhibited control at this point of limited growth before the growth was
observed. It is also possible that complete inhibition of growth could have gone
unobserved in these studies: in other studies involving monitoring throughout incu-
bation there is evidence of bacteria overcoming the antibacterial activity of honey
after a period of inhibition™***'. However, the period was found to be longer with
higher concentrations of honey, and seven major wound-infecting species of bac-
teria were found to be kept in a state of complete inhibition for 8 h if the con-
centration of honey was increased to between 3% and 10%"".

Complete inhibition of growth maintained over a long period is obviously an impor-
tant feature in controlling infections. Also of relevance is that if bacteria are kept
in a state of bacteriostasis for a long period, their capacity to recover is lost™. In
most of the cases of complete inhibition listed in table 1, the period of study over
which this was maintained was 18-24 h.

Bactericidal action of honey

Whether or not honey has a bactericidal action appears to be very much a matter
of the time of exposure of the cells to the honey. A gradual decline over 24 h was
seen in the number of viable cells of several species of bacteria killed by 10%
honey?. In another study™ a bactericidal action was seen against Escherichia coli
with 17% honey after 24 h, but 48 h was required for bactericidal action with 9%
honey: with S. aureus 24 h was required for bactericidal action with 33% honey,
48 h was required for bactericidal action with 25% honey, and 96 h for bactericidal
action with 9% honey. Another factor which contributes to this variation is dif-
ferences in the susceptibility of the species being used for testing. The action of
20% honey was found to be bactericidal on only two out of six species of bacteria
tested™. Observation of the bactericidal action of 50% honey on 12 species™
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revealed that Gram-positive species generally were the first to be Killed, starting
to dl.e after 1 h of exposure, with complete killing after 3-24 h. Gram-negative
species generally began to die after 4-6 h, complete killing taking up to 48 h. A
comparison of ten species of bacteria exposed to eight different honeys at 50%
concentration” found that the time required for a complete bactericidal action
ranged from 3 to 48 h, there being four-fold differences between the honeys, and
larger differences between the species. Another study® also showed that the time
requlreq for bactericidal action depends on the species of bacteria, and on the con-
centration of honey: £. col/ with 50% honey grew for 2 h then began to decline
in the number of viable cells; S. aureus showed a decline by 1 h, with complete
killing after 4 h with 50% honey, but only partial killing by 5 h with 25% honey.

An incomplete bactericidal action in the time allowed would have been taken as
no bactericidal action by some investigators who simply looked for growth after
exposure: a small number of surviving cells would give this. Thus it was concluded
that there was no bactericidal action on 6 species by 5-10% honey over a period
of 5 h¥. Likewise it was concluded that there was no bactericidal action on S. aureus
by 15% honey over a period of 5 h'”, and by 29% honey over a period of 36 h'*',
Also with 11 species exposed to 10% honey for 8 h it was concluded that the action
was only bacteriostatic*, but it was noted that on subsequent examination there
was evidence of damage to the bacterial cells.

It is known that vegetative cells of bacteria will die off slowly at sub-optimal levels
of water activity (a,)”. Even so, in full strength honey this can take up to 34 days
for Salmonella at 18-20°C'", and up to 2 years at 10°C"™. However, in another study®
m.uch shorter times were found to be needed (up to 3 days at room temperature).
Differences in the composition of the honeys used could well account for these
differences in findings: different times were found to be required for different hon-
eys to kill a particular species within the same experiment in two studies®™ ',
Plﬁ‘erences in the composition of the honeys used could also account for differences
in conclusions on whether the antibacterial action of honey is bacteriostatic or bac-
tericidal. In several studies™ ™ "> ™ Gnly some of the honeys tested had a bacte-
ricidal activity at the concentrations used.

It may just be a matter of longer times or higher concentrations being required
for bactericidal activity to be seen: many bacteriostatic substances are bactericidal
at higher concentrations'”, Low a, may greatly influence the microbicidal effect
of other factors™, thus these factors may be of more consequence in honeys at high
concentrations.

Althogngk"u”hyd rogen peroxide gives bacteriostasis with S, aureus at 0.29 mmol/l or
lower™*™, it has been found that 29 mmol/l hydrogen peroxide is required to kill
E. coliand S. aureus in 1 h%, and 8.8 mmol/l to achieve a kill rate of 80% in 1 h with
seven strains of bacteria™. The quantities of hydrogen peroxide that are produced
in honey (discussed earlier) are unlikely to accumulate to such levels, but could be
high gnough in some honeys to be bactericidal over a longer period of exposure
espeoé_llly vyith the influence of a low a,, and with potentiation by metal ions and
ascorbic acid. The presence of plant-derived bactericidal factors in some honeys,
helped by the low a, may also account for some honeys being bactericidal.

Whether or not honey is bactericidal is of fittle practical significance however. Some
of the antibiotics in common use in medical practice have only a bacteriostatic
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action™. Complete bacteriostasis, maintained by regular application of !
would be sufficient to allow the healing process to work successfully. The 1‘a|rl¥1 g?;;)ll“da
clearing up of infections that is found to occur under a dressing of honey™™
may be a result of bactericidal action from prolonged exposure, or pps;nbly be a
result of the natural defence system being more successful with multiplication of
bacterial cells held in check.

Stability of antibacterial activity

. i e va y I % e
The instability of honey inhibine was first recognized in 1937 by Dold et al”, w
found that ittzvas destroyed by heating and by exposure to light. These observations
have since been confirmed by numerous other researchers, but there have been
differences in the degree of instability reported.

Sensitivity to heat

initi ort (Dold et al.”) on the loss of antibacterial activity on exposure of
Egié;’g)alhreeaet wa(s of complete loss of inhibitjon by 17% honey a’f‘cer exposure o_f
50% honey to 100°C for 5 min, 80°C for 10 min, or 56°C for‘30 min. However, this
did not mean that antibacterial activity was lost completely: if the unhoeated honey
had been of just high enough activity to 'Inhi‘blt.gl.'C.aW'th when at 17%, not much
activity would have to be lost on heating for |n21b|t|on no longer to be seen. Tklls
also applies to the similar finding of Pothmann that exposure of f;oney to 100°C
for 5 min or 56°C for 1 h caused complete loss of inhibition by 17% honey.

rts the researchers used a dilution series for the assay of activity.
X]ltl}?éi;;ec%%plete loss of inhibition in their studies still did not mean that antibac-
terial activity was lost completely, its reduction to a level below detectability would
generally represent a loss of 80% or more, if not a complete loss. lg these repprst’s.
‘complete loss’ was found to result from exposure of honey to: 100°C for 30°m|n 5
100°C for 15 min®; 90°C for 8 h*; 100°C for 5 min, 90°C for 15 m.ms,270—530 C for
20-30 min, and 56°C for 60 min*’; 80°C for 15 min™; 80"35. for 30 min®; 60°C for 15
min' and from use of ‘heated honey’ (no details ‘glxen) . An almost complete loss
was found on heating honey for 100°C for 10 min".

rt® the activity was not lost completely after exposure of honey
ltrc‘) ?nggig;igomin, but was r)éduced to the same level as that of artificial honey,
indicating that all activity other than that due to osmq!amnty had been destroyed.
A similar finding was made with honey bo_lled for 10 min”. O‘chers also have found
that only part of the antibacterial activity is destroyed b){ h.eatmg' honey. Exposure
of honey to 100°C for 10 min caused complete loss of activity against seven species
of bacteria, but only partial loss of actiwt){ against Baczllug pumtlus ar]d a stra:ﬁp
of Streptomyces, and no loss of activity against Bag://us subtilis ?:lnd Sarcina Iuteab L
In another report™ about half of the activity against B. subtilis was found to be
heat-stable. Heating honey at 56°C for 30 mmscaused a loss of activity that V\é?s
greater against some species than against others’. The presen(ﬁgi Bcs);ch heat-stable
and heat-sensitive factors has been reported by others also™™ ;

The retention of part of the activity reported in instances where honey has been
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subjected to lesser degrees of heating probably results from there being only partial
destruction of the heat-sensitive factor, rather than a heat-stable factor being
responsible. The minimum inhibitory concentration of honey was found to increase
from 4% to 8% after exposure of honey to 46°C for 8 h, to 12% after exposure
to 52°Cfor 8 h, and to 16% after exposure of honey to 55°C for 8 h™, Also report-
ed'™ was complete loss of activity after exposure to more than 65°C for less than
4 h, a heavy but not complete loss after exposure to 56°C for 24 h, but no loss after
exposure to 40°C for 96 h. In another report™ there was complete loss of activity
after exposure to 100°C for 30 min, but no loss after exposure to 56°C for 30 min.
Also reported™ was complete loss of activity after exposure to 100°C for 5 min, but
only partial loss after exposure to 60°C for 1 h.

The stability of the antibacterial activity in heated honey has been found to depend
on the pH, activity being more rapidly lost at low pH®.

There are some large differences in the findings on the stability of the antibacterial
activity of honey at lower temperatures, but generally the conclusion has been that
itis stable below 40°C. No decrease in antibacterial activity was seen in 20 honeys
held at 40°C for 96 h”, as in the case mentioned above™, nor in honey held at 37°C
for 24 h™. This is to be expected when it is borne in mind that the temperature
in the beehive where honey can spend quite a long time is around 34°C. It may
not be as stable at this temperature when diluted: the rate of production of hydro-
gen peroxide drops off with time', and the amount of hydrogen peroxide present
after 16 h was found to be much lower than that present after the first hour®.
Others have also reported that honey is less stable when diluted™'® " #:#% Thie
could be a consequence of the build-up of gluconic acid, or of damage to the glu-
cose oxidase from free radicals generated from hydrogen peroxide as discussed
earlier. The latter suggestion is supported by the finding with the isolated enzyme
that addition of a high level of hydrogen peroxide inactivated it after about 30
min®™. However, it has been reported that 50% honey held at room temperature
for 100 h does not lose its antibacterial activity* .

There are several indications of the antibacterial activity of honey being very stable
at room temperature. In one study™ of a large number of honeys it was noted that
43 of the 85 honeys with high antibacterial activity were 9 months to 1 year old,
and some were 2 years old. It was stated that the antibacterial activity could be
retained on long storage in the laboratory if the honey was kept away from light
and high temperatures. Another study* of a large number of honeys also found
high activity in old samples of honey, some up to 5 years old, there being no cor-
relation between the activity and the age of the honey. A study of 18 honeys found
some of the most active to be 2-3 years old™ . Storage of honey without dete-
rioration of its antibacterial activity for several months at 20°C® also for 2 years
at 25-30°C™, has been reported. Little or no loss of activity was found in honeys
stored for 1 year at room temperature in closed containers, but loss of activity was
noted in samples that had been opened frequently®™. On the other hand almost
complete loss of activity was found on storage of honeys for 18 months at 4°C in
the dark® ™. Also reported® has been a loss of 15-16% in 3 months and 24-27%
in 6 months storage at 20-25°C.

These differences in findings could be the result of there being differences in the
stability of various honeys. Marked differences in the proportions of activity lost
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h temperature tested have been reported by several authors®*"* """. A70-
?glzadc ifferer?ce was found between honeys in the half-life of the peroxide-accu-
mulating system of various honeys'™. This appeared to be related to the floral
source of the honey, prompting the suggestion that plaqt-denved substances influ-
enced the stability of the glucose oxidase. As the half-life of the enzyme isolated
from honey is approximately 5 min at 50°C”, and the half-life of ’Eﬂe.peroxrde-accu-
mulating system was found to range from 2.8 to 6.1 h at 55°C', it appears that
this influence is a stabilizing one.

e half-life of the peroxide-accumulating system was determ_ined for hxghe'r tem-
;:ratures as well. lnpaddition to their own measurements, White and Subers Z? esti-
mated the half-life of the antibacterial activity in honey from the data published
by others on its decline on heating. They found that at 65°C it ranged from 36 s
10 4.5 min, and at 70°C, with a larger number of samples, it ranged fron: a few
ceconds to 1 hour. Their estimates from others’ data were 4.5 h at 62.8°C, and

10 h at 57°C.

Sensitivity to light

n known since some of the earliest work on the antibacterial properties
lc;[fhr?;r?ee)?that the activity is unstable in light. Dold et al. in 19307” reported that
honey lost its ability to inhibit bacterial growth (_tested inal17 % s.olu'non) after
exposing a thin film of it to sunlight. Others have since confirmed '-(hIS observation.
Exposure of honey in a layer 1-2 mm thick to ‘Sgtmhght for 15 min was found to
result in complete loss of non-osmotic activity™. When not spread outina thin
layer it has not been found to be so sensitive: almost complete loss of activity after
18 days in direct sunlight®, gradual disappearance_of activity when exposed to
direct sunlight but not with diffuse daylight®, and a significant reduction m'actn}/]xty
in honey samples stored for 3-6 months on open szwelves {more than twice that
lost in the same samples stored in a dark cupk_)oard) have been reported. No loss
of activity was found, however, when a thin film of honey was exposed for 1 h to
an ultraviolet (UV) lamp (254 nm)".

of activity was found in honey left for 8 months on a window-sill on
ﬁ]lears%en:‘lc;/%side of th)tle building if stored in 1 or 2.5 litre jars made from clear
polystyrene, but not if stored in jars made of wh:te‘czazr ivory polyethylene _thh 1Low
transmission of light of wavelength below 400 nm™", Glass jars coated with a film
1o absorb UV light were only partially successful in thls study in preventing the loss
of activity, indicating the necessity to protect from light of wavelengths up to 400
nm. Similar findings were made in another study:_hopey sto‘red for 5-7 m_onths by
the window in the sun lost about half of its activity if kept |r}1)UV—.absorbmg glass
jars, but kept all its activity if kept in jars made c_>f dark gl'ass . This protection by
absorption of light can occur within the honey itself, as is seen with the greater
stability of bulk quantities compared with thin films. Daﬂrk-coloured honey was
found to be more light-stable than light-coloured honey ,.p-re'esuma.bly because it
lets less light into the bulk of the honey. However, thegepsmwty to light ha; been
observed to depend on the floral source of the honey™ in a 500 g jar keptin sun-
light, some floral types of honey were found to lose their activity completely in
only 48 h*, and a reduction of up to 67% in the production of hydrogen peroxide
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The components responsible for the
antibacterial activity of honey

. dity
The pH of honey is low enough to slow down or prevent the growth of many

species of bacteria, but this acidity may be neutralized if honey is diluted with
buffering solutions such as body fluids.

The high sugar content of honey makes the water unavailable for micro-organ-
isms: no bacteria or fungi can grow in fully ripened honey, but the more diluted
honey becomes, the more species can grow in it.

The glucose oxidase enzyme activated by dilutions of honey generates hydrogen
peroxide which generally is the major antibacterial factor in honey. This enzyme
is inactivated by heating honey, and by exposure to light in some honeys which
contain a sensitizing factor. Some honeys also contain substances which destroy
the hydrogen peroxide generated by the enzyme.

Honeys from some floral sources contain various antibacterial substances, pre-
sumably produced by certain species of plants, which in some case can account
for a large part of the antibacterial activity of honey.

was found 4-5 cm in from the glass after only 6 h*, Difference in floral source could
account for the finding in an early study that honey was nearly insensitive to diffuse
daylight, it standing for 20 months in the laboratory™.

Although hydrogen peroxide is degraded by exposure to light, this cannot account
for the sensitivity of the antibacterial activity of honey to light as there is so little
hydrogen peroxide present in full-strength honey. It has been found that in fact
it is the glucose oxidase, that generates the hydrogen peroxide, that is sensitive
to light™. The marked disagreement seen in observations on the stability of the
antibacterial activity of honey to light can be explained by the finding that a pho-
tosensitizer is necessary for the photo-oxidation of the enzyme, and that it occurs
in different amounts in different honeys™. Another variable could be the depen-
dence of the light-sensitivity on the pH, which can vary between 3.2 and 4.5 in
different honeys. The sensitivity of the glucose oxidase activity to light was found
to be minimal at pH 8 but to increase sharply from pH 5 downwards™. It is not
known whether it is the photosensitizer or the enzyme that is influenced by the
pH.
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The hydrogen peroxide accumulating system in honey was foungato b}e st_rongly
influenced by diffuse daylight and the light from fluorescent tubes™, which is more
detrimental than the light from incandescent bulbs™. Nearly half of the enzyme
activity was found to be lost in a 10 g sample of honey left for 2 h on the laboratory
bench in a 50 m| beaker'™. The sensitivity of the photosensitizer/enzyme was found,
using various lamps and filters, to be greatest to light in the wavelength band
425-525 nm'®.

There have also been reports of non-peroxide antibacterial factors being light-sen-
sitive™ "%,

Conclusion

It has been shown that the potency of the antibacterial activity can vary very
markedly. The number of variable factors involved makes it impossible to predict
with any certainty that a particular honey will have a high antibacterial activity.
Because of this, honeys purveyed for therapeutic use should be assayed for their
antibacterial activity as a form of quality assurance.

Consideration should also be given to the way that honey is processed if it is intend-
ed for sale as an antibacterial product (fig. 6). Honey is often paste'urized,. at atem-
perature of 70-75°C, to destroy yeasts that can spoil a honey w]th a_h«gh water
content, or to dissolve sugar crystals that could initiate granulationin a Il_quxd honey.
In view of the short half-life of the antibacterial activity at pasteurization temper-
atures, it is clear that pasteurization of honey is undesirable if the honey is to be
used as an antiseptic. It would also be advisable to keep any other warming of the
honey during processing to a minimum, and to store it at cool temperatures.

Another consideration regarding processing for marketing liguid honey should be
the likely effect on antibacterial activity when hor_ney is filtered to remove pollen
and other particles which can initiate granulation, since it has been fgund that g}u-
cose oxidase is adsorbed on to the asbestos filter pads in Seitz filtration. It remains
to be determined whether the enzyme is removed by absorption on to filtration
aids used in the clarifying of liquid honeys, but some of the filtration aids used are
very effective in removing proteins from other products.

As a further precaution against possible loss of antibacterial activity, honeys with
high activity should not be blended with honey of low activity: a honey with low
activity could well have components present that destroy antibacterial activity.

Loss of antibacterial activity on exposure to light is another important consider-
ation. Because there is little certainty about which floral sources give honeys that
are sensitive to light, and because some can be very sensitive, it is important t.hat
honey intended for therapeutic use be protected from light to prevent posab!e
reduction of its antibacterial activity. For retail sale it could well be packaged in
brown glass containers like other medical products.
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