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Background and Aims. Influenza viruses are a serious threat to human health and cause
thousands of deaths annually. Thus, there is an urgent requirement for the development of
novel anti-influenza virus drugs. Therefore, the aim of this study was to evaluate the anti-
influenza viral activity of honey from various sources.

Methods. Antiviral activities of honey samples were evaluated using MDCK cells. To
elucidate the possible mechanism of action of honey, plaque inhibition assays were used.
Synergistic effects of honey with known anti-influenza virus drugs such as zanamivir or

oseltamivir were tested.

Results. Manuka honey efficiently inhibited influenza virus replication (IC5o = 3.6 = 1.2
mg/mL; CCsy = 82.3 4 2.2 mg/mL; selective index = 22.9), which is related to its viru-
cidal effects. In the presence of 3.13 mg/mL manuka honey, the ICs( of zanamivir or osel-
tamivir was reduced to nearly 1/1000th of their single use.

Conclusions. Our results showed that honey, in general, and particularly manuka honey,
has potent inhibitory activity against the influenza virus, demonstrating a potential medic-
inal value. © 2014 IMSS. Published by Elsevier Inc.
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Introduction

Influenza viruses are enveloped, negative-strand RNA vi-
ruses with a segmented genome and belong to the Ortho-
myxoviridae family. Two subtypes of the influenza virus
A and B cause influenza in humans. Influenza A virus mu-
tates easily, thereby often resulting in the emergence of
new antigenic variants of each subtype. The threat of a hu-
man influenza pandemic has greatly increased over the past
18 years. The highly pathogenic avian influenza viruses,
notably the H5N1 virus, emerged in 1997 (1). The 2009
pandemic virus (HIN1) quickly spread throughout the
world (2), and more recently, human infection with avian
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influenza virus (H7N9) has been reported (3). These out-
breaks should serve as warnings to responsible agencies
to prepare for the next pandemic threat. At present, two
main classes of anti-influenza drugs are available: M2 ion
channel inhibitors (amantadine and rimantadine) and neur-
aminidase inhibitors (zanamivir, oseltamivir, laninamivir,
and peramivir). The use of M2 ion channel inhibitors is
limited because of the rapid emergence of drug resistance
and side effects (4); moreover, resistance to neuraminidase
inhibitors is also rapidly increasing in clinical isolates (5).
It is noteworthy that neuraminidase inhibitor resistance
without loss of virulence was observed in certain H7N9
clinical isolates (6). These factors necessitate the develop-
ment of novel anti-influenza virus drugs with reduced po-
tential for the emergence of resistance.

Natural products such as microbial metabolites and me-
dicinal plants offer great promise as potentially effective
novel antiviral drugs. To date, many anti-influenza agents
isolated from these natural products have been reported.
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For example, polyketide leptomycin B from Streptomyces
spp. (7), polyphenols pentagalloylglucose (PGG) and (—)
-epigallocatechin-3-gallate (EGCG) from Phyllanthus
emblica L. (8) and green tea (9), respectively, and alkaloid
(=) -thalimonine from Thalictrum simplex L. (10) showed
anti-influenza viral activity by inhibiting nuclear export of
viral ribonucleoprotein complex (VRNP), interacting with
viral hemagglutinin (HA), inhibiting viral neuraminidase
(NA), and inhibiting viral protein synthesis, respectively.
It was also reported that valtrate from Valerianae Radix
and 1’-acetoxychavicol acetate (ACA) from the roots of
Alpinia galanga suppress nuclear export of VRNP, thereby
inhibiting influenza viral activity (11). More recently, it
was found that Alchemilla mollis extracts suppress the
growth of influenza virus because of its virucidal activity
(12). However, the toxicity of these natural products is a
cause for concern in their application as antiviral drugs.

Honey is a natural product obtained from flowers via
bees. Although the composition of honey varies depending
on the plants on which the bees feed (13,14), the main con-
stituents of honey from any source are the sugars fructose,
glucose, and sucrose, which account for ~80% of its weight
and 20% water. Honey also contains amino acids, vitamins,
minerals, enzymes, phenolic acids, and flavonoids. Honey
exhibits anti-inflammatory (15), wound healing (16), anti-
oxidant (17), and anti-neoplastic activities (18). In addition,
honey has been used as a traditional remedy for bacterial
infections, cold, and cough since ancient times, suggesting
that it is effective against many infectious diseases. Natural
honey shows broad spectrum activity against gram-positive
and gram-negative pathogenic bacteria and fungi, including
methicillin-resistant Staphylococcus aureus (MRSA) (19),
Shigella sonnei (20), Helicobacter pylori (21), and Candida
albicans (22). The antibacterial and antifungal activities of
honey are attributable to its osmolarity, low pH, hydrogen
peroxide (H,0,), phenolic acids, and flavonoids. Moreover,
natural honey has been reported to exhibit antiviral activities
against rubella virus (23) and varicella-zoster virus (VZV)
(24) and is used to treat recurrent herpes simplex lesions
(25). From these observations about antiviral activities, tradi-
tional use and phytochemicals in honey, it was presumed that
honey is effective against influenza virus. Therefore, in the
present study, the anti-influenza viral activities of honey
were investigated.

Materials and Methods
Cells, Virus, and Chemicals

Madin—Darby canine kidney (MDCK) cells were grown in
Eagle’s minimum essential medium (MEM) supplemented
with 5% fetal bovine serum (FBS) at 37°C in a 5% CO, at-
mosphere. For all experiments, MEM supplemented with
100 units/mL penicillin G and 100 pg/mL streptomycin
sulfate was used. Influenza virus A/WSN/33 (HIN1), a

well-studied neurotropic laboratory strain (26), was propa-
gated in MDCK cells, and culture supernatants were titrated
using the 50% tissue culture infectious dose (TCIDs5() assay
in MDCK cells. Manuka (UMF15+-; Leptospermum scopa-
rium), soba (Fagopyrum esculentum; buckwheat), kanro
(honeydew), acacia (Robinia pseudoacacia), and renge
(Astragalus sinicus) honey samples were supplied by
Yamada Bee Farm Co. (Tsuyama, Japan). Zanamivir and
oseltamivir were purchased from GlaxoSmithKline PLC
(Middlesex, United Kingdom) and F. Hoffmann-La Roche
Ltd. (Basel, Switzerland), respectively.

Evaluation of Anti-influenza Viral Effects

Anti-influenza viral effects were evaluated as previously
described (12) with some modifications. In brief, MDCK
cells were seeded onto 48-well plates at a density of
1.2 x 10° cells per well in 200 pL of MEM containing
5% FBS, and incubated overnight. After washing with
MEM, 100 pL of 2-fold serially diluted honey samples in
MEM were added to the cells followed by the immediate
addition of a 100 pL virus suspension (250 TCIDsy/mL)
in MEM supplemented with 1% 100x vitamin solution
(MEM—vitamin). The culture plates were incubated at
37°C in a 5% CO, atmosphere for 2 days. Subsequently,
the culture medium was removed, and the cells were treated
with 0.5% crystal violet (CV) in 70% ethanol for 5 min. Af-
ter washing with water and drying in air, absorbance was
measured at 560 nm using an Infinite M200 Tecan plate
reader (Wako Pure Chemical Industries, Osaka, Japan).
The 50% cell toxicity concentration (CCsg) and 50% virus
inhibitory concentration (ICsq) of the samples were calcu-
lated from dose—response curves using the GraphPad Prism
software program (Prism v. 5.01, GraphPad Software) (27).

Plaque Inhibition Assay

Plaque inhibition assay was performed as previously
described (11) with some modifications. In brief, ~300
plaque-forming units (pfu) of virus in MEM—vitamin were
used for infection. The detailed procedures for each treat-
ment are as follows. (i) Pretreatment of cells before viral
infection: before plaque assays, MDCK cells were pre-
treated with test samples at 37°C for 1 h. After the medium
was removed, cells were washed with MEM and infected
by adding the virus suspension containing 300 pfu of virus
in MEM—yvitamin medium. (ii) Pretreatment of virus before
infection: approximately 10’ pfu/mL of virus stock was
preincubated with the test samples at room temperature
for 1 h. These mixtures were subsequently diluted in MEM-
—vitamin to obtain approximately 600 pfu/mL, and 500 uL.
aliquots of the diluted mixtures (300 pfu) were used for
infection. (iii) Treatment of cells during virus infection:
250 pL aliquots of the test samples in MEM—vitamin were
added to MDCK cells followed by 250 pL of virus suspen-
sion (300 pfu). The solution was then added and incubated
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for 1 h. (iv) Treatment of cells after viral infection: after
viral infection (300 pfu) for 1 h, the cells were overlaid with
3 mL of agarose solution containing the honey samples and
MEM supplemented with 0.8% agarose, 0.1% BSA, and
1% 100x vitamin solution.

Evaluation of Synergistic Effects

MDCK cells were seeded onto 96-well plates at a concen-
tration of 3 x 10* cells per well in 100 puL of MEM supple-
mented with 5% FBS and incubated overnight. The
medium was removed, and 100 pL aliquots of MEM—
vitamin containing 2-fold serially diluted test samples and
100 pL of the influenza virus A/WSN/33 suspension in
MEM—vitamin (250 TCIDso/mL) were immediately added.
The culture plates were incubated at 37°C in a 5% CO, at-
mosphere for 2 days. The plates were subsequently fixed
and stained with CV, and optical density (OD) values were
determined as described above.

Results
Honey Inhibits Influenza Virus Replication

Anti-influenza virus effects of honey samples were evalu-
ated using MDCK cells (Figure 1).

When MDCK cells were infected with influenza virus,
the cells died and detached from the plate (cytopathic effect,
CPE). CPE was suppressed in the presence of honey sam-
ples, including manuka (L. scoparium), soba (F. esculentum;
buckwheat), kanro (honeydew), acacia (R. pseudoacacia)
and renge (A. sinicus) honey. As a result, relative CV stain
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Figure 1. Antiviral activity of honey. Evaluation of anti-influenza virus
effects of the honey samples was performed as described under Materials
and Methods. MDCK cells were grown in 48-well plates and infected with
influenza virus A/WSN/33 in the presence of 2-fold serially diluted sam-
ples (manuka, closed square; soba, open square; honeydew, open triangle;
acacia, open circle; renge, open diamond). Two days after infection, the
cells were fixed and stained with CV, and the absorbance was measured
using a plate reader. Relative CV stain (%) is expressed as a percentage
of the uninfected cells. Data are representative of three independent
experiments.

values (%) increased in a dose-dependent manner. These re-
sults suggest that all tested honey samples had antiviral ac-
tivity. The CCsg, ICs0, and selective index (SI) values were
calculated for each honey sample (Table 1). The CCsq
values of manuka, soba, kanro, acacia, and renge honey
samples were 82.3 £ 2.2, 80.9 £ 2.0, 82.8 £ 1.5, 81.1 £
1.4, and 80.6 £ 0.7 mg/mL, respectively. The ICs, values
of the honey samples ranged from 3.6 + 1.2 to 11.3 £
3.7 mg/mL. Among the honey samples tested, manuka hon-
ey exhibited the highest activity, with the IC5y and SI of
3.6 £ 1.2 mg/mL and 22.9, respectively, followed by soba
(ICs0 = 6.7 £ 0.5 mg/mL; SI = 12.1), kanro (IC59 = 8.6 £
1.8 mg/mL; SI = 9.6), acacia (ICsq = 10.3 £ 2.7 mg/mL,;
SI = 7.9), and renge (IC5q = 11.3 &+ 3.7 mg/mL; SI = 7.1).
The SI of zanamivir was calculated to be >3.53 x 10°
(Table 1). These data indicate that among the honey sam-
ples tested, manuka honey has the most potent viral-
inhibitory activity.

Manuka Honey has Virucidal Activity

Plaque inhibition assays were performed to determine
whether manuka honey affects influenza virus growth
(Figure 2). For these experiments, manuka honey was either
(i) added to the cells for 1 h and subsequently washed out
before viral infection (‘“‘pretreatment of cells”), (ii) mixed
with influenza virus suspension for 1 h before viral infec-
tion (“pretreatment of virus™), (iii) added during virus
adsorption for 1 h and subsequently washed out (*“‘during
infection”), or (iv) added to the agarose gels (‘“‘after infec-
tion’’). Pretreatment of cells with manuka honey had no
effect on plaque numbers (6.25 mg/mL, 102.3 £ 1.3%
and 25 mg/mL, 110.3 £ 6.4%; Figure 2B). In contrast, pla-
que numbers were significantly decreased when the virus
was treated with manuka honey before infection (6.25
mg/mL, 13.7 + 0.8% and 25 mg/mL, plaques were not
observed; Figure 2B), suggesting potent virucidal activity
of manuka honey. Moderate reductions in plaque numbers
were also obtained on treatment of cells with honey during
infection (6.25 mg/mL, 51.0 £ 2.7% and 25 mg/mL,
7.5 £ 4.2%; Figure 2B) and after infection (6.25 mg/mL,

Table 1. Summary of antiviral activities of the honey samples

Honey samples ICs" CCs," Sr®

Manuka
(L. scoparium)
Soba (buckwheat) 6.7 = 0.5 mg/mL 80.9 + 2.0 mg/mL 12.1

3.6 £ 1.2 mg/mL 82.3 £ 2.2 mg/mL 229

Kanro (honeydew) 8.6 + 1.8 mg/mL 82.8 £+ 1.5 mg/mL 9.6

Acacia (R. 10.3 £+ 2.7 mg/mL 81.1 + 1.4 mg/mL 7.9
pseudoacacia)

Renge (A. sinicus) 11.3 £ 3.7 mg/mL 80.6 £ 0.7 mg/mL 7.1

Zanamivir 28.3 £ 149 nM >100 uM >3.53 x 10°

“Mean + standard deviation (SD) from three independent experiments.
PSI = CCs¢/ICs0; ICso: 50% virus inhibitory concentration, CCsy: 50% cell
toxicity concentration; SI, selective index.
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Figure 2. Virucidal activity of honey. (A) Plaque formation in the presence of manuka honey. Confluent monolayers of MDCK cells were grown in six-well
plates and infected with dilutions of virus that produced ~300 plaques per well. After 1 h, the virus solution was removed, the cells were washed and overlaid
with an agarose solution (0.8% agarose in MEM), and plaques were counted after 3 days. For the “‘pretreatment of cells” experiment, manuka honey was
added to the cells 1 h before infection. For the “pretreatment of virus” experiment, virus and manuka honey were mixed at room temperature 1 h before
addition to the cells. For the “during infection” experiment, manuka honey/virus solution was added at the beginning of the 1 h infection period. For
the “after infection” experiment, manuka honey was mixed with the agarose solution. For the control, zanamivir (100 nM) was mixed with the agarose so-
lution (virus 4 zanamivir). Representative data from three independent experiments are presented. (B) Effect of manuka honey on plaque numbers. Plaques in
Figure 2A were counted, and the percentage plaque inhibition relative to infected controls (virus only) was determined for each drug concentration. Closed
bar, 6.25 mg/mL of manuka honey; open bar, 25 mg/mL of manuka honey; gray bar, without manuka honey. Means of duplicate samples are shown as relative
plaque numbers. Data are presented as mean & SD. (C) Time-dependent virucidal activity of manuka honey. Manuka (closed square), acacia (open circle), or
honeydew (open triangle) honey samples were mixed with virus preparations to a final concentration of 6.25 mg/mL and incubated at room temperature for
the indicated time periods. The mixtures were subsequently diluted, and plaque assays were immediately performed. Plaque numbers are expressed as a
percentage of the number of plaques obtained in the absence of honey. Data are presented as mean £+ SD of duplicate measurements.

63.2 + 17.3% and 25 mg/mL, 5.6 £ 1.1%; Figure 2B). The synergistic effects on influenza virus replication prevention,

anti-influenza drug zanamivir was added after infection
(100 nM) as a positive control, and caused a significant
decrease in plaque numbers (31.3 + 1.9%; Figure 2B). More-
over, among the honey samples tested, only manuka honey ex-
hibited time-dependent virucidal activity (Figure 2C). These
data suggest that manuka honey has strong virucidal activity.

Synergistic Antiviral Effects of Manuka Honey in
Combination with Neuraminidase Inhibitors

A combined use of synergistically active antiviral com-
pounds that have different mechanisms of action may pro-
vide advantages over single-agent treatments. To determine
whether manuka honey and neuraminidase inhibitors have

2-fold serial dilutions of manuka honey and the neuramin-
idase inhibitors zanamivir or oseltamivir were added to
MDCK cells before infection (Figure 3). In the presence
of manuka honey at 0.20, 0.39, 0.78, 1.56, and 3.13 mg/mL
concentrations, the relative ICsy value of zanamivir was
reduced to 12.1 £ 10.1%, 9.2 £ 4.5%, 4.6 £ 2.3%, 3.8 +
0.9%, and 0.3 £+ 0.3%, respectively (Figure 3A and 3B).
Similarly, the relative ICs, value of oseltamivir was reduced
to 10.7 £ 5.1%, 4.7 &+ 1.2%, 3.1 £ 1.0%, 1.3 = 0.4%, and
0.1 £ 0.1%, respectively (Figure 3C and 3D). These results
suggest that the antiviral action of manuka honey has a syn-
ergistic effect with that of zanamivir and oseltamivir. Similar
synergistic effects were also observed in the presence of
amantadine hydrochloride (data not shown).
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Figure 3. Synergistic effects of honey and NA inhibitors. Serially diluted manuka honey and neuraminidase inhibitors were added to MDCK cells, and imme-
diately incubated with influenza virus for 2 days. The plates were fixed, stained with CV, and OD values were determined as described in the Materials and
Methods. Representative data of zanamivir (A) and oseltamivir (C) are shown. The ICs, values of zanamivir (B) and oseltamivir (D) in the absence of manuka
honey are shown as 100%. Data are presented as mean = SD from two independent experiments.

Discussion

Influenza viruses are a serious threat to human health. Thus,
there is an urgent requirement for the development of novel
anti-influenza virus drugs. With numerous reports about the
anti-microbial activities and composition of honey in mind,
we hypothesized that honey is effective against influenza
virus and evaluated the anti-influenza viral activity from
various sources. The presented data indicates that manuka
honey has the strongest anti-influenza viral activity among
the honey samples tested (Figure 1 and Table 1), which is
most likely because of its virucidal activity, as suggested
by the plaque inhibition experiments (Figure 2).

Previous reports show that manuka honey displays anti-
bacterial activities against S. aureus, Eschericia coli (13),
and H. pylori (28) at concentrations of 10%, 10%, and 5%,
respectively, whereas its antiviral activity against VZV had
an ICso value of 45 mg/mL (24). In the present study, the
IC5o of manuka honey for the influenza virus was observed
to be 3.6 mg/mL (Table 1). Moreover, in the presence of
25 mg/mL manuka honey, viral plaque formation was com-
pletely suppressed, suggesting that manuka honey is more
effective against influenza virus than against VZV or bacteria.

Although the influenza-inhibitory constituents of honey
remain unknown, a number of antibacterial constituents
have been reported. High sugar concentrations of ~80%
cause osmotic shock in bacteria; however, osmotic shock
is unlikely to contribute to the antiviral effects of honey
because influenza virions can be purified using high con-
centrations of sucrose (up to 60%). The CCsq values of
the honey samples tested in this study were extremely
similar in MDCK cells, ranging from 80.6 to 82.8 mg/mL
(Table 1), possibly reflecting the nonspecific osmotic pres-
sure exerted by the sugars in honey. This is in agreement
with previous observations that treatment with 100 mg/mL
acacia honey has a cytotoxic effect in A375 cells (29).
Some bacteria are sensitive to the low pH (~4) of honey;
however, in our study, the honey samples were diluted with
MEM before use, ensuring that cells were cultured at phys-
iological acceptable pH. Proteomic analyses showed that
both honey (30) and royal jelly (31) contain the bacterici-
dal peptide bee defensin-1 (32). However, our preliminary
results show that royal jelly did not exhibit cytotoxicity
and anti-influenza viral activity (CCsqy >10 mg/mL,
ICsy >10 mg/mL). Taken together, it is unlikely that
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previously identified antibacterial constituents such as high
sugar concentrations, low pH, and bee defensin-1 contrib-
uted to the observed anti-influenza viral activity of honey.
Hydrogen peroxide (H,0,) is yet another constituent of
honey, which displays both bactericidal activity (32) and
virucidal activity against influenza virus (33). However,
there is a discrepancy in the reported concentrations of
H,0, in honey. Schnider et al. reported that manuka honey
contains H,O, (13), whereas another study showed that it
does not (34). Therefore, we cannot exclude the possibility
that H,O, in honey contributes to its antiviral activity.

It is known that honey contains a wide range of phyto-
chemicals such as phenolic acids and flavonoids. The flavo-
noid rutin has been reported to exhibit antibacterial activity
(35). Rutin-containing honey has been shown to display
antimicrobial activity against pathogenic bacteria such as
S. aureus and E. coli (36). Moreover, the anti-influenza
viral activity of rutin has also been reported (37). In the cur-
rent study, soba (buckwheat) honey exhibited the second
highest anti-influenza viral activity (Table 1), and buck-
wheat inflorescences are known to have high rutin content
(38). Acacia honey particularly contains the flavonoid chrys-
in. Whereas chrysin does not have antimicrobial activity
against pathogenic bacteria or yeast (39), the anti-influenza
viral activity of chrysin-rich fractions from Scutellaria bai-
calensis has been reported (40). These observations suggest
that rutin and chrysin are possible constituents that
contribute to the anti-influenza viral activity of buckwheat
and acacia honey, although the flavonoid content in these
honey samples has not been investigated in the present study.

Manuka honey was observed to exhibit the highest anti-
influenza viral activity among the honey samples tested in
this study (Table 1). The a-ketoaldehyde compound meth-
ylglyoxal (MGO) is present in extremely high concentra-
tions in manuka honey (41). It was recently shown that
MGO is the major determinant of the antibacterial activities
of manuka honey (13,42). A previous study indicated that
MGO has antiviral activities against the foot-and-mouth
disease virus (43). Moreover, our preliminary results
showed that MGO concentration was ~20—160 fold higher
in manuka honey than in the other honey samples tested in
this study (data not shown). Therefore, it is possible that
MGO in manuka honey contributes to its anti-influenza
viral activity (44). Although honey was less potent than za-
namivir against influenza virus (Table 1), we observed that
a combined use of anti-influenza drugs with manuka honey
resulted in synergistic anti-influenza virus effects. The pres-
ence of manuka honey (3.13 mg/mL) markedly decreased
the ICsq values of oseltamivir (0.1% vs. control) and zana-
mivir (0.3% vs. control; Figure 3). This is in agreement
with the synergy observed between antibiotics and manuka
honey in the inhibition of MRSA (45,46).

The oseltamivir-resistant seasonal HIN1 influenza vi-
ruses spread extremely rapidly throughout the world. In
Japan, for example, the oseltamivir-resistant seasonal

HINI1 virus increased from 2.6% in 2007/2008 to >99%
in 2008/2009 (47). At present, although neuraminidase in-
hibitors including oseltamivir are effective against most
2009 pandemic (HIN1) and highly pathogenic HSN1 and
H7NO viruses, it is easy to speculate that a major population
of these viruses and other future pandemic influenza viruses
may become neuraminidase inhibitor-resistant any time.
Because compounds or plant extracts that exhibit virucidal
activity have broad-spectrum (48,49), it is possible that the
virucidal activity of manuka honey is effective against
H5NT1 and H7N9 viruses.

In conclusion, the results obtained showed that honey,
in general, and particularly manuka honey, has potent
inhibitory activity against influenza virus, demonstrating
a possible medicinal value. Further investigations are
required to identify the active antiviral components in
manuka honey and to determine its synergistic effects
with known antiviral drugs.
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