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A B S T R A C T

Maple syrup is a natural source of carbohydrates but its metabolic impact remains poorly

studied. We undertook to systematically compare the chemical composition of maple syrup

with that of other natural sweeteners, and assess their metabolic responses in healthy rats.

As compared to other sweeteners, maple syrup is particularly rich in polyphenolic lignans

and in the phytohormone abscisic acid and its derivatives. Metabolic studies in rats showed

that maple syrup produced significantly lower peak and global responses of glucose, insulin,

amylin and gastric inhibitory polypeptide (GIP) as compared to brown rice syrup, corn syrup

and pure dextrose. The metabolic effects of agave syrup and molasses were similar to that

of maple syrup, while honey caused higher peak responses for insulin, amylin and GIP. Both

the composition of maple syrup and the metabolic responses to its ingestion in rats indi-

cate that it represents a healthy natural alternative to refined sugar.

© 2014 Elsevier Ltd. All rights reserved.
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1. Introduction

Simple and complex carbohydrates are an essential part of any
balance diet. Nevertheless, the WHO suggests that added sugars
should not represent more than 10% of the caloric intake, a
recommendation not necessarily followed in the western diet
(Sibbald, 2003). Added sugar is generally consumed as a trans-

formed sugar, composed almost exclusively of carbohydrates,
lacking vitamins, minerals, polyphenols and other biomolecules
that could provide beneficial health effects. On the other hand,
some natural sweeteners have been proposed to provide health
benefits owing to their rich polyphenol content and their an-
tioxidant properties measured in vitro (Biesaga & Pyrzynska,
2013; Caderby et al., 2013; Erejuwa, Sulaiman, & Wahab, 2012).
Therefore, replacement of refined sugars by an unprocessed
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natural sweetener could be a judicious alternative to encour-
age the intake of active functional biomolecules, representing
a healthier food choice for the consumer, and for the indus-
try eager to respond to the new consumer requests for improved
food products. In line with this, natural sweeteners have been
proposed to impact positively on various disorders. As an
example, honey has been proposed as a complementary agent
in the management of diabetes (Erejuwa et al., 2012).

In recent years, maple syrup has sparked much interest as
a healthy natural sweetener. Maple syrup is produced by boiling
the sap of maple trees (Acer sp.), generating a light brown to
dark syrup titrating 66% sugar. This process concentrates the
carbohydrates (mainly sucrose) as well as other compounds
that are present within the sap (e.g. minerals, organic acids,
vitamins, phenolic compounds and phytohormones) (Kermasha,
Goetghebeur, & Dumont, 1995; Stuckel & Low, 1996; Waseem,
Phipps, Carbonneau, & Simmonds, 1991). Interestingly, some
of these components have been proposed to exert beneficial
health properties, particularly on glucose homeostasis. Indeed,
some of the phenolic compounds isolated from maple syrup
were shown to have α-glucosidase inhibitory activity, suggest-
ing that these molecules could limit glucose absorption by the
intestine in response to the sweetener’s ingestion (Li & Seeram,
2010; Wan et al., 2012). Furthermore, maple sap contains ab-
scisic acid (ABA), a phytohormone regulating plant growth,
development, dormancy and stress responses (Bertrand,
Robitaille, Castonguay, Nadeau, & Boutin, 1997; Bertrand,
Robitaille, Nadeau, & Boutin, 1994; Li & Seeram, 2011a). Inter-
estingly, the promising potential of abscisic acid (ABA) as an
anti-diabetic molecule has been proposed (Bruzzone et al., 2008;
Guri, Hontecillas, & Bassaganya-Riera, 2010; Guri et al., 2008;
Guri, Hontecillas, Si, Liu, & Bassaganya-Riera, 2007). Indeed, this
phytohormone shares structural similarities with
thiazolidinediones, a class of antidiabetic drugs, and recent
studies have shown that ABA can exert protective effects in
animal models of type 2 diabetes (Guri et al., 2007, 2010).

In order to make informed food choices, it is important to
look at the impact of the different sweeteners in term of cir-
culating glucose and insulin responses. Indeed, low glycaemic
index diets have been shown to improve glycaemic control and
reduce serum lipids in diabetic and hyperlipidaemic subjects
(Jenkins et al., 1987). Furthermore, a recent meta-analysis re-
vealed that the risk of cardiovascular events increases with
higher glycated haemoglobin 1c (HbA1c) levels. Since HbA1c
primarily captures postprandial spikes and persistently el-
evated blood glucose concentration, this suggests a link between
poorly controlled post-meal glycaemic responses and the risk
for cardiovascular disease (CVD) (Santos-Oliveira et al., 2011).
Such clinical evidences have led different diabetes associa-
tions to recommend the consumption of low glycaemic index
food in order to have a better control on post-prandial glycae-
mia and to reduce CVD risk (Katsilambros, Liatis, & Makrilakis,
2006). In the insulin-resistant, pre-diabetic state, higher pan-
creatic insulin secretion is pathognomonic to insulin resistance
in altered metabolic states. Hyperinsulinaemia compensates
for the reduced ability of normal concentrations of insulin to
control blood glucose but this is at the cost of contributing to
obesity-related complications such as hepatic steatosis and CVD,
and eventually leads to pancreatic beta-cell dysfunction and
type 2 diabetes.

The metabolic responses induced by food ingestion are not
limited to glucose and insulin. In recent years, a plethora of
hormones secreted in response to food consumption has been
demonstrated to be important for adequate glucose control.
Upon food ingestion, the gastrointestinal tract releases several
peptidic hormones that contribute to insulin secretion and nu-
trient metabolism through endocrine and paracrine
mechanisms in several tissues. The peptidic hormones
glucagon-like peptide-1 (GLP-1) and gastric inhibitory peptide
(GIP) are called incretins. Their secretagogue action is best ap-
preciated after a meal or following an oral glucose tolerance
test, which induce greater insulin secretion compared to the
response exerted by the same amount of glucose is intrave-
nously administered. This phenomenon, known as the incretin
effect, accounts for 50–70% of the insulin response after a meal
or oral glucose bolus (Nauck et al., 2004). Furthermore, other
hormones have been shown to be an integral part of the meta-
bolic response to foods.These hormones include two pancreatic
peptides: amylin, which is secreted along with insulin in a ratio
of 1:100 (Kahn et al., 1990; Lutz, 2012), and glucagon, which
ensures the maintenance of basal blood glucose during fasting
periods. Other tissues also contribute to the metabolic re-
sponse by secreting “food intake-related hormones”. These
include ghrelin, a gastric hormone known to stimulate food
intake (Inui, 2001), as well as leptin, a satiety-inducing hormone
that is secreted mainly by adipose tissue (Loftus, 1999).

In the present study, we have compared the amounts and
types of carbohydrates, polyphenols, and ABA-derived mol-
ecules in maple syrup and other natural sweeteners. We found
that maple syrup is a rich source of ABA-related molecules and
polyphenols, and produces low glycaemic and insulinaemic re-
sponses in vivo, and thus represents a natural sweetener
alternative to refined sugar.

2. Material and methods

2.1. Sweeteners

The sweeteners used in the present study are all available com-
mercially. The sweeteners were: pure maple syrup (gift from
the Québec Maple Producers), molasses (GRANDMA; Saint-
John, NB, Canada), organic brown rice syrup (SWEET DREAMS;
Richvale, CA, USA), organic blue agave syrup (WHOLESOME
SWEETENERS; Sugar Land,TX, USA), golden corn syrup (CROWN;
Memphis, TN, USA) and pure natural honey (McCORMICK;
London, ON, Canada).

2.2. Determination of the carbohydrate, polyphenol and
ABA contents of sweeteners

2.2.1. Carbohydrate analysis of sweeteners
The carbohydrate composition of the sweeteners was deter-
mined using a HPLC Waters system (Millipore Corp., Milford,
MA, USA) coupled with a refractive index detector (model 2142,
LKB, Bromma). Samples were diluted and filtered through a
0.45 µm Millipore filter prior to injection into the HPLC. The
column used was a Waters Sugar-Pack-I, made out of sulfo-
nated cross-linked styrene-divinylbenzene copolymer in the
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calcium form. This column combines size-exclusion chroma-
tography and ligand exchange mode with a size exclusion limit
of 1000 Da. We considered as soluble oligosaccharides (3–6
units), those chromatogram peaks exiting the column before
sucrose and having a size ranging between 1000 and 342 Da.
Soluble polysaccharides were the first chromatogram peaks
greater than 1000 Da (>6 units) (see representative chromato-
grams in Fig. S1).The column was maintained at a temperature
of 90 °C. The mobile phase, consisting of a solution of EDTA
(50 mg/L), was pumped at a flow rate of 0.5 mL/min.

2.2.2. Polyphenols analysis
Polyphenols in the different sweeteners were extracted based
on the method described by Kermasha et al. (1995) with slight
modifications. Five milliliters of syrup was solubilised in 50 mL
water to which 125 µL of external standard (gallic acid, 5 ppm)
was added. Then, the resulting solution was further sepa-
rated in a 125 liquid/liquid extraction vial three successive times
with ethyl acetate (50, 25, 25 mL). The organic and aqueous
phase separated after a 2 min shaking, and a further rest period
of 2 min. The three resulting organic fractions were pooled in
a 250 mL Erlenmeyer and dried with Na2SO4 (3 g). Afterward,
the organic solution was transferred in a 250 mL drying flask
and evaporated with a rotary evaporator at a maximal tem-
perature of 45 °C. The dried extract was further dried over
nitrogen flow and then dissolved in 2 mL of 80% methanol and
filtered with a 0.2 µM filter.

The UPLC analysis of the polyphenols was performed using
a Waters Acquity Ultra-PerformanceTM LC system (Waters),
equipped with a quaternary pump system (Waters). An Acquity
high-strength silica (HSS) T3 column (150 mm × 2.1 mm id,
1.8 mm particle size) from Waters was used. The stationary
phase was 100% silica particles. The phenolics were sepa-
rated with a mobile phase consisting of 0.1% formic acid (eluent
A) and acetonitrile (eluent B), the flow-rate was 0.4 mL/min and
the gradient elution was initial, 5% B; 0–4.5 min, 5–20% B; 4.5–
6.45 min, isocratic 20% B; 6.45–13.5 min, 20–45% B;13.5–
16.5 min 45–100% B; 16.5–19.5 min isocratic 100% B; 19.5–
19.52 min 100-5% B; 19.52–22.5 min isocratic 5% B. The MS
analyses were carried out on a Xevo TQD mass spectrometer
(Waters) equipped with a Z-spray electrospray interface. The
analysis was performed in negative mode and the data were
acquired through multiple reactions monitoring (MRM). The
ionisation source parameters were capillary voltage, 2.5 kV;
source temperature, 140 °C; cone gas flow rate, 80 L/h and
desolvation gas flow rate, 900 L/h; desolvation temperature,
350 °C. Nitrogen (99% purity) and argon (99% purity) were used
as nebulising and collision gases, respectively. Data acquisi-
tion was carried out with the MassLynx 4.1 software.

2.2.3. Analysis of ABA and its metabolites
ABA and its metabolites were profiled following the protocol
of Chiwocha et al. (2003). Briefly, for mass spectrometry, stan-
dard solutions of labelled and non-labelled ABA and metabolites
were prepared in acetonitrile/water (1:1, v/v) with 0.5% glacial
acetic acid (v/v).

The syrups were diluted with water and freeze-dried, then
50 mg of lyophilised powdered samples were diluted in 1 mL
of an isopropanol/water/glacial acetic solution (80:19:1, v/v/v)
extraction buffer containing 100 µL of deuterated-labelled in-

ternal standards (200 ppb) of each compounds analysed.
Samples were extracted for 18 h at 4 °C on an orbital shaker
(300 rpm) in the dark.Then, the samples were dried down using
a polyvap (Buchi, Danderyd, Sweden) at 320 rpm and 35 °C
during 16 h. The solid was reconstituted using 1 mL of water/
methanol/acetic acid (89.5:9.5:1, v/v/v) and the extract was
passed through an Oasis HLB 1 cc/30 mg column previously
equilibrated. Samples were eluted with 1 mL of acetonitrile/
water/acetic acid (30:69:1, v/v/v).The purified extracts were dried
under vacuums with a Speed-Vac (Thermo Fisher, Waltham,
MA, USA). Finally, the samples were reconstituted in 200 µL of
methanol/water (40.5:59.5, v/v) before injection in the LC–MS/
MS.

Mixtures of samples containing various concentrations of
unlabelled compounds and their respective internal labelled
standards were separated by reversed phase UHPLC and
analysed by tandem mass spectrometry (RP-UHPLC/ESI–MS/
MS). For UHPLC separation, 5 µL of sample solution was injected
in the RP-UHPLC/ESI–MS/MS and the eluting ions were tracked
under multiple reaction monitoring mode. Each analysis was
conducted in triplicate. An Acquity H-Class separation module
with TQD detector (Waters, Milford, MA, USA) equipped with
a 100 mm × 2.1 mm, 1.8-µm Zorbax Eclipse Plus C18 RRDH
(Agilent, Santa Clara, CA, USA) was used with a binary solvent
system comprising water with 0.025% acetic acid (A), aceto-
nitrile with 0.025% acetic acid (B). Separation was achieved using
a gradient of increasing acetonitrile content, at a flow rate of
0.4 mL∙min−1. The gradient was increased linearly from initial
at 2.0%, 0.30 min. B, 15.0%, 4.90 min, 50% B, 5.4 min 100% held
during 0.7 min then back to initial conditions over an 8 min
total run. Peaks of ABA and their conjugates were compared
to calibration curves prepared for each of ABA, 7′-OH-ABA,
phaseic acid, dihydrophaseic acid, ABA-glucose ester Trans-
ABA and neo-phaseic acid. Electrospray capillary and cone
voltage were optimised for the production of the diagnostic mo-
lecular ions in negative ion mode for the unlabelled compounds
detected.

2.3. Animal protocol

Male Wistar rats from Charles River Inc. weighing 300 g upon
arrival were used. Animals were placed in temperature- and
humidity-controlled rooms (21 ± 2 °C, 35–40%), with a daily
12:12-h light–dark cycle (lights on at 07h00). The animal fa-
cilities met the guidelines of the Canadian Council on Animal
Care, and the protocol was approved by the Animal Care Com-
mittee of Laval University. Animals were acclimated to their
environment for a minimum of 5 days during which they con-
sumed a non-purified rodent diet ad libitum (Rodent Chow #
2018, Harlan Teklad, Madison, WI, USA) and deionised water.

2.4. Oral tolerance test with the sweeteners

After the adaptation period, animals were evenly and ran-
domly assigned to a given group. After a 12 h fast, rats were
gavage with 2 g/kg of body weight of the different sweeten-
ers, equivalent in total carbohydrates, or a solution of 50%
dextrose (reference solution). Blood samples were taken from
the saphenous vein using EDTA-coated capillary tubes
(Microvette® CB300, Sarstedt, Montréal, Québec, Canada) before
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(0 min), as well as 15, 30, 60, 90, and 120 min after the glucose
administration. Glycaemia was determined at each time point
using a calibrated hand-held glucometer.The plasma was sepa-
rated by centrifugation and stored at −80 °C until analysis.

2.5. Biochemistry

Levels of insulin and C-peptide were measured using
ultrasensitive rat insulin (80-INSRTU-E 10) and C-peptide (80-
CPTRT-E 01) ELISA kits (Alpco, Salem, NH, USA).The areas under
the curve (AUC) for glucose, insulin and C-peptide were cal-
culated using GraphPad Prism 5, using the value at t = 0 min
of each animal as baseline. The incretins GIP, GLP-1, pancre-
atic hormones (amylin, glucagon) as well as food intake related
hormones (ghrelin, leptin) were measured using a Multiplex
(MILLIPLEX MAP kit, # RMHMAG-84K-06, Millipore, Billerica, MA,
USA). The test was performed according to the manufactur-
er’s instructions using plasma collected at time 15 and 30 min
post-gavage. At time 0, plasma from the dextrose group was
used as basal value. The results were generated using the Bio-
Plex Manager ™ Software 6.0 (Bio-Rad, Hercules, CA, USA).

2.6. Statistical analyses

The biological effects of the sweeteners were assessed using
one-way ANOVA and comparisons over the course of the ex-
periment were made using two-way repeated-measures ANOVA
with Dunnett post-hoc test, using either the maple syrup (*
symbol) or the reference dextrose solution (+ symbol) as the
reference group. Significant differences (P < 0.05) between groups
were reported. Statistical analyses were performed using
SigmaPlot 12 (Systat Software Inc, San Jose, CA, USA).

3. Results

3.1. Chemical characterisation of the sweeteners

3.1.1. Carbohydrate content
As seen in Table 1, large differences in the carbohydrate com-
position of the sweeteners used in this study were observed.
Three sweeteners, maple syrup, brown rice syrup and molas-
ses, had sucrose as their main carbohydrate source. As expected,
maple syrup is almost exclusively composed of sucrose (97%)
(Perkins & van den Berg, 2009). Interestingly, while molasses
and brown rice syrup have similar sucrose content (43 and 42%,

respectively), brown rice syrup is rich in complex carbohy-
drates (22% polysaccharides and 21% oligosaccharides), while
molasses is richer in simple carbohydrates (24% glucose and
22% fructose). Agave syrup (87% fructose) and honey (47%
glucose and 49% fructose) were also rich in simple carbohy-
drates. The natural corn syrup used in the present study was
composed of a balance mix of complex and simple carbohy-
drates. This is to be expected from a non-enzymatically
processed corn syrup.

3.1.2. Polyphenol content
The different sweeteners analysed had contrasting polyphe-
nol contents. Among the six types of sugars tested, molasses
had the highest total polyphenol concentration (9195.3 µg/
100 mL), followed by honey (1935.2 µg/100 mL), maple syrup
(1494 µg/100 mL), agave syrup (1292.3 µg/mL), brown rice syrup
(1276.4 µg/100 mL) and finally corn syrup (268.7 µg/100 mL). Mo-
lasses not only had the highest content in polyphenols, it also
had the greatest variety of compounds (Table 2). This source
of sugar was particularly rich in phenolic acids, and espe-
cially contained high amounts of the cinnamic acid, syringic
acid, vanillic acid and caffeic acids. It also contained high
amounts of coumaric acids and chlorogenic acid, some
kaempferol-hexosides and smaller amounts of flavonol-
glycosides. Honey was a good source of phenolic acids and
contained some flavonols. Maple syrup contained about six
times less phenolic acids that molasses. However, it con-
tained 11.6 times more lignans (lariciresinol and
secoisolariciresinol) than molasses and this class of polyphe-
nols was not detectable in any other natural sweetener. Maple
syrup also contained low quantity of the flavonol quercetin and
its glycosides. Brown rice was relatively rich in phenolic acids
but almost devoid of flavonols. Agave syrup was the richest
source of caffeoyl-hexoside. Finally, corn syrup had the lowest
polyphenol content of all sweeteners with small quantities of
phenolic acids and flavonols.

3.1.3. ABA and metabolites content
We also measured the phytohormones ABA and its bioactive
derivative PA as well as other conjugates and metabolites such
as DPA, 7-OH-ABA, ABA-GE, Trans-ABA and Neo-PA in the dif-
ferent sweeteners (Table 3). Maple syrup was found to contain
the highest concentration ABA and PA, followed by honey, mo-
lasses and brown rice. These molecules were barely detectable
in agave and corn syrup.

Table 1 – Carbohydrate content of different sweeteners in g/L.

Polysaccharides Oligosaccharides Sucrose Glucose Fructose Total
carbohydrates

Variation (%)

Maple 14 ± 0.6 (2%) 2 ± 3.8 (0%) 860 ± 4.9 (97%) 8 ± 1.8 (1%) <BDL 884 (100%) 0.2
Molasses 45 ± 0.1 (4%) 72 ± 1.2 (7%) 439 ± 1.8 (43%) 251 ± 2.2 (24%) 222 ± 2.6 (22%) 1029 (100%) 1.6
Brown rice 197 ± 14.3 (22%) 184 ± 0.5 (21%) 364 ± 1.9 (42%) 132 ± 0.1 (15%) <BDL 877 (100%) 1.1
Agave <BDL <BDL 30 ± 0.3 (3%) 106 ± 0.2 (10%) 917 ± 3.7 (87%) 1053 (100%) 0.1
Corn 228 ± 3.5 (33%) 112 ± 0.4 (16%) 127 ± 0.4 (19%) 212 ± 0.4 (31%) 7 ± 0.5 (1%) 686 (100%) 1.4
Honey 3 ± 0.0 (0%) 7 ± 0.1 (1%) 35 ± 0.1 (3%) 528 ± 8.6 (47%) 553 ± 8.3 (49%) 1126 (100%) 0.8

<BDL, below detection limit (1 g/L).
Measurements done in triplicate.
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3.2. Glycaemic response induced by the sweeteners

We next studied the metabolic and hormonal responses gen-
erated by the different sweeteners in healthy rats. Fig. 1A shows
that after 15 min post-gavage, corn syrup, brown rice syrup and
the reference solution of dextrose led to a greater increase in
glycaemia as compared to maple syrup. Regarding the other

sweeteners, aside from a smaller increase in the acute glycaemic
response with the agave syrup after 15 min, no other signifi-
cant difference was observed as compared to maple syrup
(Fig. 1B). Furthermore, the total glycaemic increments induced
by the sweeteners, as revealed by the calculation of the area
under the curves (AUC) (Fig. 1C), revealed that the global re-
sponses to corn syrup and brown rice syrup were higher than

Table 2 – Polyphenol content of different sources of sweetener expressed in µg gallic acid equivalent per 100 mL of syrup.

Compounds Maple syrup Molasse Brown rice syrup Agave syrup Corn syrup Honey

Phenolic acids
Hydroxybenzoic acid 324.5 ± 8.6 38.0 ± 3.9 4.9 ± 0.5 2.7 ± 0.4 105.9 ± 0.9
Dihydroxybenzoic acid 6.6 ± 0.6 517.5 ± 9.5 5.1 ± 0.7 9.1 ± 0.8 12.1 ± 1.0 13.6 ± 0.9
Hydroxyphenyl acetic acid 81.0 ± 4.2 323.1 ± 11.9 18.8 ± 1.4 7.5 ± 0.2 7.2 ± 0.6 163.0 ± 5.5
p-Coumaric acid 9.7 ± 0.3 1736.0 ± 89.2 567.6 ± 4.6 12.1 ± 1.3 358.7 ± 9.7
Coumaroyl hexoside 274.9 ± 8.9 23.3 ± 2.7
Vanillic acid 49.0 ± 3.8 671.1 ± 28.7 8.6 ± 0.4 18.8 ± 1.5 28.9 ± 1.6 82.4 ± 4.5
Caffeic acid 441.51 ± 18.6 1.7 ± 0.1 2.8 ± 0.4 126.2 ± 5.0
Caffeoyl hexoside 105.5 ± 5.2 1175.1 ± 11.5
Syringaldehyde 10.2 ± 1.1 10.9 ± 1.7 9.3 ± 0.2
Ferulic acid 222.9 ± 19.2 426.9 ± 8.2 2.8 ± 0.2 63.2 ± 3.9
Feruloyl hexoside 1.6 ± 0.3
Syringic acid 1.7 ± 0.2 1165.2 ± 2.7 12.3 ± 0.2 18.3 ± 1.2 42.2 ± 1.8 77.4 ± 1.5
Synapic acid 79.8 ± 2.9 41.7 ± 5.9
Chlorogenic acid 1538.0 ± 31.1 3.4 ± 0.1 13.0 ± 0.6 82.6 ± 6.8
Salicylic acid 419.2 ± 19.4 75.1 ± 10.6 2.6 ± 0.1 7.6 ± 0.7 143.0 ± 3.4

Flavanols
Catechin/epicatechin 0.3 ± 0.1 6.2 ± 0.5

Flavonols
Quercetin 4.4 ± 0.7 2.6 ± 0.3 0.6 ± 0.1 4.9 ± 0.5 365.9 ± 26.1
Quercetin-hexoside 5.3 ± 0.7 11.2 ± 0.7 24.6 ± 3.6 53.3 ± 1.7 5.8 ± 0.7
Quercetin-arabinoside 1.3 ± 0.3 2.6 ± 0.3 15.9 ± 0.8 59.4 ± 1.0
Quercetin-rhamnoside 0.7 ± 0.1 8.2 ± 1.2 5.6 ± 0.6 15.6 ± 1.2 1.3 ± 0.2
Rutin 1.6 ± 0.3 4.6 ± 1.0
Kaempferol 150.5 ± 7.7
Kaempferol-hexoside 1009.0 ± 36.6 51.4 ± 3.5 25.6 ± 2.4
Kaempferol-glucoronide 90.1 ± 16.8
Kaempferol-rutinoside 40.2 ± 5.0 6.1 ± 0.6 134.7 ± 5.4
Myricetin 1.9 ± 0.2
Myricetin-hexoside 110.0 ± 17.2 1.6 ± 0.2
Myricetin arabinoside 6.9 ± 0.6

Lignans
Lariciresinol 920.9 ± 38.8 83.3 ± 4.5
Secoisolariciresinol 116.1 ± 4.3 5.83 ± 0.2

Scopoletin 284.8 ± 5.1 4.0 ± 0.6
Phlorizin 9.1 ± 0.5 1.2 ± 0.2 2.3 ± 0.2
Total polyphenols 1494.0 ± 60.7 9195.3 ± 334.8 1276.4 ± 41.1 1292.3 ± 21.9 268.7 ± 14 1935.2 ± 88.3

Measurements done in triplicate.

Table 3 – ABA and metabolites content of the sweeteners (ng/mL).

ABA DPA PA 7-OH-ABA ABA-GE Trans-ABA Neo-PA

Maple 157 ± 3 1044 ± 18 1809 ± 39 7 ± 0.2 1 ± 0.4 10 ± 0.9 3 ± 0.8
Molasses 239 ± 10 242 ± 12 30 ± 6 5 ± 2.5 2 ± 2 27 ± 4.5 3 ± 1
Brown rice 35 ± 1 266 ± 10 18 ± 1 8 ± 0.2 1 ± 0.4 44 ± 1.1 1 ± 0.4
Agave 3 ± 0.5 38 ± 1 0 ± 0 7 ± 0.1 3 ± 0.7 2 ± 1.3 1 ± 0.8
Corn 2 ± 0.4 5 ± 0.1 1 ± 0.5 7 ± 0.1 1 ± 0.4 1 ± 0.2 1 ± 0.4
Honey 485 ± 3.9 260 ± 1 818 ± 10 8 ± 0.3 3 ± 1 329 ± 3.3 7 ± 0.2

Measurements done in triplicate ± S.E. mean.
ABA, abscisic acid; DPA, dihydrophaseic acid; PA, phaseic acid; 7-OH-ABA, 7-hydroxy-abscisic acid; ABA-GE, abscisic acid glucose ester; trans-
ABA, trans abscisic acid; Neo-PA, neo-phaseic acid.
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the glycaemic response induced by maple syrup. On the other
hand, when specifically compared to the dextrose solution, only
honey had a statistically lower glycaemic response.

3.3. Insulin and C-peptide responses to the sweeteners

As for the glycaemic responses, the most significant changes
induced by the different sweeteners in the insulin response

occurred 15 min post-gavage (Fig. 2). As compared to maple
syrup, the acute insulinaemic response was significantly higher
with corn syrup, brown rice syrup, honey and the dextrose so-
lution (Fig. 2A, C). The increased insulinaemic responses
remained significantly higher at 30 min following the con-
sumption of corn syrup and brown rice syrup compared to
maple syrup, and these differences were linked to greater
insulin release rather than changes in insulin clearance as re-
vealed by similar differences in the C-peptide secretion profiles
(Fig. 2B). The insulinaemic effects of agave syrup and molas-
ses were similar to that of maple syrup, while honey caused
higher peak (15 min) insulin secretion despite similar glucose
excursions to maple syrup (Fig. 2C). Honey-induced insulin se-
cretion was confirmed by C-peptide release (Fig. 2D). The AUC
of plasma insulin and C-peptide responses further confirmed
that gavage with corn syrup, brown rice syrup, and dextrose
are associated with a higher global insulin response as com-
pared to maple syrup, while the higher peak insulin and
C-peptide release resulted in an enhanced global responses to
honey. The latter was also indicated by the lack of significant
differences between honey and dextrose AUC values. In con-
trast, the general insulinaemic effects of agave syrup and
molasses were similar to that of maple syrup (Fig. 2E, F).

3.4. Other pancreatic responses to the sweeteners

Two other pancreatic hormones, amylin and glucagon, were
measured at baseline (hatched line) as well 15 and 30 min after
the sweeteners’ ingestion (Fig. 3). As expected, since amylin
is normally secreted in a 1:100 proportion to insulin, its plasma
levels acutely increased more after the consumption of corn
syrup, brown rice syrup and the dextrose solution when com-
pared to maple syrup (Fig. 3A). These effects were no longer
observed 30 min post-injection. While the small amylin re-
sponses induced by molasses, agave syrup, and maple syrup
were similar and significantly lower than the reference dex-
trose solution, this was not the case for honey.

As glucagon’s main function is to maintain glycaemia during
fasting, a fall in its circulating levels was expected in re-
sponse to the ingestion of the sweeteners and this response
was similar for all the sweeteners (Fig. 3B).

Fig. 1 – Glycaemic responses following the ingestion of the
different sweeteners. Time courses of the glycaemic levels
for (A) the sweeteners that had a glycaemic response
higher than maple syrup (brown rice syrup, corn syrup and
the dextrose solution) and (B) the sweeteners that had a
glycaemic response similar or lower than maple syrup
(molasses, agave syrup and honey). Significant difference
(P < 0.05) from maple syrup is indicated by a capital letter
about the appropriate time point for corn syrup (C), brown
rice syrup (BR), dextrose (D) and agave syrup (A). (C) Area
under the curve of the glycaemic responses presented in
figure A and B. Data are means ± SEM for n = 9–10 rats in
each group. * indicates a significant difference (P < 0.05)
from maple syrup. + indicates a significant difference
(P < 0.05) from dextrose.
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Fig. 2 – Insulin and C-peptide responses following the bolus administration of the different sweeteners. Time course of (A)
insulin and (B) C-peptide levels for the sweeteners that had a glycaemic response higher than that of maple syrup (brown
rice syrup, corn syrup and the dextrose solution). Time course of (C) insulin and (D) C-peptide levels for the sweeteners that
had a glycaemic response similar or lower than that of maple syrup (molasses, agave syrup and honey). Significant
difference (P < 0.05) from maple syrup is indicated by a capital letter about the appropriate time point for corn syrup (C),
brown rice syrup (BR), dextrose (D) and honey (H). (E) Area under the curve of the insulinaemic responses presented in
figure A and C. (F) Area under the curve of the C-peptide responses presented in figure B and D. Data are means ± SEM for
n = 9–10 rats in each group. * indicates a significant difference (P < 0.05) from maple syrup. + indicates a significant difference
(P < 0.05) from dextrose.
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3.5. Incretin and food intake-related hormonal responses
to the sweeteners

We next measured the effects of the sweeteners on the release
of two incretins known to be involved in insulin release and
glucose homeostasis, namely GIP and GLP-1. As anticipated,
the sweeteners caused an increase in GIP that was observed

both 15 and 30 min post-injection (Fig. 3C). The GIP responses
following brown rice syrup, corn syrup and dextrose were sig-
nificantly greater than the response induced by maple syrup.
While no significant difference was observed between the GIP
responses induced by molasses and agave syrup as com-
pared to maple syrup, which were all lower than that of the
dextrose solution, this was not the case for honey, which pro-

Fig. 3 – Pancreatic and gastrointestinal hormonal responses following the ingestion of the different sweeteners. (A) GIP, (B)
GLP-1, (C) amylin, (D) glucagon, (E) ghrelin and (F) leptin levels at 15 and 30 min after the administration of the sweeteners.
Plasma at time 0 from the dextrose group was used as basal value (dash line). Data are means ± SEM for n = 6–8 rats in each
group. * indicates a significant difference (P < 0.05) from maple syrup. + indicates a significant difference (P < 0.05) from
dextrose.
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duced a similar incretin response to that of dextrose at 15 min
but not at 30 min. Under the conditions of our study, no sig-
nificant GLP-1 responses were observed (Fig. 3D).

Two peptidic hormones, ghrelin and leptin, which are known
to influence food intake, were also assessed (Fig. 3E, F). As ex-
pected, compared to basal levels (hatched line), a decrease in
the circulating levels of ghrelin was observed after the inges-
tion of all the sweeteners (Fig. 3E). Compared to maple syrup,
no significant difference in circulating ghrelin levels was ob-
served at any time points tested. Nevertheless, it is still
noteworthy that the ingestion of agave syrup tended to induce
a smaller decrease in the ghrelin response than maple syrup,
although statistical significance was not reach. No significant
effects of the sweeteners were noted on leptin levels (Fig. 3F).

4. Discussion

While the detrimental health effects of refined and trans-
formed sugars have been the subject of many investigations,
only few studies have looked at the potential beneficial impact
of natural sweeteners. Maple syrup is a natural source of car-
bohydrates that contains high amounts of unique polyphenols
(Li & Seeram, 2010, 2011b; Zhang et al., 2014), but its meta-
bolic impact remains poorly studied. In this report, we
undertook to systematically compare the chemical composi-
tion of maple syrup with that of other natural sweeteners such
as corn syrup, brown rice syrup, agave syrup, molasses and
honey, and assess the metabolic responses to a single intake
of these sugar sources in healthy rats. In addition to carbo-
hydrate and polyphenol analyses, the natural sweeteners were
also characterised for their content in ABA and its deriva-
tives, since this phytohormone has recently been proposed to
exert metabolic effects in mammalian cells (Bruzzone et al.,
2012; Guri et al., 2008).

The present metabolic studies showed that a single oral ad-
ministration of maple syrup in rats produced significantly lower
peak and global responses of glycaemia and insulinaemia as
compared to brown rice syrup, corn syrup and a reference so-
lution of pure dextrose. The metabolic effects of agave syrup
and molasses were similar to that of maple syrup, while honey
caused higher peak insulin secretion despite similar glucose
excursions to maple syrup, as confirmed by C-peptide release.
Lower glycaemic and insulinaemic responses are advanta-
geous from a metabolic point of view. Indeed, in the pre-
diabetic stage, characterised by glucose intolerance and insulin
resistance, a higher rise in glycaemia will result in a greater
demand for insulin secretion, thus, contributing to the phe-
nomenon known as pancreatic exhaustion, ultimately leading
to the irreversible stage of the disease (Willett, Manson, & Liu,
2002). Accordingly, sweeteners causing the highest glycaemic
rise (corn syrup, brown rice syrup and pure dextrose) are also
those causing a greater insulin secretion, and one could predict
that long-term intake of such sugars may increase the risk to
develop type 2 diabetes. It is also noteworthy that despite similar
glycaemic responses induced by honey and maple syrup in-
gestion, the peak insulin secretion was, however, significantly
higher in the case of honey.This implies a higher need for pan-
creatic β-cell function to cope with the rise in glycaemia
following honey consumption.

The different metabolic responses induced by the sweet-
eners are at least partly linked to their varying composition
in carbohydrates. Indeed, fructose is known for its low glycaemic
index (Mayes, 1993). Thus, the low glycaemic response induced
by agave syrup can be explained by its high fructose content
(87%). Although at first glance, this characteristic of agave syrup
may seem advantageous, an exaggerated consumption of fruc-
tose over a long period has been reported to be deleterious.
Indeed, fructose differs from other sugars in that it is directly
metabolised in the liver. This sugar therefore accumulates in
the form of hepatic triglycerides leading to metabolic dysfunc-
tion (Tran, Yuen, & McNeill, 2009). Furthermore, several studies
have shown that long-term consumption of a fructose-rich diet
was associated with glucose intolerance and impaired blood
pressure (Havel, 2005).

The different impacts of natural sweeteners on glucose and
insulin responses may also be linked to their content in other
bioactive molecules. Chemical analysis of the sweeteners re-
vealed that molasses contain the highest concentration of
polyphenols. It is rich in some flavonols, a class of com-
pounds that has been shown to improve glucose uptake in
adipocyte (Fang, Gao, & Zhu, 2008) and to ameliorate meta-
bolic syndrome in rats (Rivera, Moron, Sanchez, Zarzuelo, &
Galisteo, 2008) and humans (Kar, Laight, Rooprai, Shaw, &
Cummings, 2009). It also contains high amounts of phenolics
acids which have also been associated with improved glucose
uptake in peripheric organs and improved insulin secretion
(Hanhineva et al., 2010).

On the other hand, while maple syrup also contains sig-
nificant levels of some phenolics acids, it is particularly rich
in certain lignans such as lariciresinol and secoisolariciresinol.
These polyphelic compounds are also found in the bark of
Larix sp., which is traditionally used by Cree natives to reduce
type 2 diabetes symptoms (Shang et al., 2012). Furthermore,
dietary lignans have been linked to reduced risk of type 2 dia-
betes in two prospective cohort investigations (Sun et al., 2014)
and in randomised double-blind, cross-over trials (Pan et al.,
2007). More studies are needed to assess whether lignans can
directly impact on glucose metabolism in key target tissues
and cells.

Unlike maple syrup and molasses, we found that lignans
are not detectable in agave syrup. However, this sugar source
contains significant levels of some flavonols and high levels
of the phenolic acid caffeoyl hexoside. Whether its content in
caffeoyl hexoside may explain the effects of agave syrup on
glucose and insulin responses remains to be determined.

Polyphenols may also confer protection against the con-
sumption of simple sugars. Indeed, polyphenols can alleviate
the negative effects of fructose on metabolic syndrome factors
and cardiovascular risk (Andriantsitohaina et al., 2012; Bansode,
Randolph, Hurley, & Ahmedna, 2012; Chuang & McIntosh, 2011).
Polyphenols may also improve glucose homeostasis by the in-
hibition of digestive α-glucosidases (Wan et al., 2012) and by
the blockade of the intestinal glucose transporters SGLT1 and
GLUT2, this preventing glucose absorption (Kobayashi et al.,
2000; Manzano & Williamson, 2010; Shimizu, Kobayashi, Suzuki,
Satsu, & Miyamoto, 2000; Welsch, Lachance, & Wasserman,
1989).The combined action of fibres and polyphenols likely con-
tribute to limit fructose absorption following the intake of fruits
and reduce the glycaemic response.
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An interesting distinctive feature of maple syrup is that it
contains high quantity of ABA and PA, which have been sug-
gested to prevent metabolic syndrome in animal models.
Indeed, recent studies have shown that ABA administration to
obese mice could prevent various features of the metabolic syn-
drome (Guri et al., 2007, 2008, 2010). Another group has shown
that ABA could directly act on muscle and adipose cells to
stimulate the translocation of glucose transporters to the cell
surface, therefore increasing glucose uptake in these cells
(Bruzzone et al., 2012). Although the actions of the major ABA
derivative phaseic acid (PA) on mammalian cells remain un-
explored, this molecule has been reported to be hormonally
active in the plant (Sharkey & Raschke, 1980). We thus specu-
late that the high concentrations of these bioactive molecules
found in maple syrup could directly stimulate glucose uptake
by the peripheral tissues, therefore contributing to the glucose
lowering effects.

Our data also show that the different sweeteners have dis-
tinct effects on the secretion of pancreatic and gastrointestinal
hormones. We found that amylin secretion following the in-
gestion of maple syrup, agave syrup and molasses was
significantly lower than that induced by corn syrup, brown rice
syrup and dextrose. Because amylin is released simultane-
ously with insulin in a ratio 1:100 (Kahn et al., 1990), it was
expected that the profile of this response would be similar to
that of insulin as observed herein. Although amylin is
recognised to slow gastric emptying, and therefore causing ben-
eficial effect on satiety (Lutz, 2012), studies suggest that amylin
may have a toxic effect on the pancreatic β-cells
(Aston-Mourney et al., 2011; Lorenzo, Razzaboni, Weir, &
Yankner, 1994). Indeed, amylin is prone to undergo spontane-
ous post-translational modifications, which lead to the
accumulation of amyloid plaques in the pancreatic islets,
leading to β-cells dysfunction (Lorenzo et al., 1994). In addi-
tion, it has been reported that amylin causes insulin resistance
in skeletal muscle (Kreutter et al., 1993). Thus, it is conceiv-
able that chronic intake of sweeteners that are associated with
lower amylin responses, such as maple syrup, agave syrup and
molasses, may help maintain pancreatic function and ad-
equate insulin sensitivity in the skeletal muscle.

Sweeteners that trigger higher insulin responses (corn syrup,
brown rice syrup and dextrose) were also those inducing higher
GIP production. The GIP responses to maple syrup, agave syrup
and molasses were lower, while that of honey remained higher
at 15 min, especially when comparing the effect of the sweet-
eners to the dextrose solution. While GIP may help prevent
apoptosis of the pancreatic β-cells (Lavine & Attie, 2010), other
studies have, in fact, showed the deleterious effects of this
incretin on the development of obesity and insulin resis-
tance (Miyawaki et al., 2002), and in humans, high levels of GIP
are associated with fasting and postprandial hyperinsulinaemia,
a well-known consequence of insulin resistance (Theodorakis,
Carlson, Muller, & Egan, 2004). Moreover, it has been sug-
gested that the very rapid and significant improvements in
obesity and insulin resistance observed in patients who un-
derwent Roux-en-Y gastric bypass may be the result of a lower
secretion of GIP (Korner, Bessler, Inabnet, Taveras, & Holst, 2007).
Accordingly, there is some in vitro evidence to suggest that GIP
may contribute to the development of insulin resistance by in-
creasing the production of pro-inflammatory factors (Nie, Ma,

Chan, Xu, & Xu, 2012; Omar et al., 2012). Therefore, the low GIP
induction observed following the ingestion of maple syrup and
other sweeteners as compared even to pure dextrose sug-
gests that they might be a healthy alternative to refined sugar
for chronic consumption.

In conclusion, both the composition of maple syrup and the
metabolic responses to its ingestion in rats indicate that maple
syrup should be further considered as a safe alternative to
refined sugar as a sweetener. Indeed, maple syrup contains high
levels of both ABA-related molecules and high levels of poly-
phenolic lignans, suggesting it represents a unique natural
source of sugar and other bioactive molecules in the diet. Our
in vivo studies further show that maple syrup produces lower
glucose and insulin responses as compared to corn syrup, brown
rice syrup and dextrose.While molasses, honey and agave syrup
produced similar glucose responses to maple syrup, we found
that honey ingestion caused a higher peak insulin response,
and greater release of both amylin and GIP, which may not be
desirable effects if ingested during long periods, given the po-
tential impact on both β-cell function and peripheral insulin
resistance. Taken together, our data strongly suggest that in-
tegration of maple syrup in the diet, as replacement for refined
sugars should be considered, at least based on the present acute
study. Further experiments will be needed to assess the long-
term effects of maple syrup and other natural sweeteners on
obesity, insulin resistance and type 2 diabetes, first in rel-
evant animal models, and eventually in human studies.
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