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

PeTER C MOLAN
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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 responding 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 ........ ¥ S— : there issues
From within their [the bees] bodies

A drink of varying colours,

Wherein is healing for men.




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

Pathogen infection caused
Bacillus anthracis ' Sy

Corynebacterium diphtheriae
Escherichia coli R

Haemophﬁus influenzae ear infections, meningitis, respiratory
infections, sinusitis

K!eﬁsie!faﬁhéumbﬁfae.. F
Listeria fhoﬁoq&éééﬁé_;— ‘
Mycobacterium tuberculosi
Pasteurella multocida
Proteus species

Pseudomonas aeruginosa
Salmoniella species
Salmonella chalerae-su
salmonella typhi .
salmonella Ebhkirlﬁ'urium
S'er;aﬂt'}'é_}na;rit_:é#ééns_ - :
5;71;15113 ..spéc-i_te.sl o dys-entery
Staphylococcus aureus -

Streptococcus faecalis

‘Streptococcus mutan dentalicarigs

Streptococcus pneumoniae ear infections, meningitis, pneumonia,
sinusitis

Streptocaccus pyogen

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 widely
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 al. 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 without
recognition of the prior discovery of this by others. Most, however, have involved
investigation of the activity spectrum of honey (i.e. determining which species of
micro-organism are sensitive to the action of honey), 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 microbi-
ological techniques. In the agar diffusion assay technique, a small quantity of
honey, or a solution of honey, is applied to a nutrient agar plate inoculated 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 develop, 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 potency 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 notation 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 solution (%
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 comparison between the
reports, all values for the concentration of honey used are given in this review as
% vollvol, these being calculated on the basis of honey having a density of 1.4
g/ml.125

Antifungal activity
Although an earlier brief review*® of the biological effects of honey expressed the
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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 quantitative
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 Willie 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 al.82 , and further
evidence of it can be seen in the data of others who worked with larger numbers of
honeys?5294,

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 sensitive to honey 17.20.3.40. So,52,54,57, 61,69, 79, 82,84, 92,103, 118,119,131 _ (This is of medical
significance because this species, as a result of its wide resistance to antibiotics, has
become the major cause of wound infections and septicaemia in hospitalssz). The
relative sensitivity of other species is not so discernible because of the marked
variation from study to study. This almost certainly reflects the differences in the
antibacterial factors in the honeys used in the various studies.
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Explanation of the antibacterial activity of honey
Osmotic effect

Honey is a saturated or super-saturated solution of 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 water activity
(aw): mean values for honey have been reported as 0.562 and 0.5899%, 0.572 and
0.6071, and 0.62'7. Although some yeasts can live in honeys that have a high water
content, causing spoilage of the honey, the ay, of ripened honey is too low to support
the growth of any species, no fermentation occurring if the water content is
below 17.1%".

Many species of bacteria have their growth completely inhibited by the ay being in
the range 0.94-0.99%.102, These values correspond to solutions of a typical honey (aw
of 0.6) of concentrations from 12% down to 2%, calculated on the basis of the
concentration being proportional to —log aw'%2. On the other hand, some species
have their maximum rate of growth when the ay is 0.99'%2, so inhibition 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 ay than bacteria are, so the reports of
antifungal activity with diluted honey indicate that there is more involved than just
the sugar content of the honey. Likewise, Staphylococcus aureus has an exceptionally
high tolerance of low ay yet is one of the species most sensitive to the antibacterial
activity of honey. For complete inhibition of growth of S. aureus the ay has to be
lowered below 0.86'8'960 which would be a typical honey at 29%. There have
been many reports of complete inhibition of S. aureus by honeys much more dilute
than that.

The results of some experiments have demonstrated quite clearly that there is much
more than an osmotic effect involved. In one study with S. aureus, honeys were
dialysed to remove the sugar, yet complete inhibition 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 honeys
was below the level of detection: the activity of others was up to 20 times higher
than the minimum detectable. In a similar study72 a honey of low antibacterial activ-
ity showed no activity against S. aureus when tested at a concentration of 50% in
an agar diffusion assay that allowed activity to be detected in an active honey diluted
to a concentration of 1%. The range of a, found in honey (0.47-0.70%") could
account for only a two-fold difference in activity due to osmotic effects.

Further indication that the antibacterial activity of honey is due to a lot more than
just the removal of water from bacteria is seen in the results of the many studies
in which the antibacterial activity of honey has been compared with that 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 bacteriostatic
action against five species seen with 20% honey was not seen with 20% artificial
honey#. Bacteriostatic and bactericidal activity against 12 species was seen with
honey diluted to ‘concentrations 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 1 in 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
act|V|ty was observed in artificial honey compared with that in various 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 E. 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. coil 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 Penicilliure. 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
mirabills, 3.6% natural honey was required but artificial honey had to be at a level
of 14%"'. Recombining the components of honey in proportions equivalent 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 artificial
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 approximately
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 aw 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 aw 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

Some of the early thinking on the explanation of the antibacterial activity of honey
considered the acidity of honey to be imfortanta“x%. Honey is characteristically quite
acidic, its pH being between 3.2 and 4.5"*. This acidity is due primarily to the content
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 honeym. However,
studies in which acidity was taken into account found no correlation between

antibacterial activity and the pH of the honeys studied 1024618194108 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 concentration
of 25% honey showed no detectable activity in an agar diffusion assay in which the
honey gave a clear zone of 23 mm diameter at 12.5% 2. The concentration of
gluconolactone/gluconic acid in this experiment with S. aureus was 0.2%. In different
work with this species23 no inhibition was seen with gluconic acid added to nutrient
broth at levels up to 0.25%. in other studies on honey, marked antibacterial activity
was still found when the honeys were neutralized before assay, ruling out any
contribution from the acidity to the antibacterial activity observed?7. 8, 8.85.88,132,

Although these observations point to the acidity of honey being unimportant, they
do not mean that acidity does not contribute to the antibacterial activity of honey.
Pothmann®® measured the pH of the nutrient broth containing the minimum
inhibitory concentration of honey (4.5%) for Corynebacterium diphtheriae and
found it to be 6.2. With this species the lowering of the pH of the growth medium
was of consequence, as the minimum inhibitory concentration of neutralized honey
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 diffusion assay
was lost if phosphate buffer was added to bring the pH to 6.1-6.59%. The low pH of
honey would be inhibitory to many animal pathogens, with their optimum pH for
growth normally falling between 7.2 and 7.4, and with minimum pH values for
growth of some common wound infecting species being: E. coli, 4.3; Salmonella
species, 4.0; Pseudomonas aeruginosa, 4.4; Streptococcus pyogenes, 45" Under
experimental conditions, especially with 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 dressing on a wound or ulcer, bacteria may
be in contact with honey that is much less diluted, and the acidity could well be
of importance. The fairly strong buffering capacity of body fluids would most
likely neutralize the acidity of honey in other situations where there is greater
dilution of honey.

Hydrogen peroxide

The possibility that hydrogen peroxide could be the substance responsible for the
antibacterial activity of honey was investigated by Adcock because both hydrogen
peroxide and the antibacterial activity of honey are destroyed by exposure to light He
reported in 1962 that the antibacterial activity of honey could be removed by
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the addltlon of catalase, and measured the presence of hydrogen peroxide in
honey’. The topic was also studled by White et al. 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
Flemlng s work on the antibacterial properties of Penicillium 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 antlbactenal activity to
result from a combination of glucose oxidase and gluc:ose8 36,36.1

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 standlng The glucose oxidase in honey was found to strongly resemble
the enzyme in the hypopharyngeal glands of the bee®, and is assumed to be secreted
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 functlon of glucose oxidase may account
for its unusual production by an animal speC|es . 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 85,128 , or
<10 mmoI/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 |ncreases 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 honey859 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 diluted
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®35.127.128.129 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)*350. 72,9227, 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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rise to hydrogen peroxide if glucose is added back to it*>'?"_ Prior to this,

some thought that the antibacterial factor was of high molecular weight and
some of low. Their conclusions can be explained by looking at their experimental
conditions: hydrogen peroxide would have been produced by the enzyme in the
dialysis retentate with glucose added®*'?’, but not without it added®’ when the
diffusate was recovered, concentrated and tested, it would have contained
hydrogen peroxide produced in the diluted honey during dialysis81 Adsorption of
the enzyme on to asbestos would account for removal of activity by Seitz
filtration“®?"¢"811%8 hroteins are known to be adsorbed'?. It has also been
found that activity is removed by a Berkefeld frlter (dratomaceous earth) and by
adsorption on to clay soil, bolus alba and kaolrn . The activity found to pass through
a Seitz filter when 50% honey was used® could have been hydrogen peroxide
produced in the diluted honey: however, it may have been that the EK-coated
Seitz filter used did not adsorb the enzyme.

One question that has not been addressed in the literature on the subject is why,
when the enzyme and its substrate, glucose, are together in honey, glucose oxidase is
inactive until the honey is diluted. The most likely explanation is that its activity is
suppressed by the unfavourable pH in ripened honey. The enzyme has an optimum
pH of 6.1, with a good activity from pH 5. 5 to pH 8, but the activity drops 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 |nh|b|ne number of a honey of pH 3.9 was
found to be from 5.5 to 6.4"°. White et al.'*’ observed that with some honeys,
diluted without buffering, the maximum rate of production of hydrogen peroxide
is found at the intermediate inhibine number dilutions and not at the lowest
dilutions as expected. This phenomenon was not observed if dialysed honey was
used with glucose added back, but was observed when dried honey was added
instead as the source of glucose. These findings could easily be explained by the
acidity of some honeys keeping the pH too low for the enzyme unless well diluted.

Although most of the acidity in honey is due to the gluconic acid that arises from
the activity of glucose oxidase %7 the suppression of the enzyme's activity appears to
be due to the resultant pH rather than to the reaction product per se: in a
buffered system no inhibition at all Was seen with 10 mmol/litre gluconic acid or
gluconolactone Nor, it is reported does the other reaction product, hydrogen
peroxide, cause inhibition at the IeveIs that are produced. The latter frndrng is
brought into question, however by data presented from studies with honey " and
with the isolated enzyme 8 which show the rate of reaction to be falling off over
a short period of time, a period in which denaturatron of the enzyme at the tem-
perature of incubation would not be noticeable'?°. Removal of the hydrogen per-
oxide produced by the addition of ascorbic acid, gave a five-fold increase in the
rate of reaction®™. Even so, the level of hydrogen peroxide is so low in full-strength
honey that product inhibition of the enzyme can be ruled out as an explanation of
why the enzyme is not active before dilution. The possibility of substrate inhibition
can also be ruled out on consideration of the finding that glucose concentratlons
beyond those occurring in honey do not suppress the rate of reaction®®. In fact,
the optimum substrate concentratlon for the glucose oxidase in honey is
exceptionally high (1.5 mol/litre® ) 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 act|V|ty The levels of sodlum in honey range from 0.3-41
mmol/litre, but would typically be 2-3 mmol/litre’**. 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 causes
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 antibacterial
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 bacteria
are responding to a secondary substance (hydrogen peroxide), not to the substance
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. It is 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 Peromde 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) linear 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




22

This non-linearity would apply to the results of most of the studies of antlbacterlal
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 activity
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
mmol/litre in 4 h'?’. A study of the accumulation of hydrogen peroxide in 90 sam-
ples of honey diluted to 14% and mcubated 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 another
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 mmoVlitre (mean 1.24,
s.d. 1.18, n = 9)35.

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 notate 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/litre. This was confirmed by others working
with S. aureus who found only one colony grew on a nutrient agar plate containing
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 radlcals generated by the catalytic action of traces of metal
ions from the bacterial cells’'*. The bactericidal action of hydrogen peroxide can
be potentlated by ascorbic ac:ld (vitamin C), 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 |ncreased by copper at 10
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mmol/litre'®. It has also been found that the antibacterial potency of hydrogen

peroxide is increased ten-fold by 0.83 mmol/litre iron, copper, chromium, cobalt or
manganese, but these destabilize hydrogen peroxide solutions so cannot be added
to an antiseptic preparationes. However, when honey is used as an antiseptic the
hydrogen peroxide is generated in situ so its stability is unimportant. It has been
observed that the addition of 9.7 mmol/litre ascorbic acid to honey glucose oxidase in
fact stimulates a five-fold increase in turn-over of the enzyme as its product (hydrogen
peroxide) is removed®. As bactericidal free radicals would be generated 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 up to 22 mmol/litre,
although more typically the level would be 0.2-0.3 mmol/litre. The levels of iron,
copper, manganese and cobalt in honey have been found to be 0.01-0.60, <
0.01-0.28, < 0.01-0.80, and 0.01-0.03 mmolllitre 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.

It is suggested that this decomposition reaction may be the reason why hydrogen
peroxide 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 activit}/ being reported, has been pointed
out now that stable preparations are in use". Hydrogen peroxide was widely
used at one time, but went out of favour also on the theoretical grounds that some
species of bacteria possess the enzyme catalase which decomposes hydrogen per-
oxide?®. Note should be taken, however, of the finding that the catalase activity
of strains of S. aureus does not correlate with their sensitivity to hydrogen
peroxide’.

Catalase is also present in plasma, at a mean level of 6.9 units/ml, (i.e. 6.9 mmol/litre of
hydrogen peroxide removed per minute). That present in exuding plasma in a
wound could be augmented by catalase released from dead leucocytes. Although this
catalase would be considered to reduce the antibacterial activity of honey by removal
of the hydrogen peroxide generated, it could in the process be itself generating
antibacterial activity in the form of free radicals®. This, and the possible
augmentation of the ieucocytes' own production of hydrogen peroxide for the
killing of ingested bacteria, could account for the clinical observation that honey is
a more effective bactericide in vivo than in vitro®’.

If a solution of hydrogen peroxide is used as an antiseptic it is likely to be far less
effective than a 'slow release preparation' in the form of honey. Catalase is active
with high concentrations of hydrogen peroxide but is of low activity with physi-
ological levels®. Unexpectedly high levels of catalase were found to be necessary
to destroy the antibacterial activity of honey1’127. A further consideration is that
myeloperoxidase, the enzyme that generates the active free radicals from hydrogen
peroxide in the leucocytes, is inactivated by excess hydrogen peroxidess, being dena-
tured by levels above 2 mmolllitre.

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 authors
doing so obviously not considering other factors beyond acidity and osmolarity
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 non-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 activity42’ 185 beyond that due to the acidity and high osmolarity of honey.
Mostly it is accepted that both types of activity occur, to different degrees in different
honeys. 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 observed
non-osmotic antibacterial activity, but there have also been some reports of
isolation of antibacterial substances from honey that are not hydrogen peroxide.

The level of hydrogen peroxide accumulating in honey 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 by the enzyme
secreted into the honey by the bees. Yet it was found that the bacteriostatic activity
against E. coil and S. aureusm, and against these and three other specie321, 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.) hone(}/, and 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 completel7y with the rate of accu-
mulation of hydrogen peroxide in honey samples1'8’35'12 128 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 peroxidego. 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 possiblg more resistant than S. aureus to hydrogen peroxide could also
explain the finding8 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*? 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 activity 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 found 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-peroxide 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 |t was reduced by boiling,
and in the least active honey it was destroyed by b0|I|ng 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 exceptlonaII)/
high activity, contained a heat-stable as well as a heat-sensitive antibacterial factor?
Heat-stable activity has been reported in other honeys also817:2452,

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'4.8507290.92131 |n 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
t|mes hlgher 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
act|V|ty In a later study finding similar results, it could be seen that the catalase
was effectlve 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 occur®.

In another study on honey8 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 extractlon and identification of pinocembrin as an antibacterial com-
ponent of honey

Further |nvest|gat|0n9 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 heat-stable
non-peroxide antibacterial activity derived from the bee is the bacteriolytic 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/rni
(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, whether lysozyme activity is of any
significance in the non-peroxide antibacterial activity in honey that has been
reported by others, because much of the work has been done with samples that
had not been recently extracted. Also, in the study identifying Iysozyme the test
species used was Micro coccus fysodeikticus, 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 thin-layer chro-
matography led to the identification of some components with antibacterial activity:
3,5-dimethoxy-4-hydroxybenzoic acid (syringic acid), methyl 3,5- dlmethoxy-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 observed by
gas chromatography-mass spectrometry . The same study found 1,4-dihydroxy-
benzene as the major component of the ether extract of vipers bugloss honey.
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 2-hydroxy-3-phenyl-
propionic acid, and 0.2-0.35% to 3,5-dimethoxy-4-hydroxybenzoic 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 Toth et al. in thelr gaschro-
matographic analysis of the steam-distilled oil obtained from honey Although
the terpenes and benzyl alcohol identified may have known antlbacterlal prop-
erties, the quantities present were far too low to be of any consequence. Others have
also found volatie antibacterial substances in honey. Some Bulgarian honeys were
found to have a bactericidal component which gave zones of inhibition
extendlng 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 observation
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 Iarger 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 explaln 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°0". 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. Another study using fractional 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 Vogel101 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 hone5y
could be partly extracted with acetone, and extracted totally with alcohol. Lavie 9
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. Verge 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. Chambonnaue'®'” 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 variation in the findings of non-peroxide antibacterial factors in
honey, anchin 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 introduced 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 producedso’sg’
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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, 2.4, 2.7 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 antifungat 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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