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a b s t r a c t

Background: There is currently great interest in reducing the sugar content of foods to control dietary
intake and curb obesity rates. Despite a lack of consensus from the scientific literature about the adverse
effects of sugars on health, many health professionals and new dietary guidelines place pressure on
industry to seek alternative sweetening solutions.
Scope and approach: We discuss the nutritional characteristics and health implications of nutritive and
non-nutritive sweeteners. The role of traditional sweeteners, which are often overlooked in the debate
about sugars and health, is emphasised.
Key findings and conclusions: Trends in future sweetener use will likely be influenced by increasing
obesity prevalence and consumer demand; however, it is not yet clear which sweetener provides the
best solution for this purpose. Given the main concern about sugars is their disproportionate contri-
bution to dietary energy intake, non-nutritive sweeteners (e.g., aspartame, stevia), which provide intense
sweetness but minimal caloric value, are increasing in popularity. However, their assumed role in
facilitating body weight management is far from established, and many questions remain about their
long term effects on energy metabolism and safety. Traditional sweeteners (e.g., maple syrup, honey,
carob, and agave) have been safely consumed for generations, and although they contribute to energy
intake, these sweeteners tend to have lower glycaemic potency than refined sugars. Moreover, traditional
sweeteners contain a plethora of nutrients and bioactive compounds (e.g., polyphenolics) that may be of
potential benefit to health.

© 2016 Elsevier Ltd. All rights reserved.
The sweet-tasting mono- and di-saccharides, including glucose,
fructose and sucrose, are ubiquitous and naturally present in fruit
and vegetables. These sugars have long been part of the human diet,
although the amount and source of sugars that are consumed has
changed, reflecting sweetener availability and affordability. In pre-
colonial times, sweet flavourings were obtained from natural, less-
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refined and often local sources. Honey is probably the world's
oldest sweetener, and was used by the Ancient Egyptians around
2100 BCE (Erejuwa, Sulaiman, & Ab Wahab, 2012a). In the 17th
century, maple syrup, obtained by boiling the sap of maple trees
(Acer saccharum Marsh.), was the predominant sweetener used in
the Americas, whereas in the Mediterranean area, carob (Ceratonia
siliqua L.) was used for this purpose. In the 18th century, techno-
logical advances meant that sucrose extracted from cane (Saccha-
rum officinarum L.) and beets (Beta vulgaris L.) became more
available and affordable, and soon sucrose or ‘table sugar’ became
the primary sweetener. Since the 19th century, global sugar pro-
duction has increased enormously (Fig.1), and by the 1950s, refined
sugars were used in a wide range of foods worldwide. During this
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Fig. 1. Trends in sweetener availability and obesity over time. This represents trends
in the US. For UK data, refer to (Johnson et al., 2007). HFCS; High-fructose corn syrup.
Reproduced with permission from (White, 2013).
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time, the availability of processed foods (e.g., pre-prepared prod-
ucts, typically made from substances that have been extracted or
refined from whole/raw materials) increased, lifestyles became
more sedentary, and the prevalence of obesity began to rise,
particularly in more economically developed countries.

Today it is estimated that over 39% and 13% of the global adult
population is overweight and obese, respectively, and most people
live in countries where being obese and overweight is a greater
cause of death than being underweight (WHOMedia Centre., 2015).
Fundamentally, obesity develops when the energy intake of an
individual exceeds their energy output or expenditure; i.e., the
subject is in a state of positive energy balance. All energy-yielding
food components can potentially contribute to a positive energy
balance, but many believe sugars are the major culprit (Bray, 2010;
MacGregor & Hashem, 2014).

Glucose is required by the body as one of the primary sources of
fuel for cellular metabolism. However, recent data has shown that
sugar intakes are in excess of recommendations (NDNS., 2014). On
average, across the entire UK population, free sugars2 in foods and
drinks, which according to the World Health Organisation (WHO)
should account for less than 10% of total food energy intake, are
contributing 13% (NDNS., 2014). Children and young people (aged
4e18) in particular have an especially high intake of sugars, and on
average, added sugars3 in foods and drinks account for ~15% of
food energy intakes in this age group. Furthermore, there are some
young people, particularly males, who consume as much as 189 g
free sugars/day, accounting for ~32% of their energy intake (NDNS.,
2014). This is over three times as much as the recommended intake,
and potentially puts this group at an increased risk of developing
obesity and the associated metabolic diseases, especially if a higher
energy intake is combined with a sedentary life style. Frequent
intake of sugars can also be detrimental to dental health, because
bacteria in the mouth ferment sugars and produce acid, which is
damaging to the tooth enamel. These data have led to heightened
concerns about the potential negative impact of the consumption of
2 Free sugars are defined as all monosaccharides (e.g., glucose and fructose), and
disaccharides (e.g., sucrose, maltose) that are added to foods and beverages by the
manufacturer, cook or consumer, and sugars that are naturally present in honey,
syrups, fruit juices and fruit juice concentrates, but not those present in dairy
products (e.g., lactose).

3 Added sugars are defined as sucrose, fructose, glucose, starch hydrolysates and
other isolated sugar preparations used as such or added during food preparation
and manufacturing.
added sugars on public health and, as a result, government and
health agencies across the world have called for further research on
the link between sugars and health.

1. New dietary guidelines & implications for the food
industry

Recent evaluations commissioned by the WHO have concluded
that limiting the amount of sugar added to foods and decreasing the
intake of sugar sweetened beverages (which are a major source of
added sugars) would be beneficial in promoting public health,
particularly with regard to reducing the risk of dental caries, type 2
diabetes and cardiovascular disease (WHO., 2015). Consequently,
the WHO released a new guideline in March 2015 which recom-
mends that “adults and children reduce their daily intake of free
sugars to less than 10% of their total energy intake. A further reduction
to below 5% or roughly 25 g (6 teaspoons) per day would provide
additional health benefits” (WHO., 2015). Overall, there seems to be
a consensus among government agencies and regulatory bodies
that sugars should be targeted as a potential means of reducing
energy intakes and thereby curbing obesity rates. It is noteworthy,
however, that no such consensus has been reached across the sci-
entific literature, and the extent to which sugars as an isolated
nutrient group are responsible for the increased prevalence of
obesity continues to be disputed (Kahn & Sievenpiper, 2014).

Whether one agrees with the new guidelines or not, the recent
publicity surrounding the sugar and health controversy draws
attention to the use of sugars and other sweeteners in food prod-
ucts. Sugars are of course naturally present within many food
products (e.g., fruits, vegetables, dairy products) and can be derived
from the hydrolysis of the starch present in cereals, pulses and
potatoes. However, sugars and other sweeteners are also added to
food and beverages during processing and preparation. Although
there is no chemical difference between the sugars that are natu-
rally present within the food and the added sugars, there are
concerns that products containing added sugars provide minimal
nutritional value and are therefore making a disproportionate
contribution to total energy intake (MacGregor & Hashem, 2014).
Indeed, the main sources of sugars consumed in the UK population
are soft drinks and fruit juices, which together contribute on
average ~30% of sugars intake for those aged 4e64 years (NDNS.,
2014). The amount of sugars that is added to products during
food processing has therefore come under particular scrutiny
(MacGregor & Hashem, 2014); hence, the food industry is now
under pressure to reduce the sugar content of their processed
products.

In this viewpoint article, we will consider nutritionally-relevant
properties of various sweeteners, ranging from the latest low cal-
orie sweeteners to the more traditional sweet-tasting products.

2. Terminology

An overview of some common sweet-tasting compounds and
their properties is provided in Table 1. For the purpose of this
article, sweeteners providing energy will be described as ‘nutritive
sweeteners’ (NS), whereas those that provide no/negligible
amounts of energy will be described as ‘non-nutritive sweeteners’
(NNS). Nutritive sweeteners are further sub-categorised into sugars
(i.e., sweet-tasting mono- and di-saccharides) and bulk sweeteners
(e.g., polyols). The term ‘traditional sweeteners’ will be used to
describe naturally sweet products derived from plant and animal-
sources (e.g., maple syrup and honey).

Most of the NNS are produced by chemical synthesis, and are
therefore described as ‘artificial’, although some NNS (e.g., stevia)
are extracted from natural sources. New and emerging sweeteners



Table 1
Overview of common nutritive and non-nutritive sweet-tasting compounds and
their relative sweetness, glycaemic index and caloric value.1

Sweetener Relative
sweetness

Glycaemic
index

Energy
(kcal/g)

Nutritive sweeteners
Sugars (NS)
Monosaccharides
Glucose 50b 100b 4b

Fructose 150e180b 19e23b 4b

Galactose 26c 23c 4b

Disaccharides
Maltose 40b 105b 4b

Sucrose 100b 61e65b 4b

Lactose 20e40b 46b 4b

Bulk sweeteners (NS)
Erythritol 60e80a 0b 0.2b

Isomalt 45e65b 2b 2.0b

Lactitol 35e40b 6b 2.4b

Maltitol 50e90b 35e52b 3.0b

Mannitol 50e72b 0b 1.6b

Sorbitol 50e100a 9b 2.6b

Xylitol 100b 7e13b 3.0b

Tagatose 92b 0b 1.5b

Non-nutritive sweeteners
Acesulfame-K 20,000a 0 0
Aspartame 18,000e20,000a 0 4
Cyclamate 3000a 0 0
Neohesperidin DC 190,000a 0 0
Saccharin 30,000e50,000a 0 0
Sucralose 60,000a 0 0
Thaumatin 200,000e300,000a 0 0
Steviol glycosides 1000e1500b 0 0

1Sweetness is expressed relative to sucrose, which has a relative sweetness index of
100.
Data from a Mortensen, 2006, b Chattopadhyay, Raychaudhuri,& Chakraborty, 2014,
c Coultate, 2016.
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that have chemical structures (e.g., proteins or modified sugars)
that differ from the compounds that are typically used within these
sweetener categories have been described elsewhere (O'Brien-
Nabors, 2011) and will not be covered in this review.
3. Non-nutritive sweeteners

Over the past century, scientists have worked on the develop-
ment of NNS, and in the past two decades, growing concerns about
increased incidence of type 2 diabetes and obesity have led to an
increase in their availability and use (Ng, Slining, & Popkin, 2012).
Most NNS are chemically synthesised (‘artificial’) and are potent
sweeteners, which makes them a cost-effective option because
only small quantities are required to satisfy the demand for a sweet
taste (Gwak, Chung, Kim, & Lim, 2012; Levin, Zehner, Saunders, &
Beadle, 1995). Unlike NS, which provide energy from the meta-
bolism of carbohydrate, NNS provide virtually no metabolisable
energy when used as a sugar substitute (Table 1). The high-
intensity sweeteners that are currently approved for use in the
EU are aspartame (E951), saccharin (E954) acesulfame-K (E950),
cyclamate (E952), neohesperidin DC (E959), sucralose (E955),
thaumatin (E957) and also the recently approved steviol glycosides
(E960) a natural extract from Stevia rebaudiana Bertoni (Yang,
2010).

In view of the major public health challenges of today, it is un-
derstandable that NNS, which provide an intensely sweet flavour,
but with fewer calories, have a certain appeal. There is limited data
available on the use of these NNS on a population level, but one
study estimated that in 2003e2004, 15% of the US population
consumed food or beverages containing NNS, compared with only
3% in 1965 (Mattes & Popkin, 2009). The increase in NNS intake
over this time reflects the increased availability of ‘diet’ products,
which is, in turn, fuelled by the growing prevalence of obesity and
diabetes (Gardner et al., 2012). Paradoxically, there is very little
evidence to show that NNS use has either beneficial or negative
effects on obesity, despite both forward and reverse causalities
being proposed (Mattes & Popkin, 2009). Furthermore, although
consumers report choosing NNS as ameans of reducing total calorie
intake, sugar consumption data suggests that NNS are not being
used to replace added sugars, but rather they supplement them
(Gardner et al., 2012). These are important considerations which
may hinder the expected role of NNS in supporting weight loss.

One limitation of NNS is that they do not activate the same
physiological responses that NS would normally achieve. It has
been suggested that NNS trigger an ambiguous psychobiological
signal that leads to increased appetite and therefore energy intake
(Ferreira, Generoso,& Teixeira, 2014; Gardner et al., 2012; Mattes&
Popkin, 2009). This effect is less problematic when NNS are
consumed as part of an energy-yielding food, because the other
food components provide sensory stimuli that signal appropriate
metabolic and satiety responses (Mattes & Popkin, 2009). Consid-
ering, however, that NNS are widely used to improve the palat-
ability of non-energy yielding diet-products, the lack of satiation
from these products may be counter-productive in supporting
weight loss (Mattes & Popkin, 2009; Mortensen, 2006). There is
also some concern that habituation to the high sweetness of NNS
may perpetuate a preference for sweet food and drink, and may
therefore encourage sugar dependency (Mattes & Popkin, 2009;
Yang, 2010). There is insufficient evidence, however, to determine
whether or not the use of NNS and diet products translate into
increased total energy intake, and the effect (if any) on body mass
index has yet to be determined.

Aside from the questionable efficacy of NNS in aiding weight
loss and preventing diabetes, the extent to which NNS can be
successfully used as a sugar substitute is finite. There are limitations
on the amount of NNS that can be used in food without negatively
impacting on product quality. For instance, NNS can be unstable
under certain processing conditions and have undesirable sensory
properties, which make them unsuitable for various product ap-
plications. There are also restrictions on the amount of NNS that can
be safely consumed (i.e., acceptable daily intake limits are typically
no more than 0.3e3 g NNS/d for a 75 kg adult, depending on the
NNS). Although the approved sweeteners have been subjected to
stringent assessments by regulatory panels, there are still concerns
among consumers with regard to the safety and long-term effects
of these sweeteners (Gardner et al., 2012). Most of the NNS are
artificial (i.e., chemically synthesised) compounds and therefore
unnatural introductions (i.e., termed ‘xenobiotics’) to the human
diet. Because NNS are not digested in the small intestine and enter
the large intestine, concerns have been raised about their impact on
the human gut microbiota. A recent study reported that NNS con-
sumption in mice and humans increased the risk of glucose intol-
erance through modulation of both the functionality and
composition of the gut microbiota (Suez et al., 2014). It has been
proposed that such effects may underpin suggested links between
sweeteners and increased diabetes risk; however, this is a new
emerging concern and further research is required. NNS can also be
unacceptable to certain consumer groups; for example, those
suffering from phenylketonuria (a rare metabolic disorder) must
avoid aspartame.

Overall, despite the initial appeal of low-calorie sweeteners, the
vast majority of consumers do not use NNS, and NS are still by far
the main source of sweet flavour in the diet. Although increasing
the availability of manufactured products containing NNS may lead
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to an increase in their use, it seems likely that NSwill continue to be
the main source of sweetness for years to come.
4. Nutritive sweeteners

Glucose, fructose, and galactose are the main sweet tasting
monosaccharides that occur in food and beverages. These sugars
can be chemically combined to form naturally occurring di-
saccharides, e.g., sucrose (fructose þ glucose), lactose
(glucose þ galactose) and maltose (glucose þ glucose), and are also
the building blocks of a wide range of oligo- and poly-saccharides
(e.g., starch, maltodextrins and fructans). Glucose and fructose are
also the main components of high fructose corn syrup (HFCS, made
up of fructose and glucose) and table sugar (sucrose), which are the
most common sweeteners used today. NS are typically hydrolysed
into individual monosaccharides in the small intestine, and sub-
sequently absorbed and metabolised to yield dietary energy
(Table 1). For labelling purposes, most sugars are considered to
provide 4 kcal/g. However, subtle variations in chemical structure
between different sugar compounds influence the way in which
they are digested, absorbed and metabolised. These variations are
evident in the glycaemic index (GI) of individual sweet-tasting
mono- and di-saccharides (Table 1) (Foster-Powell, Holt, & Brand-
Miller, 2002). The main health concerns surrounding sugars and
sugar-rich products are their cariogenic properties, and that their
excessive intake, from sources that provide little other nutritional
value, may be contributing to a positive energy balance. It is
important to note that for individuals affected by hereditary fruc-
tose intolerance (i.e., a rare metabolic disorder resulting from
deficiency of hepatic fructose-1-phosphate aldolase activity), the
consumption of fructose and sucrose has severe detrimental effects
on health and must be completely avoided (Oppelt, Sennott, &
Tolan, 2015).

Polyols (i.e., sugar alcohols) are saccharide derivatives which
occur naturally in fruit, vegetables and some fermented foods, and
can be chemically manufactured by hydrogenation of mono- or di-
saccharides. Compared with sugars, polyols (e.g., xylitol, maltitol,
sorbitol) are poorly absorbed and therefore provide fewer calories
and lower glycaemic responses (Table 1) (Gwak et al., 2012). These
characteristics make them popular for use as sweeteners in diabetic
and low-calorie food and drink products. Furthermore, most pol-
yols are not readily fermented by oral bacteria and are therefore
non-cariogenic, which make them particularly well-suited for use
Fig. 2. Sugar composition (A) and glycaemic response (B) of common sweeteners. Sugar
the total sugar contents of various sweeteners (data retrieved using Nutritics© software 201
mean values with error bars showing standard error of the mean from human studies as r
in chewing gum (i.e., xylitol and sorbitol are commonly used).
Polyols are often used in combination with NNS, but in contrast to
NNS, polyols have a relatively lower sweetness index, which en-
ables them to be used in larger quantities (i.e., as a bulk sweetener).
The amount of polyols that should be consumed is limited, how-
ever, because their poor gastrointestinal tolerance causes laxation
when consumed at higher doses (i.e., doses >20e60 g/meal,
although tolerance varies) (Mortensen, 2006). Moreover, for those
with hereditary fructose intolerance, food products containing
sorbitol (which is metabolised to fructose in the body) are not
tolerated.
5. Traditional sweeteners

Traditional sweeteners are obtained from bees (e.g., honey),
plant and tree sap (e.g., maple syrup, agave nectar), fruits
(e.g., carob syrup), seeds, roots (e.g. Yak�on syrup) and leaves (e.g.,
stevia). These products have traditionally been used as primary
sweeteners in many countries, and offer consumers familiar and
natural sources of sweetness. In contrast to refined sweeteners,
which are typically extracted from plant sources, most traditional
sweeteners are consumed within their natural matrix with mini-
mal pre-processing. The exact composition and sensory properties
of natural products will depend on botanical origin, environmental
growth conditions and processing factors. For example, there are
many different types of honey products with distinct flavours
reflecting the flowering plants in the vicinity of the bee hives
(Bogdanov, Jurendic, Sieber, & Gallmann, 2008). These sensory
properties originate from aromatic compounds that are naturally
present within the product (e.g., vanillin and furfural), and/or
compounds that develop during processing (e.g., Maillard products
generated during heat treatment) (Li & Seeram, 2010). For some
applications, inconsistent product characteristics present a chal-
lenge, but for some other purposes, these natural variations may
provide appealing culinary opportunities and awelcome versatility.

Traditional sweeteners are classed as NS, as they contain a high
proportion of sugars. Sucrose, fructose and glucose together
constitute at least 50% of plant-derived syrups and honey (Fig. 2),
although small amounts of polyols may also be present and
contribute to sweetness overall. One difference between refined
sugars (i.e., table sugar) and traditional sweeteners is that the latter
are often supplied in a liquid form. The relatively high moisture
content of liquid sweeteners (~17e35%) means that their energy
composition data represents the typical contribution of glucose, fructose and sucrose to
4, available online: https://www.nutritics.com/p/home). Glycaemic index (GI) data are
eported in the University of Sydney GI database (University of Sydney, 2015).

https://www.nutritics.com/p/home
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density (typically 250e310 kcal per 100 g wet weight) is lower
compared with lower moisture (<1%) solid sweeteners, which
typically contain 380e390 kcal per 100 g wet weight (see Table 2).
Consequently, substituting sucrose (i.e. table sugar) with an equal
weight of liquid sweetener could, in theory, provide a means of
lowering energy intake. The effectiveness of this in practice how-
ever is uncertain since it will depend on how consumers use
various sugar substitutes (e.g., with regard to the amounts added,
and frequency of use).

Traditional sweeteners contain additional nutritive compounds
that are excluded from refined NS (e.g., table sugar, HFCS) or pure
NNS. The exact nutrient composition of natural products is known
to vary, but typically traditional sweeteners contain proteins
(<1.4%), lipids (<0.5%), dietary fibre (<3%), and phytochemicals
such as polyphenols (Table 2) (Ozcan, Arslan, & Gokcalik, 2007).
Small amounts of minerals (<2%; mostly potassium, calcium,
magnesium, manganese and phosphorous), and vitamins (<0.02%;
i.e., including vitamins A, B1, B2, B3, B6, B12, C, E, K) may also be
present, but the contribution of natural sweeteners to meeting
daily vitamin/mineral requirements would be regarded as negli-
gible when consumed in limited amounts as part of a healthy diet.

5.1. Glycaemic potency

Some of the traditional sweeteners, such as honey, agave and
carob, have a lower glycaemic potency (Deibert, K€onig, Kloock,
Groenefeld, & Berg, 2010; St-Pierre et al., 2014; University of Syd-
ney, 2015) than refined sugars (Fig. 2B) andmay therefore appeal to
those following a low glycaemic index (GI) diet (Jenkins et al.,
2002). The low GI of these products may be attributed in part to
their relatively high proportion of fructose, which has a particularly
low GI of 19, compared with glucose (GI ¼ 100) and sucrose
(GI ¼ 68) (Foster-Powell et al., 2002), In recent years, however, the
increased consumption of HFCS (i.e., containing ~42 or 55% fructose
and 53 or 42% glucose, respectively) has led to concerns that
Table 2
Typical nutrient and total phenolic composition of common traditional sweeteners.1

Component Agave syrup Honey M

Energy (kcal/100 g) 310 304 2
Water (g/100 g) 23 17 2
Protein (g/100 g) 0.1 0.3 0
Total lipid (g/100 g) 0.5 0.0 0
Carbohydrate, by difference (g/100 g) 76.4 82.4 7
Fibre, total dietary (g/100 g) 0.2 0.2 0
Sugars, total (g/100 g) 68.0 82.1 7
Minerals (mg/100 g)
Calcium, Ca 1 6 2
Iron, Fe 0.09 0.42 4
Magnesium, Mg 1 2 2
Phosphorus, P 1 4 3
Potassium, K 4 52 1
Sodium, Na 4 4 3
Zinc, Zn 0.01 0.22 0

Vitamins
Vitamin C, ‘Ascorbic acid’ (mg/100 g) 17 0.5 0
Vitamin B1 ‘Thiamin’ (mg/100 g) 0.122 0 0
Vitamin B2 ‘Riboflavin’ (mg/100 g) 0.165 0.038 0
Vitamin B3 ‘Niacin’ (mg/100 g) 0.689 0.121 0
Vitamin B6 ‘Pyridoxine’ (mg/100 g) 0.234 0.024 0
Vitamin B12 ‘Folate’, (DFE mg/100 g) 30 2 0
Vitamin A, (RAE mg/100 g) 8 0 0
Vitamin E ‘a-Tocopherol’ (mg/100 g) 0.98 0 0
Vitamin K ‘Phylloquinone’ (mg/100 g) 22.5 0 0
Total polyphenolics (mg GAE/100 mL) 1.292b 1.935b 9

1 All data was obtained from the USDA database (2015) unless otherwise specified. a Dat
determined by enzymatic-gravimetric methods 985.29 or 991.43 of the AOAC. Abbreviatio
equivalents.
consumption of high-levels of fructose may have adverse effects on
health (Bray, 2010). It is well established that fructose is metab-
olised differently from glucose in the liver. When excess fructose
from the diet accumulates, it promotes hepatic de novo lipogenesis,
thereby increasing the risk of hypertriacylglycerolaemia (Havel,
2005). A range of human studies have shown that high intakes of
fructose, at doses contributing more than 15% of total dietary en-
ergy, lead to hyperlipidaemia - a risk factor for cardiovascular dis-
ease (see review by Havel, 2005). However, the relevance of these
findings to a normal diet is debatable because of the high doses
used, which are typically 1.5 to 3 times higher than the 95th
percentile level of intake (White, 2013). When consumed at more
realistic levels, fructose has not been shown to cause clinically
significant changes in serum triacylglycerol concentrations (Dolan,
Potter, & Burdock, 2010). Furthermore, many studies have exam-
ined the metabolic effects of pure fructose administration, even
though it is rarely consumed in this form in the diet. Fructose is
normally obtained from sources, such as HFCS or fruit, where it co-
exists with glucose. Therefore, in the context of a normal diet (or
indeed, a low-GI diet) the inclusion of fructose-rich foods does not
appear to pose any health concerns. It is noteworthy, however, that
in specific patient populations such as those with irritable bowel
syndrome or fructose malabsorption, the consumption of high
proportions of fructose may have an osmotic effect in the large
intestine leading to exacerbation of gastrointestinal symptoms
(Staudacher, Irving, Lomer, & Whelan, 2014). In such cases other
natural sweeteners with lower proportions of fructose, such as
maple syrup, may provide a suitable alternative.

Although the presence of fructose in many traditional sweet-
eners may explain their relatively lower glycaemic potency
compared with glucose-rich sweeteners (Fig. 2), there are some
studies which suggest that the other components present within
traditional sweeteners may contribute to an attenuation of gly-
caemia (Erejuwa et al., 2012a). The GI of some traditional sweet-
eners can in some instances be lower thanmight be expected based
olasses Maple syrup Carob syrup HFCS Sucrose

90 260 248a 281 387
2 32 35a 24 0
.0 0.0 1.4a 0.0 0.0
.1 0.1 0.0a 0.0 0.0
4.7 67.0 e 76.0 100.0
.0 0.0 3.3a 0.0 0.0
4.7 60.5 63.9a 75.7 99.8

05 102 86a 0 1
.72 0.11 1.10a 0.03 0.05
42 21 54a 0 0
1 2 239a 0 0
464 212 1608a 0 2
7 12 113a 2 1
.29 1.47 e 0.02 0.01

0 e 0 0
.041 0.066 e 0 0
.002 1.27 e 0.019 0.019
.93 0.081 e 0 0
.67 0.002 e 0 0

0 e 0 0
0 e 0 0
0 e 0 0
0 e 0 0

.195b 1.494b e 0.268b e

a from Ozcan et al., 2007 and b St-Pierre et al., 2014. Total dietary fibre content was
ns: GAE; gallic acid equivalents, HFCS; high fructose corn syrup, RAE; retinol activity
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on their sugar content. However, the marked variation in the
composition of traditional sweeteners inevitably leads to a greater
uncertainty in GI values for these sweeteners. Nevertheless, it is
worth noting that the traditional sweeteners are known to contain
a plethora of different phytochemical compounds (see next section),
some of which have been shown to have anti-diabetic effects (Arts
& Hollman, 2005; Erejuwa et al., 2012a; Scalbert, Johnson, &
Saltmarsh, 2005). It is feasible therefore, that the presence of
phytochemical compounds could contribute to a reduction in the
glycaemic potency of traditional sweeteners compared with
glucose syrup and sucrose. Further postprandial glycaemic and
insulinaemic studies of traditional sweeteners are warranted to
explore the suggested blood glucose-lowering effects of the phy-
tochemicals present within these products.

5.2. Polyphenolic and related compounds

Traditional sweeteners such asmaple syrup and honey contain a
range of (poly) phenolic compounds including various flavonoids
(e.g., quercetin, kaempferol, myricetin, proanthocyanidins, and
‘condensed tannins’), and non-flavonoids such as phenolic acids
(e.g., caffeic-, coumaric-, vanillic-, syringic-, hydroxybenzoic-acids),
lignans (e.g. lariciresinol, secoisolariciresinol), coumarins and stil-
benoids (Bogdanov et al., 2008; Li & Seeram, 2010; St-Pierre et al.,
2014). Phytohormones, notably abscisic acid and its derivative
phaseic acid, which play a role in regulating plant growth,
dormancy and stress response, have also been detected in plant-
derived sweeteners, particularly in maple syrup (St-Pierre et al.,
2014). These compounds have a range of properties that could
have a potential impact on nutrition and health. A diet rich in
polyphenols may, for instance, be beneficial in reducing risk of
cardiovascular disease, and may also have some potential in pre-
venting neurodegenerative conditions and type 2 diabetes (Arts &
Hollman, 2005; Scalbert et al., 2005). Indeed, extracts rich in
polyphenolic compounds, including those found in natural sweet-
eners, are currently being investigated as potential pharmaceutical
or therapeutic agents (Dai & Mumper, 2010). Although such com-
pounds are thought to have a number of health benefits, the un-
derlying mechanisms by which they may do so remain unclear
(Alvarez-Suarez, Giampieri, & Battino, 2013).

Some researchers believe that anti-oxidant properties, i.e., the
capacity to scavenge harmful reactive oxygen species, may hold the
key to explaining the suspected health benefits of phenolic com-
pounds. Therefore the relative anti-oxidant capacity of various
phytochemical extracts and foods has been documented (Dai &
Mumper, 2010; Erejuwa, Sulaiman, & Ab Wahab, 2012b; Phillips,
Carlsen, & Blomhoff, 2009; Scalbert et al., 2005). It is clearly
evident from laboratory studies that traditional sweeteners contain
a range of compounds with anti-oxidant properties (Erejuwa et al.,
2012b; Li & Seeram, 2010; Phillips et al., 2009). The relevance of
in vitro antioxidant measurements for predicting effects on human
health is doubtful, however, and regulatory bodies such as the
European Food Safety Authority (EFSA) and the United States
Department of Agriculture (USDA) do not recognise these in vitro
methods as being reliable predictors of physiological activity. Thus,
although the literature contains examples of studies whereworkers
have extrapolated in vitro data to broader positive effects on disease
protection/prevention in vivo (Erejuwa et al., 2012b, 2012a; Phillips
et al., 2009), these inferences are probably premature. This is
certainly an area where further research is needed to establish how
and to what extent the antioxidant capacity of these compounds
may impact on disease pathogenesis in vivo.

Another significant property of many polyphenolic compounds
is that they interact with proteins, and therefore have the potential
to influence biological targets such as enzymes, transcription
factors, and receptors (Fraga, Galleano, Verstraeten,&Oteiza, 2010).
For instance, as reviewed recently, flavanols seem to have benefits
on cardiovascular health by modifying vascular parameters (e.g.,
inflammation-related markers, atherosclerosis and blood pres-
sure), myocardial conditions (e.g., infarction) and whole body
metabolism (De Pascual-Teresa, Moreno, & García-Viguera, 2010).
Polyphenolic compounds may also influence the digestion, ab-
sorption and metabolism of available carbohydrates. For instance, a
variety of polyphenolic compounds, such as flavonoids, phenolic
acids and tannins, have been reported to limit digestion of starch
through inhibition of a-amylase and/or a-glucosidase (Hanhineva
et al., 2010). Some flavonoids (e.g., quercetin, myricetin) and
phenolic acids (e.g., caffeic acid) have also been found to delay and/
or prevent glucose absorption through inhibition of glucose
transporters SGLT-1 and/or GLUT-2 (Hanhineva et al., 2010). Post-
absorption, the presence of polyphenolic compounds or their me-
tabolites may impact on metabolism, for instance, by enhancing
pancreatic b-cell function and thereby insulin-stimulated glucose
clearance in fat and muscle (Erejuwa et al., 2012a). Some argue that
the presence of these and related compounds in traditional
sweeteners may help to counteract the undesirable effects of the
sugars on glycaemia and lipid metabolism. One study in rats re-
ported that the hypertriacylglycerolaemic effects of fructose were
not observed when honey was fed in place of refined carbohydrate.
This animal study supports the view that traditional sweeteners
may confer some protection against dyslipidaemia and oxidative
stress, however the mechanisms and compounds responsible have
not yet been identified (Busserolles, Gueux, Rock, Mazur, &
Rayssiguier, 2002). An example of a beneficial compound that has
recently received attention for its suspected anti-diabetic effects is
pinitol - a cyclic polyol (3-O-methyl-D-chiro-inositol) which is
found in carob syrup (7g/100g syrup) and is converted post-
absorption to D-chiro-inositol (i.e., a second messenger in insulin-
signal transduction) (Davis et al., 2000; Hern�andez-Mijares et al.,
2013). Several human studies suggest that acute (Hern�andez-
Mijares et al., 2013), and chronic administration (Kim et al., 2012)
of moderate doses of pinitol (1e7 g/d) may be beneficial in reducing
risk factors associated with diabetes (e.g., improving insulin
sensitivity), although it should be pointed out that one other study
observed no such effect (Campbell et al., 2004). Further human
studies are needed to establish unequivocally whether dietary
sources of pinitol and other related compounds can have long term
benefits in different population/patient groups (e.g., people at risk
to type 2 diabetes).

Overall, it is encouraging that so many different compounds
have been identified in traditional sweeteners, but there is insuf-
ficient evidence to establish currently whether or not these com-
pounds have any impact on human health, especially when
consumed as part of a normal diet. Although a number of studies
have reported beneficial effects of the compounds that also exist in
traditional sweeteners, the dosages used in clinical studies are
often in excess of what could be achieved through the use of these
sweeteners in the normal diet. For example, in the US, the average
daily intake of flavonoids is estimated to be 190mg/d (Chun, Chung,
& Song, 2007), so the contribution of traditional sweeteners such as
honey, which typically contains 0.6e4.6 mg of flavonoids/100 g
(Meda, Lamien, Romito, Millogo, & Nacoulma, 2005), to a typical
diet would be relatively low. Nevertheless, it is not necessarily the
total amount of phytochemicals consumed that is important, but
rather their bioefficacy. This is another areawhere understanding is
limited however, and calls for further investigation.

6. Future trends

The high prevalence of obesity is a major public health concern
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and a huge financial burden, with medical costs of obesity
amounting to £2 billion in the UK in 2001 (Butland et al., 2007). It
has been projected that if current trends continue, by 2050, over
50% of the UK population, will be classified as obese (Butland et al.,
2007) and will be at an increased risk therefore of developing
associated medical conditions such as heart disease, stroke, type 2
diabetes and mental illness. Irrespective of whether or not sugars
have played a causal role in the obesity epidemic, the future use of
sugars and sweeteners is likely to be influenced by the perceived
nutritional requirements of an increasingly obese population.

Despite accusations that food and drink manufacturers add
unnecessary amounts of sugars to food and beverages, the reduc-
tion of sugars in these products is by no means a trivial and
straightforward matter. Food manufacturers will defend their
practice of adding sugars to many food products because sugars are
not just added to provide sweetness, but also serve other purposes;
for instance, sugars are used as preservatives, bulking agents or for
controlling texture (Shumow, 2015). Removing sugars from these
products, while maintaining quality, would in many instances
require the substitution of sugars by other compounds to replace
their technological functions. Moreover, consumers have already
developed a preference for sweet flavour, and, although a gradual
‘unsweetening’ of the diet may be beneficial, consumers are likely
to resist changes in sweetness intensity and other sensory
characteristics.

At present, there are various categories of alternative sweet-
eners available (see overview in Fig. 3.), but do these truly provide
‘healthier’ alternatives and would they be of any real benefit to an
increasingly obese society? Intuitively, the NNS which provide
sweet-taste, but no calories, seem like the ideal substitutes for
glycaemic-sugars, and are therefore increasingly used by con-
sumers wanting to achieveweight loss (Gardner et al., 2012; Mattes
& Popkin, 2009; Ng et al., 2012). However, these presumed benefits
of NNS are still not convincingly evidenced by the scientific liter-
ature. On the contrary, there are growing concerns that the lack of
satiation and intense sweetness of NNS could result in subsequent
compensatory energy intake and thereforeweight gain. This critical
issue threatens the fundamental efficacy of low-caloric products in
aiding weight loss and urgently requires further investigation.
Fig. 3. Overview of nutritionally-relevant properties of nutritive and non-nutritive swe
that are generally considered to be adverse are shown in red. There are advantages (þ) and d
all sweeteners are shown in blue. (For interpretation of the references to colour in this figu
In view of populist consumer concerns about the safety of NNS,
the use of traditional sweeteners, which have been safely
consumed for centuries and preceded the obesity epidemic, may be
more appealing to some. These sweeteners are caloric, but tend to
have a lower glycaemic potency than their more refined counter-
parts. They also contain a range of interesting polyphenolic and
related compounds, many of which may possess desirable biolog-
ical properties. Although further studies are needed before any
potential health benefit can be claimed, these sweeteners may
already be of interest to manufacturers who wish to develop more
‘natural’ products.

While further research will continue to make progress in the
area to understand the effect of various sweeteners on health, there
are other means by which the food and drink industry can support
public health initiatives. Suppliers and manufacturers can
contribute to encouraging consumers to reduce their total energy
intake through responsible advertising, increasing consumer edu-
cation activities, and by providing clearer advice on sensible
portion sizes and focusing on whole foods and diets rather than
individual nutrients. Equally, the consumers must take some re-
sponsibility for their diet and lifestyle choices.

7. Conclusions

Despite the lack of consensus across the scientific literature
regarding the role of sweet-tasting mono- and disaccharides in
health, new guidelines, policies and taxes are being introduced at
government level to encourage the reduction of added sugars in the
diet. In response, manufacturers are expected to develop ‘healthier’
sweeteners. The use of artificial or high-potency sweeteners may
help to reduce dietary energy intakes from NS, although their
impact on rates of obesity is unclear. For some consumers and
manufacturers, traditional sweeteners provide a preferable alter-
native to artificial or refined sources. In particular, most traditional
sweeteners provide a lower GI than refined sugar sources as well as
containing numerous additional nutrients and in some cases
biologically-active phytochemicals that are absent in refined
products. Many of these phytochemicals are anti-oxidants and/or
appear to have the capacity to modify other physiological
eteners. Effects that are viewed as potentially beneficial are shown in green and effects
isadvantages (�) to both categories of sweeteners. Priority research areas that apply to
re legend, the reader is referred to the web version of this article.)
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processes, with effects on postprandial metabolism (e.g., amelio-
ration of glycaemic control), but their mechanisms of action are still
not entirely clear. Although the jury is still out on defining precise
health effects of these bioactive compounds, such compounds seem
to be of great relevance to what constitutes a healthy diet, and
further studies of their dietary properties are warranted. Overall,
trends in sweetener use in the future will continue to be influenced
by the obesity epidemic and therefore further research to deter-
mine whether NNS, NS or traditional sweeteners provide the best
solution is encouraged.
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