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a b s t r a c t

Manuka honey (MH), a-cyclodextrin (C) and a formulation containing these two components (MH + C)
were subjected to simulated gastrointestinal digestion followed by fermentation with human faecal
microbiota. The honey monosaccharides, glucose and fructose were 9- and 3-fold higher respectively
in the digesta of MH + C compared with MH. Methylglyoxal (MGO), characteristic of MH was absent after
gastric digestion. The precursor of MGO, 1,3-dihydroxyacetone was found to be at a higher concentration
in MH + C, compared with MH, after digestion. The MH + C fermenta were more acidic (pH 4.6, p < 0.05),
with a higher lactate concentration (p < 0.005). Compared with water control, MH + C fermenta signifi-
cantly inhibited Salmonella enterica Typhimurium (p = 0.041) and enhanced Lactobacillus reuteri
(p = 0.016). These findings suggest that complexation with a-cyclodextrin protects some MH components
during digestion. This increases the availability of substrates to faecal bacteria resulting in the generation
of metabolites that favour gut health.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

The human large intestine harbours trillions of predominantly
anaerobic bacteria that survive by extracting energy from non-
digestible remnants of food, mostly carbohydrates, that reach the
colon (Louis, Scott, Duncan, & Flint, 2007). In turn, gut microbiota
benefit the host by synthesising essential vitamins, promoting
metabolism of fats and systemic clearance of lipids, supporting
defence against pathogens, and influencing our physiology and
metabolic wellness (Arumugam et al., 2011; Backhed, Ley,
Sonnenburg, Peterson, & Gordon, 2005; Caricilli & Saad, 2014).
The human gut offers its microbial residents an exclusive
growth environment with an abundant supply of energy sources
entering the bowel. These substrates undergo extensive microbial
metabolism to generate acid metabolites such as lactate and short
chain fatty acids (SCFAs) such as acetate, propionate and butyrate
(Louis et al., 2007). Lactate and acetate produced by beneficial
organisms such as bifidobacteria and lactic acid bacteria (LAB)
(Marianelli, Cifani, & Pasquali, 2010) shape the gut microbial land-
scape by acting as intermediate substrates for other bacteria,
including producers of propionate and butyrate (Belenguer et al.,
2006; Louis et al., 2007; Morrison et al., 2006). Lactate and acetate
also selectively inhibit the growth of enteropathogens such as Sal-
monella (Marianelli et al., 2010). Thus, the variety of foods we eat
and especially food components that reach the large intestine
can affect the delicate balance within the gut microbial community
and influence how the human body defends itself against patho-
gens. Honey has been used as a food and medicine since ancient
times. It is a complex supersaturated solution (water usually
<20%) of sugars comprising mostly fructose and glucose. The
antibacterial properties of most honeys are attributed to their
low water activity, low pH, and the presence of peroxides and
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bee proteins such as b-defensins (Kwakman et al., 2010). Honeys of
unique floral origins have also been shown to enhance the growth
of potentially beneficial intestinal bifidobacteria (Kajiwara, Gandhi,
& Ustunol, 2002). It is generally recognised that when honey is
ingested, most of its monosaccharides are rapidly absorbed in the
small intestine, while its oligosaccharides demonstrate a prebiotic
potential by escaping intestinal digestion and enhancing the
growth of bifidobacteria and LAB (Sanz et al., 2005).

Manuka honey from the New Zealand native plant Leptosper-
mum scoparium (Family Myrtaceae) is valued for its non-peroxide
antibacterial activity, which is attributed to its high methylglyoxal
(MGO) content (up to 800 mg/kg honey) (Mavric, Wittmann, Barth,
& Henle, 2008). This MGO is formed non-enzymatically from the
high concentrations (>2.7 g/kg) of 1,3-dihydroxyacetone (DHA)
found in manuka nectar during storage of the nectar and ripening
of the honey (Adams, Manley-Harris, & Molan, 2009). The wound-
healing ability of honey has been known for thousands of years and
in modern times manuka honeys have also shown promise in clin-
ical trials (White, 2016). Recently the benefits of formulating man-
uka honey for topical use have also been demonstrated (Tenci
et al., 2016).

One such formulation produced by the complexation of manuka
honey solids (45%) with a-cyclodextrin (55%) is commercially
available as ‘‘MGOTM 400 + Manuka Honey with CycloPowerTM”.
The complexation was found to increase the antibacterial potency
of honey against skin pathogens such as methicillin-resistant Sta-
phylococcus aureus (Swift, Chepulis, Uy, & Radcliff, 2014). No pub-
lished studies have examined the effect of this complexation on
the metabolism of manuka honey components during gastroin-
testinal (GI) digestion or fermentation in the colon. Indeed, because
of its highly reactive nature, uncomplexed honey MGO does not
survive transit through the digestive process and this has been
demonstrated with in vitro digestions that simulate the gastric
and duodenal compartments of the gut (Mannina et al., 2016). In
contrast, to date, the metabolic fate of honey DHA is unknown.

We hypothesised that complexation with a-cyclodextrin would
preserve manuka honey components during GI digestion, increas-
ing the availability of substrates for microbial activity when sub-
jected to fermentation with faecal bacteria. To test this
hypothesis, we examined the metabolic release of the sugars, plus
MGO and DHA in complexed manuka honey after simulated GI
digestion. We also examined the potential effects of digestion-
resistant components in modulating intestinal microbiota and
the subsequent production of microbial acid metabolites. Further-
more, we inferred the effect of fermentation products on gut health
by their role in selectively modulating the viability of representa-
tive gut bacterial strains.
2. Materials and methods

2.1. Substrates

MGO 400 + manuka honey (batch FMH3128; DHA 913 mg/g;
MGO 405.74 mg/g), a-cyclodextrin (batch 601003) and their com-
plexation product, Manuka Honey with CycloPowerTM (batch MH/
FB113/3; DHA 474.46 mg/g; MGO 230 mg/g) were supplied by Man-
uka Health New Zealand Limited, Auckland, New Zealand. The
honey was supplied as a semi-solid material, while the other two
samples were free-flowing powders.
2.2. Simulated gastric and small intestinal digestion and colonic
fermentation

Manuka Honey with CycloPowerTM (MH + C) and its individual
components i.e., manuka honey (MH) and a-cyclodextrin (C), were
subjected to simulated gastrointestinal (GI) digestion and colonic
fermentation (Parkar et al., 2012). Water (W) was included as a
vehicle control to examine the effect of pH and enzymatic condi-
tions during GI digestion and fermentation.

First, the substrates MH + C, MH and C (7.5, 3.8, 4.1 g respec-
tively) were hydrated by incubation in 160 mL of a gastric medium
(10% pepsin (P7125, Sigma, USA) in 0.05 M HCl; pH 2.0) at 37 �C for
30 min. This was followed by incubation in a duodenal medium at
37 �C for 120 min (final volume 250 mL; 2.5% pancreatin
(F1793730 345, Merck, Germany) in 0.1 M sodium maleate buffer;
pH 6, with 0.1 mL amyloglucosidase (E-AMGDF-3260U/mL, Mega-
zyme, Ireland). The final concentrations of MH + C, MH and C in the
digesta were 3, 1.5 and 1.65 g/100 mL respectively. The absorption
of small sugars in the small intestine was simulated using dialysis
with a 100–500 Da molecular weight cut-off membrane (MWCO)
(Spectra/Por Biotech CE, USA) with at least five changes of distilled
water over 24 h. Aliquots of the digesta after the gastric, gastro-
duodenal (GD) and intestinal absorption stages were stored at
�80 �C for further analysis, after which the remaining GI digesta
were subjected to colonic fermentation. An anaerobic chamber
was used to maintain the atmosphere of the colonic phase at 5%
CO2, 5% H2 and 90% N2 (Coy Laboratory Products Inc., Michigan,
USA). All media, buffers and substrates were kept anaerobic for
at least 24 h at room temperature, and then warmed to 37 �C 1 h
prior to fermentation.

The MH + C, MH, C and W digesta were mixed with sterile
carbohydrate-free basal medium (CFBM, prepared using propor-
tions described previously (Blatchford et al., 2015)) and incubated
with faecal stocks from five individual donors at 37 �C under anaer-
obic conditions. The substrates MH + C, MH and C (final concentra-
tions 1.2, 0.6 and 0.66 g/100 mL respectively) were thus suspended
in 1 � CFBM and 1% faeces for the fermentation. The fermentation
was stopped at 16 h by placing the tubes in ice, and pH measured
immediately. Aliquots of the fermenta were stored at �80 �C for
organic acid analysis and microbial quantification. Separate ali-
quots of the 16-h fermenta were centrifuged at 3000g at room tem-
perature for 10 min followed by 0.2 mm filtration of the
supernatant and stored at �80 �C before being used for analysis
of carbohydrates, MGO and DHA, and for viability assays. A sche-
matic of the work flow is shown in Fig. 1.

Each substrate was thus subjected to five fermentations, one
per faeces sample obtained from each of five donors. The faeces
were obtained under the approval of the Northern X Regional
Ethics Committee, New Zealand (13/CEN/144) from healthy volun-
teers who had not taken antibiotics for 3 months. Each faecal sam-
ple was collected in sterile plastic containers, that were
subsequently sealed in special pouches with anaerobic sachets
(AnaeroPack SystemTM, Mitsubishi Gas Chemical Co. Inc., Japan)
and kept chilled with an icepack. Each sample was transferred into
an anaerobic chamber within 30 min of voiding. The faecal samples
were diluted to 20% using chilled anaerobic buffered glycerol saline
(10 mM phosphate, 150 mM NaCl, 10% glycerol, pH 7.2). After
blending for 2 min, samples were stored at �80 �C until use as sep-
arate inocula for the colonic fermentation.

2.3. Analysis of carbohydrates

Glucose, fructose and a-cyclodextrin were analysed by high-
performance anion-exchange chromatography (HPAEC) using a
Dionex ICS 3000 (Dionex Corp., Sunnyvale, CA, USA).

The substrates, MH + C, MH and C were dissolved in distilled
water (0.1 mg/mL) and filtered (0.2 mm) prior to analysis. The
digesta and fermenta samples were centrifuged (3000g, 15 min,
4 �C) and diluted with distilled water (10–2000-fold, depending
on concentrations of glucose, fructose and a-cyclodextrin in origi-
nal samples) prior to analysis. Aliquots (20 mL) were injected on to



Fig. 1. Schematic of the work flow, depicting the study protocol and the analyses
performed.
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a CarboPac PA-100 (4 � 250 mm) column equilibrated in 100 mM
NaOH and eluted with a linear gradient of sodium acetate
(0–200 mM) from 3 to 25 min after injection. The eluant was
monitored by pulsed amperometric detection. Concentrations of
glucose, fructose and a-cyclodextrin were calculated from stan-
dard curves of sugars analysed at the same time as the samples.
The oligosaccharides originating from manuka honey were
assessed qualitatively.
2.4. Analysis of DHA and MGO

Analysis of DHA and MGO in the original substrates and the
filter-sterilised digesta and fermenta samples was by gas chro-
matography combined with mass spectrometry (GC–MS), based
on previously published methodology (Williams et al., 2014).

Hydroxyacetone (HA) was obtained from Alfa Aesar (UK). DHA
and MGO (40% in H2O) were obtained from Sigma-Aldrich (MO,
USA). O-(2,3,4,5,6-pentafluorobenzyl)-hydroxylamine hydrochlo-
ride (PFBHA) was obtained from Matrix Scientific (SC, USA), while
N,O-bis-(trimethylsilyl)trifluoroacetamide chlorotrimethylsilane
(BSTFA:TMCS) was obtained from Supelco (PA, USA).

The thawed digesta or fermenta were well shaken, after which a
subsample (50 or 500 mL) was transferred to an Eppendorf tube for
derivatization. All procedures were carried out at room tempera-
ture, unless mentioned otherwise. Citrate buffer (400 mL, 0.1 M,
pH 4), HA (internal standard, 20 mL, 0.4 mg/mL in water) and
PFBHA (50 mL, 10 mg/mL in citrate buffer) were added. The solution
was mixed and allowed to sit for 1 h. Dichloromethane (200 or
250 mL) was added, the solution was mixed and then centrifuged
at 12,354g for 5 min to separate the layers. A subsample (100 mL)
of the dichloromethane layer was transferred to a GC vial and a
solution (20 mL) of BSTFA:TMCS (99:1) was added. The solution
was warmed to 70 �C for 2 h followed by cooling to room temper-
ature and injection into the GC–MS system.
Analyses were performed on an Agilent 7890A gas chro-
matograph with a CTC Analytics PAL system auto sampler and an
Agilent 5975C inert XL Mass Selective Detector (MSD) with triple
axis detector (under the control of Enhanced MassHunter soft-
ware). The injector (250 �C) was pulsed splitless with the pulse
pressure 10 psi for 0.75 min and the purge flow 50 mL/min after
1 min. Injections (1 mL) were made onto a 30-m Agilent HP5-ms
column with a 0.25 mm ID and 0.25 mm film. The carrier gas used
was hydrogen with a flow of 2 mL/min. The flow was split between
MSD (0.5 mL � 0.1 mm ID) and flame ionisation detector (FID)
(2 mL � 0.18 mm ID, detector not used) using deactivated silica
columns. The oven was held at 50 �C for 2 min then heated to
250 �C at 20 �C/min. Detection was by total ion current mass spec-
trometry (the MS transfer line was held at 270 �C, the MS source
was held at 230 �C and the MS quad held at 150 �C) over the mass
range of 35–350 Da for identification, with data collected every
0.05 s.

Quantification was by selective ion monitoring of the m/z 181
signals for each of the isomers observed for the PFBHA oxime
derivatives of HA, DHA and MGO. Concentrations of DHA and
MGO were calculated from standard curves of these compounds
analysed at the same time as the samples.

2.5. Analysis of organic acid metabolites

The concentrations of the acids, lactate, succinate, formate,
acetate, propionate, butyrate, valerate, hexanoate, heptanoate,
isobutyrate, isovalerate were quantified by gas chromatography
(GC) using a modified protocol of an established method
(Richardson, Calder, Stewart, & Smith, 1989).

Fermenta samples, faecal slurry and CFBM media were cen-
trifuged at 3000g for 10 min, filter-sterilised and 100 mL stored at
�80 �C. While still frozen, 400 mL 0.01 M phosphate buffered saline
containing 2-ethylbutyric acid (6.25 mM) was added to the 100-mL
sample to make a 500-mL sample containing 5 mM 2-ethylbutyric
acid. After acidification with 250 mL concentrated hydrochloric
acid, 1000 mL diethyl ether was added. Following vortex mixing
and partitioning of the acids to the diethyl ether phase, the sample
was centrifuged at 10,000g for 5 min (4 �C). In a capped GC vial,
100 mL of the diethyl ether phase was derivatised with 20 mL
N-tert-butyldimethylsilyl-N-methyltrifluoroacetamide with 1% tert-
butyldimethylchlorosilane (MTBSTFA + TBDMSCI, 99:1; Sigma-
Aldrich, MO, USA) in a water bath at 80 �C for 20 min. To allow
complete derivatisation of lactate and succinate, the samples were
left for 48 h at room temperature before analysis. Standards
containing 2-ethylbutyric acid (5 mM) as an internal standard
were prepared for derivatisation alongside the samples.

Analysis was performed on a Shimadzu capillary gas chro-
matograph system (GC-2010 Plus, Tokyo, Japan) equipped with a
FID and fitted with a Restek column (SH-Rtx-1, 30 m � 0.25 mm
ID � 0.25 mm) (Shimadzu, USA). The carrier gas was helium with
a total flow rate of 21.2 mL/min and pressure of 131.2 kPa. Make-
up gas was nitrogen. The temperature programme began at 70 �C
increasing to 115 �C at 6 �C/min, with a final increase to 300 �C at
60 �C/min, holding for 3 min. Flow control mode was set to linear
velocity; 37.5 cm/s. Injector temperature was 260 �C and detector
temperature was 310 �C. Samples were injected (1 mL) with a split
injection (split ratio; 10:1). The GC instrument was controlled and
data processed using Shimadzu GC Work Station LabSolutions Ver-
sion 5.3. Acquired data were expressed as mmol organic acid/mL
fermenta.

2.6. Quantification of bacteria

A quantitative real-time PCR (qPCR) based method was used to
quantitate key bacteria in the fermenta and faecal inocula.
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Total DNA was extracted from each fermentation aliquot or fae-
cal stock using the ZR Faecal DNA kit (Zymo Research Corporation,
Irvine, CA, USA), as per the manufacturer’s instructions. Specific
bacterial groups in each sample were quantified using previously
published pairs of primers, as given in the supplementary material
(Table S1). QPCR was performed with a Rotor-Gene Q machine
(Bio-strategy, New Zealand), in a final volume of 10 mL containing
5 mL of LightCycler� 480 SYBR Green 1 master mix (Roche Diagnos-
tics, Germany), 3.6 mL distilled water, 0.2 mL of each primer (10 mM)
and 1 mL of DNA (1 in 10 diluted sample). The reaction conditions
included a hot start (94 �C for 10 min) followed by specific reaction
conditions as given in Table S1, and a melt cycle to determine the
specificity of the amplification product. Serial dilutions of genomic
DNA from known bacterial counts of Escherichia coli Nissle, Lacto-
bacillus reuteri DPC16, Bifidobacterium bifidum DSM 20082, Faecal-
ibacterium prausnitzii DSM 17677, Lachnospira multipara ATCC
19207 and Bacteroides thetaiotamicron ATCC 29148 were used to
generate standard curves for total bacteria, Lactobacillus, Bifidobac-
terium, Faecalibacterium, Lachnospiraceae and the Bacteroides-Pre
votella-Porphyromonas group, respectively.

2.7. Effect of fermenta on the growth of pure cultures of gut bacteria

The intestinal bacterial strains included the pathogenic Sal-
monella enterica Typhimurium NZRM 450 and the probiotic Lacto-
bacillus reuteri DPC1 and Bifidobacterium longum NZRM 3938 (same
as ATCC 15707). These New Zealand Reference Culture collection,
Medical Section (NZRM) strains were obtained from the Institute
of Environmental Science & Research Limited, Wellington, New
Zealand. Glycerol stocks of these strains were cultivated in Tryptic
Soy Broth (for 18 h), de Man Rogosa Sharpe (MRS) broth (both from
Hi-Media, Mumbai, India) or MRS with 0.05% cysteine for 40 h
respectively. The test media for the growth assays of S. enterica
Typhimurium, L. reuteri and B. longum were iso-sensitest broth
(Oxoid, Hampshire, UK), MRS and MRS with 0.05% cysteine
respectively.

The test samples were the filter-sterilised fermenta obtained
from fermentation of the substrates with five faecal donors. They
were tested for their effect on the growth of the three intestinal
strains using a modification of a previously published
microplate-based protocol (Parkar et al., 2012). Briefly, 50 mL of
the samples and 50 mL of the test organism (1 � 105 cfu/mL) in
appropriate test growth medium were added to each well. The
plates were incubated at 37 �C for 16 h, either aerobically for S.
enterica Typhimurium or anaerobically for B. longum or L. reuteri
using AnaeroPack sachets. Then 10 lL of MTT reagent (3-(4,5-dime
thylthiazolyl-2)-2,5-diphenyltetrazolium bromide, MTT, Sigma,
5 mg/mL) was added to each well. After a further 2 h of incubation,
100 lL of stop reagent (10% w/v sodium dodecyl sulphate and 0.6%
v/v acetic acid in dimethyl sulfoxide) was added. The plates were
read after 3 h using a spectrophotometer at 540 nm.

Each donor-substrate combination was run in at least two wells
of a 96-well plate. Triplicates of the positive control (test strain
with medium alone) and the negative control (medium alone)
were also run in each plate. The whole experiment was conducted
twice and the obtained values were averaged to give a result for
each donor and substrate relative to the water (W) substrate.

2.8. Statistical analysis

The measurements for digesta samples obtained through single
injections (DHA and MGO) or duplicate injections (carbohydrates)
were not analysed statistically.

The data for fermenta were analysed using analysis of variance
(ANOVA, GenStat version 17), with donor as a block term, and sam-
ple as the treatments term. For individual organic acid metabolites,
ANOVA was used to test if the means for the treatments differed
significantly. Bacterial numbers were log transformed to stabilise
variability. Post hoc Tukey’s pairwise comparisons between the
treatments were used to determine significant difference
(p < 0.05). Principal components analysis (PCA) was used to charac-
terise the differences in organic acid profiles between donors and
between samples. The PCA was done on the variance-covariance
matrix of the log of organic acid concentrations, thus focusing on
large proportional differences in the organic acid concentrations.
3. Results and discussion

The amount of carbohydrates in manuka honey alone (MH), a-
cyclodextrin (C) and Manuka Honey with CycloPowerTM (MH + C)
are presented in the supplementary material (Fig. S1). MH con-
tained predominantly glucose and fructose, plus small amounts
of disaccharides tentatively identified as maltose, isomaltose,
sucrose, turanose (Weston & Brocklebank, 1999). MH + C contained
similar proportions of the honey components, compared to MH,
but at a lower relative concentration, while a-cyclodextrin consti-
tuted about 50% of the complex. The a-cyclodextrin, contained pre-
dominantly one oligosaccharide, along with trace amounts of its
breakdown products.

We compared the concentrations of glucose, fructose and a-
cyclodextrin after each stage of the simulated GI transit of the sub-
strates (Table 1). After the gastric stage, the amounts of glucose
and fructose were higher in MH + C than in MH. This trend was
not apparent in the GD digesta. However, after dialysis the
amounts of glucose and fructose were 9- and 3-fold higher in the
GI digesta (the dialysis retentate) of MH + C than of MH. This
implies that complexation with a-cyclodextrin slows down the
dialysis of honey monosaccharides, favouring the retention of glu-
cose over fructose.

The intestinal absorption of sugars was simulated using a dial-
ysis membrane, with a 100–500 Da MWCO that would prevent the
diffusion of a-cyclodextrin (973 g/mol) while allowing diffusion of
the lower molecular weight monosaccharides. The change in sugar
content in the dialysis retentate represents changes after passive
diffusion. While this is unlikely to be the case in vivo, where
absorption of sugars through the intestinal wall is an active pro-
cess, the concentrations after passive diffusion are considered to
provide some indication of relative availability. The concentration
of a-cyclodextrin retained following dialysis of the GD digesta
was about 1.5-fold greater when honey was present than for a-
cyclodextrin alone. This may reflect differences in viscosity of the
solutions when honey was included. HPLC analysis of the gastric,
GD digesta and the dialysed retentates of all the samples (including
water controls) showed the presence of lactose, which is generally
added as an extender in commercial digestive enzymes. Thus, there
was a background of lactose (in the order of 0.2%) in all the 0 h fer-
menta, providing equal comparison across all the treatments.
Under in vitro batch fermentations, such as the conditions used
in this study, lactose has been shown to be fermented rapidly, with
a half time of 4.2 h for 0.5% lactose (Gietl et al., 2012).

Following fermentation, glucose and fructose were detected in
significant amounts only in the MH + C samples (p = 0.05),
although small amounts of glucose were present in all samples fol-
lowing fermentation (Table 1). Not all the a-cyclodextrin was con-
sumed during fermentation: about 12 and 20% of the original
concentration remained in the MH + C and C fermenta respectively.

The DHA and MGO concentrations in the digesta and fermenta
samples are summarised in Table 2. Of note were the concentra-
tions of DHA, which were up to 1.9-fold higher in gastric and the
GD digesta of the MH + C than in the MH digesta. This indicates a
greater retention of DHA, potentially due to complexation with



Fig. 2. Changes in pH after 16 h of fermentation of the substrates. The values are the
mean ± standard error for five different fermentations of each substrate. Letters
after means indicate results of post hoc tests; means that do not have a letter in
common are significantly different (Tukey’s test at p = 0.05).

Table 1
Concentrations of carbohydrates in the samples after gastric and duodenal digestion, dialysis and faecal fermentation of the substrates.

Glucose mg/mL Fructose mg/mL a-cyclodextrin mg/mL

MH + C MH C W MH + C MH C W MH + C MH C W

Gastric digesta1 7049 4224 0 0 9082 5396 0 0 19,441 0 21,401 0
GD digesta1 3726 5007 75 384 4602 6183 0 388 9805 0 12,878 561
GI digesta1 2109 240 8 2 2654 796 0 0 6493 15 4327 0
Faecal fermenta2 156 ± 30d 28 ± 8ab 35 ± 10bc 29 ± 8bc 305 ± 64b 0a 0a 0a 817 ± 123bc 0 885 ± 172bc 0

GD, gastroduodenal; GI, gastrointestinal digesta obtained after gastric and duodenal digestion and intestinal absorption; MH + C, Manuka Honey with CycloPowerTM; MH,
manuka honey; C, a-cyclodextrin; W, water. Letters after means indicate results of post hoc tests; means that do not have a letter in common within that row were
significantly different (Tukey’s test at p = 0.05).

1 Average of duplicate injections.
2 Average of analyses of five different fermenta, with standard error of the mean.

Table 2
Concentrations of dihydroxyacetone (DHA) and methylglyoxal (MGO) in the samples after gastric and duodenal digestion, ileal dialysis and faecal fermentation of the substrates.

DHA ng/mL MGO ng/mL

MH + C MH C W MH + C MH C W

Gastric digesta1 24510.0 13035.0 bloQ bloQ 5097.0 4036.0 38.0 bloQ
GD digesta1 13816.0 7576.0 bloQ bloQ 301.0 292.0 bloQ bloQ
GI digesta1 262.0 245.0 bloQ 109.0 60.0 39.0 63.0 64.0
Faecal fermenta2 5486.0 ± 1268.3b 4274.0 ± 937.1ab 2158.0 ± 379.5a 2286.0 ± 398.3a 223.6 ± 74.2a 185.4 ± 49.1a 123.2 ± 19.7a 126.4 ± 10.3a

GD, gastroduodenal; GI, gastrointestinal digesta obtained after gastric and duodenal digestion and intestinal absorption; MH + C, Manuka Honey with CycloPowerTM; MH,
manuka honey; C, a-cyclodextrin; W, water. bloQ, below Limit of Quantitation, 70 ng/mL for both DHA and MGO. Letters after means indicate results of post hoc tests; means
that do not have a letter in common within that row were significantly different (Tukey’s test at p = 0.05).

1 Single injections.
2 Average of analyses of five different fermenta, with standard error.
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the cyclodextrin, providing a degree of protection during the diges-
tion phases. While MGO concentrations were high in the initial
stages of the simulated GI digestion of the honey-containing sam-
ples, they decreased 100-fold after dialysis of the GD digesta,
which may be attributable to the highly reactive nature of MGO.
Nonetheless, some residual MGO was detected in all the fermenta.
This may be in part due to the autonomous production of MGO by
faecal bacteria (Baskaran, Rajan, & Balasubramanian, 1989). Simi-
larly, the DHA in the fermenta may have been generated as an
intermediate of microbial glycolysis of carbohydrates that escaped
digestion (Baskaran et al., 1989; Louis et al., 2007). The higher DHA
concentrations in the fermenta of MH + C versus MH may again
indicate the influence of cyclodextrin in retention and preservation
of carbohydrates, making them available for microbial metabolism
into DHA.

MGO has reported anti-bacterial properties (Mavric et al.,
2008), although the role of DHA in affecting the viability of gut
microbiota is not well characterised. Both MGO and DHA phos-
phate are products of bacterial metabolism (Baskaran et al.,
1989; Louis et al., 2007). In addition, both MGO and DHA react with
the amino groups of proteins and amino acids by a process known
as the Maillard reaction (Hellwig et al., 2015). Thus, the higher
DHA concentrations in MH + C digesta may have potential down-
stream effects through the generation of Maillard reaction prod-
ucts. These compounds are known to influence microbial ecology
by enhancing or inhibiting specific groups of bacteria or acting as
substrates for the selective growth of specific groups of bacteria
(Degen, Hellwig, & Henle, 2012; Fan et al., 2010). For example,
the Maillard reaction product fructoselysine is rapidly broken
down and utilised as an energy source by faecal bacteria in vitro
(Hellwig et al., 2015).

The concentrations of organic acids were found to be below lim-
its of detection for all the original substrates and their GD digesta,
and the faecal slurries (data not shown). The only exception was
for MH + C GD digesta where there was a low lactate concentration
of 0.74 ± 0.12 mmol/mL. As noted earlier, this observation may be
an artefact of the simulation system being used. After fermenta-
tion, a significant (p = 0.005) lowering of the pH was seen with
the MH + C substrate (4.56 ± 0.11) compared with the water con-
trol (4.86 ± 0.09) (Fig. 2). At the end of 16 h, there were significant
(p < 0.001, Fig. 3) changes in the concentrations of lactate, a major
gut microbial metabolite. Compared with the other treatments,
MH + C fermenta had significantly higher lactate concentration of
29.15 ± 4.09 mmol/mL. There were no significant changes in the
major SCFAs: acetate, propionate or butyrate. As depicted in the
principal component plot (Fig. 4), the organic acids produced in
response to a substrate varied with the donor’s faecal inoculum.
The responses to the treatments were clustered in terms of lactate
production for the five donors (‘‘K”, ‘‘L”, ‘‘P”, ‘‘S”, ‘‘U”), despite the
high inter-individual variability that is expected in donors’
responses to the treatments. Each individual has a unique gut
microbial ‘‘fingerprint”, which determines their response to a sub-
strate and the metabolites produced, thereby influencing the host
(Arumugam et al., 2011; Backhed et al., 2005; Caricilli & Saad,
2014).



Fig. 3. Changes in organic acid metabolites after faecal microbial fermentation of
substrates. The values are the mean ± standard error for five different fermentations
of each substrate. Letters after means indicate results of post hoc tests; means that
do not have a letter in common are significantly different (Tukey’s test at p = 0.05).

Fig. 4. Principal component analysis plots characterising the relationship between
the substrate, microbial organic acid production and variability of faecal microbial
inocula. The organic acid weightings are from log-transformed values of the organic
acid concentrations, with each point representing a treatment from a donor. (a)
correlation of the organic acids with the principal components, (b) samples, labelled
by treatment (MH + C, Manuka Honey with CycloPowerTM; MH, manuka honey; C, a-
cyclodextrin; W, water), (c) samples, labelled by faecal donors, ‘‘K”, ‘‘L”, ‘‘P”, ‘‘S”, ‘‘U”.
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Changes in total bacteria and key gut bacteria are detailed in
Table 3. The faecal inoculum was indicative of the 0-h populations
of different bacteria. At the end of 16 h, none of the treatments
caused significant (p > 0.05) changes in any of the populations of
bacteria analysed in this study.

Honey oligosaccharides at concentrations of 1% have been
shown to enhance the growth of bifidobacteria, LAB and bac-
teroides in faecal batch cultures (Sanz et al., 2005). Manuka honey
has been suggested to contain oligosaccharides at concentrations
of about 10% of the honey (Weston & Brocklebank, 1999). Given
the concentrations of substrates used in the simulated digestion,
oligosaccharide concentrations in the honey-containing fermenta
were estimated to be in the order of 0.06%. Therefore, the much
lower increases in bifidobacteria, LAB and bacteroides in this study
may be explained by the lower effective concentrations of honey
oligosaccharides.

The growth of the representative intestinal pathogen S. enterica
Typhimurium and those of the potentially beneficial B. longum and
L. reuteri in response to the fermented substrates are shown in
Fig. 5. In the case of S. enterica Typhimurium, MH + C fermenta
decreased bacterial viability by 82% compared with the water con-
trol fermenta (p = 0.041). For the potentially beneficial L. reuteri,
MH + C fermenta increased viability by 30% compared with the
water control (p = 0.016). There were also significant positive
effects on the viability of B. longum (p = 0.003), with the MH fer-
menta causing an increase in growth of 18% over the water control.
Bifidobacteria and LAB are the primary producers of lactate (and
acetate) in the gut (Marianelli et al., 2010). These acid metabolites
and the concomitant reduction of intestinal pH are key to reducing
the viability of salmonellae and their colonisation in the gut. We
speculate that the greater amounts of lactate in the MH + C fer-
menta or lower concentrations of useable simple sugar substrates
may have contributed to the effect on the viability of S. enterica
Typhimurium.

Bifidobacteria are recognised as beneficial to gut health by
direct immune stimulatory effects and by prevention of pathogen
Table 3
Changes in bacterial populations (log 10 cells/mL) in batch cultures (n = 5) after 16 h of
gastrointestinal digestion.

Bacterial group Baseline MH + C

Total Bacteria 8.43 ± 0.24 8.67 ± 0.09
Lactobacillus spp. 6.94 ± 0.27 7.15 ± 0.42
Bifidobacterium spp. 6.58 ± 0.24 7.79 ± 0.08
Faecalibacterium spp. 6.79 ± 0.21 6.02 ± 0.16
Lachnospiraceae 7.55 ± 0.17 6.79 ± 0.16
Bacteroides-Prevotella-Porphyromonas group 7.08 ± 0.25 6.19 ± 0.32

MH + C, Manuka Honey with CycloPowerTM; MH, manuka honey; C, a-cyclodextrin; W, w
1 ANOVA (all substrates, not including faecal inoculum).
colonisation (Russell, Ross, Fitzgerald, & Stanton, 2011). Five per-
cent solutions of honey were found to enhance the growth of five
Bifidobacterium strains, including the same strain of B. longum used
in this study (Kajiwara, 2002). However, most studies examining
antimicrobial effects of honey have been with samples that have
not passed through simulated GI digestion. Nevertheless, manuka
faecal fermentation in the presence of substrates that have been pre-subjected to

MH C W p1

8.77 ± 0.11 8.72 ± 0.10 8.45 ± 0.23 0.454
7.17 ± 0.43 7.27 ± 0.35 6.78 ± 0.29 0.510
7.79 ± 0.04 7.93 ± 0.06 7.34 ± 0.44 0.390
6.05 ± 0.13 6.15 ± 0.15 5.75 ± 0.44 0.644
6.78 ± 0.18 6.89 ± 0.17 6.67 ± 0.46 0.881
6.43 ± 0.30 6.16 ± 0.28 5.82 ± 0.73 0.530

ater.



Fig. 5. Effect of 16-h fermenta obtained by the faecal fermentation of the substrates on the viability of representative gut bacteria. The substrates, Manuka Honey with
CycloPowerTM (MH + C), cyclodextrin alone (C), manuka honey (MH) and the vehicle control, water (W) were each subjected to gastric and small intestinal digestion and
separate fermentations with five faecal microbial inocula. The values are expressed as the mean ± standard error relative to the water control. Letters after means indicate
results of post hoc tests; means that do not have a letter in common are significantly different (Tukey’s test at p = 0.05).
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honey has recently been reported to retain its anti-staphylococcal
activity even after simulated GD digestion, although the activity
was not related to honey MGO (Mannina et al., 2016). In our study,
the MGO concentration in the MH-containing substrates reduced
considerably during the simulated GI processes. DHA, on the other
hand, was more stable, but less is known about the role of DHA in
modulating the viability of bacteria including enteropathogens
such as salmonellae, or beneficial bifidobacteria.
4. Conclusions

In conclusion, the data support our hypothesis that complexa-
tion of manuka honey with a-cyclodextrin increases the retention
of the honey monosaccharides, glucose and fructose, through the
GI phases of digestion and dialysis. Retention of other compounds
was mixed; MGO decreased after digestion irrespective of sub-
strate, but DHA retention was higher in the MH + C digesta. The
fermentation in MH + C digesta was accompanied by an increase
in the microbial metabolite, lactate. MH + C fermenta also inhibited
the growth of Salmonella enterica Typhimurium and increased that
of Lactobacillus reuteri.

In vitro GI digestion and faecal batch cultures are simplistic
models of the human gut, and this single-dose, single-time point
study provides a limited ‘‘window of opportunity” to investigate
microbial and metabolic changes. Nevertheless, increased reten-
tion of the manuka honey bioactives was observed when the honey
was complexed with a-cyclodextrin. Furthermore, fermentation of
the GI-digested Manuka Honey with CycloPowerTM resulted in an
environment that inhibited pathogens and favoured beneficial bac-
teria. There were significant metabolic and functional effects in
terms of changes in pH and lactate, leading to the specific modula-
tion of pure cultures of pathogenic or probiotic bacteria, despite
the limitations of this in vitro experiment and the known variabil-
ity in donors’ faecal inocula.

The results from this study will inform future clinical studies
investigating the prebiotic potential of manuka honey-containing
products.
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