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Abstract

The major goals in the management of diabetes are to maintain optimum control of high blood glucose level or
hyperglycemia. Dietary modification is one of the most recommended treatment modalities for diabetic patients. The use
of foods sweetened with sugar alcohols (also known as polyols) such as xylitol, sorbitol, mannitol, maltitol, lactitol,
isomalt and erythritol has brought an escalating interest in the recent years since some sugar alcohols do not rise plasma
glucose, as they are partially digested and metabolised. Diet composition and adequacy may be altered by replacing
carbohydrates with sugar alcohols. It has been established that these polyols are appropriate sugar substitutes for a
healthy lifestyle and diabetic foods. The present review focuses on the evidence supporting the use of sugar alcohols in
the management of diabetes, by evaluating their physical and chemical properties, metabolism, absorption, glycemic
and insulinemic responses. Although documentation on the glycaemic and insulinemic response of polyols is evident
that these compounds have beneficial effects on the better management of hyperglycemia, the possible side effects
associated with their normal or higher dosages warned their use according to the relevant Food & Drug Administration
guidelines. For the same reason, future studies should also focus on the possible toxicity and side effects associated with
the consumption of sugar alcohols in order to define their safety.

Keywords: Diabetes, Glycemic index, Insulinemic index, Sugar alcohols, Sweeteners

1. Introduction

T he global prevalence of diabetes is
increasing progressively, with an estimated

463 million people living with diabetes and a
projection of 700 million by 2045, the vast majority
of whom have type 2 diabetes (T2D) [1]. Epidemic
of diabetes has astounding healthcare expendi-
ture and significant impacts in the quality of life
[2]. In 2019, the global diabetes-related healthcare
expenditure reached an estimated 760 billion
USD, with a 14.5% increase from 2017 [1].
Diabetes is a multifactorial disease and one of its

most prominent association is the consumption of
excess refined sugar or sugar containing foods and
food products [3,4]. Therefore, the World Health
Organization issued nutritional guidelines not only

to reduce the consumption of added sugars but also
to reduce the daily energy intake from refined sugar
[5]. This has led to the identification of modifiable
diets and lifestyle factors for the prevention and
better management of diabetes [6,7]. A growing in-
terest in products sweetened with sugar alcohols in
the market has transpired, targeted towards people
with diabetes [8,9]. Studies have suggested that
sugar alcohols have the ability to alter the nutri-
tional adequacy of a diet since they have lower en-
ergy values due to the way they are metabolized
[10]. Therefore, these sugar substitutes are useful in
the maintenance of a nutritionally balanced diet for
diabetic individuals [11]. Considering all above, the
present review was designed to analyse the benefi-
cial effects, mechanisms of actions and possible side
effects of different widely used sugar alcohols for
the better and safer management of hyperglycemia
and diabetes.
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2. Sugar alcohols

Sugar alcohols (polyols) are chemically defined as
saccharide derivatives in which a ketone or alde-
hyde group is replaced by a hydroxyl group [9,12].
They are mostly known as caloric/nutritive sweet-
eners that are white and water-soluble solids which
are naturally present in small amounts in some
fruits and vegetables and are commercially pro-
duced by hydrogenation reaction [8,13,14]. Sugar
alcohols are extensively used in sugar-free foods
and food products such as gum, fruit spread, candy,
baked goods and ice cream [15]. They are used as
sugar substitutes in diabetic food formulations to
reduce water activity in ‘intermediate moisture
foods’; improvement of dehydrated foods; as soft-
eners; and as crystallization inhibitors [16]. Some
sugar alcohols are also widely used in oral and
dental care products due to their proven and rele-
vant beneficial effects [17,18].

2.1. Classification of sugar alcohols

Sugar alcohols (Fig. 1) are classified into three
groups according to the number of saccharide units
present in the molecule as follows: (i) Mono-
saccharide-derived sugar alcohols: for example-
xylitol, sorbitol and mannitol. These mono-
saccharides are derived from xylose, glucose and
mannose respectively; (ii) Disaccharide-derived
sugar alcohols: this includes lactitol and maltitol
which are derived by the hydrogenation of lactose
and maltose, respectively. (iii) Polysaccharide-
derived sugar alcohols mixture: this includes Iso-
malt which is a 1:1 mixture of alpha-D-glucopyr-
anosyl-[1-6]-D-sorbitol (GPS) and alpha-D-
glucopyranosyl-[1-6]-D-mannitol (GPM) [8,9,15].

2.1.1. Xylitol
Xylitol is a five-carbon crystalline substance

occurring naturally in small amounts in many
plants, micro-organisms and animal tissues [19,20].
It is produced in humans as part of the hepatic
metabolism of carbohydrates at levels of approxi-
mately 5e15 g per day [21]. It is also commercially
produced by the hydrogenation of xylose using a
nickel-catalyzed reaction process [22]. The molecule
contains a tridentate ligand (HeCeOH)3 which re-
acts with numerous polyvalent cations and oxyacids
[13]. Xylitol is roughly as sweet as sucrose but with
moderately lower caloric value of (2.4 kcal/g)
compared to sucrose (4 kcal/g), hence it is widely
used in foods and pharmaceutical products [20].

2.1.2. Sorbitol
Sorbitol is a six-carbon alditol also known as D-

glucitol. It is naturally present in fruits (peaches,
apples, cherries, apricots, nectarines and pears) and
some vegetables [23,24]. It is produced from glucose
by catalytic hydrogenation with hydrogen gas and
nickel catalyst at high temperatures [25,26]. In
alkaline conditions it is produced by electrochemical
reduction of dextrose [23]. Sorbitol has sweetness of
about 60% of sucrose, with fewer calories [9,27]. It
also characterizes with a 20-fold higher solubility in
water than mannitol [28,29]. Sorbitol has non-cari-
ogenic properties therefore it is used for nutritional
purposes in products designated for diabetic people
[30].

2.1.3. Mannitol
Mannitol is six-carbon polyol, an optical isomer of

sorbitol which is used as a reserve carbohydrate by
some fungi, bacteria and seaweeds [31,32]. It is also
naturally found in high amounts in olives, carrots,
figs, pineapples, sweet potatoes and larches
[29,33e35]. Industrial production of mannitol is
based on the catalytic hydrogenation of glucose/
fructose derived from invert starch or sugar at high
temperatures and pressure [33,36]. It has a caloric
value of 1.6 kcal/g which is 50% sweet as compared
to table sugar, with a desirable cooling effect that is
efficient in masking bitter tastes [37]. This sugar
alcohol is non-hygroscopic [35], which is used as a
bulking agent in sugar free coatings and a dusting
powder for chewing gum [9]. Mannitol is not
metabolized by humans therefore it doesn't induce
hyperglycemia with no insulinemic and glycemic
indexes [38].

2.1.4. Maltitol
Maltitol is a disaccharide polyol (4-O-a-D-gluco-

pyranosyl-D-glucitol), formed from the hydrogena-
tion of maltose to produce an a-1,4 glucose-sorbitol
linked polyol [9,39,40]. It is a crystalline powder that
acts as a bulking agent, a stabilizer, an emulsifier,
thickener and sweetener [9]. Maltitol properties
such as sweetness and taste resemble that of sucrose
[34]. Maltitol is a non-cariogenic agent with appli-
cations in many sugar-free foods, as well as
numerous reduced-calorie and reduce-fat foods
[26,40].

2.1.5. Lactitol
Lactitol is disaccharide sugar alcohol obtained

from the hydrogenation of lactose using nickel as a
catalyst. Its production is composed of galactose and
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sorbitol [41e43]. Lactitol is an odourless white
crystalline powder with a sweetness that is 30e40%
of sucrose [15,41]. It has an anhydrous form which is
applicable in case of moisture-sensitive products. It
is used as an emulsifier, thickener and sweetener
[9].

2.1.6. Isomalt
Isomalt is a mixture of two isomeric disaccharide

alcohols: gluco-sorbitol (a-D-gluco-pyranosyl-1-6-

Sorbitol) and gluco-mannitol (a-D-gluco-pyranosyl-
1-6-mannitol) [25]. It is produced from sucrose in a
two-step process, which makes isomalt chemically
and enzymatically more stable than sucrose [44,45].
Isomalt on average has 45e65% of the sweetness of
sucrose. It has synergistic effects when combined
with other sugar alcohols or with high-intensity
sweeteners, it is also anti-cariogenic and does not
increase blood glucose or insulin levels [9,30]. This

Fig. 1. Chemical structure of commonly used sugar alcohols.
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polyol is partially digested in the intestines, only
supplying half the caloric value of sucrose [39,45].

2.1.7. Erythritol
Erythritol is a four-carbon polyol, that occurs

naturally and widely distributed in nature. It occurs
as a storage or metabolite compound in fungi and
seaweeds, and as a constituent of numerous fruits
such as pears, melons and grapes [12,46]. It is also
commercially produced using fermentation in pro-
cessed vegetables, fermented foods and drinks [12].
It is a symmetrical molecule, therefore existing in
one form, the meso form [13]. It forms anhydrous
crystals with approximately 60e80% sweetness that
of sucrose, with no caloric effect and good di-
gestibility without impacting blood glucose and in-
sulin levels [47,48]. Its other general features include
high stability in acidic and alkaline environments,
and high stability against heat [46].

2.2. Physical and chemical properties

The probability of a sugar alcohol to be used as a
sweetener depends on its properties which include
physical, chemical, processing and sensory (Table 1)
[16]. These compounds have numerous common
properties that are important in selecting the most
suitable polyol for a food application, these include:

! Sweetness: Sweetness is an important property
of any sugar alcohol or sugar alternative. The
sweetness of sugar alcohols is measured rela-
tively to the sweetness of sucrose or table sugar.
The sweetness of sugar alcohols varies from half
as sweet to equal of that of sucrose (Table 2)
[9,39].

! Cooling Effect (Heat of solution): Each sugar
alcohol is characterized by negative heat of so-
lution which is the energy requiring process to
dissolve the crystals. Some polyols such as iso-
malt have a noticeable high heat in solution
followed by a cooling effect in the mouth.
Cooling effect together with sweetness are midst
the most important properties of polyols in their
use in pharmaceutical products with soothing

effects, i.e., breath mints, cough drops and loz-
enges [13,40,49].

! Solubility: The solubility of sugars and polyols
in water is greatly affected by the extent of
temperature. The solubility of the compounds
increases with temperature. Some polyols such
as xylitol are highly soluble in water. Others like
mannitol are slightly but it does not confine their
use in food applications [16].

! Hygroscopicity: Hygroscopicity is the tendency
for materials to take up moisture from their
surroundings or atmosphere. The hygroscopicity
of food products has very serious significance
during the production and storage of the food,
and it may affect how the ingredient itself is
stored. Polyols that are highly water-soluble also
tend to be very hygroscopic. This behaviour may
assist in adding and retaining moisture in food
products [16,25].

! Molecular weight: The molecular weight of
polyols is important when replacing sugars with
polyols, to ensure the colligative properties
remain unaffected. It can impact the texture,
viscosity, osmotic pressure, freezing properties
and crystallization [40].

! Reducing power: Sugar alcohols have additional
hydrogen atoms which can be deposited on
other metabolites to produce chemically reduced
products and intermediates of metabolism [19].
Reducing power of different sugar alcohols
denote the level of their antioxidant activity
[50,51].

! Hydrophilicity: Sugar alcohols have a great
number of hydroxyl groups making them readily
soluble in saliva. Xylitol and erythritol are highly
hydrophilic sugar alcohols which are able to
compete with water molecules for the hydration
layer of biomolecules [19].

! Absence of a reducing carbonyl group: This
property makes the molecules less reactive
chemically than the corresponding ketoses and
aldoses. Therefore, some polyols avoid these
chemical reactions that make many dietary
hexose-based sugars acidogenic and cariogenic
in human dental plaque [52].

Table 1. Chemical and physical characteristics of Sugar Alcohols [Adapted from Refs. [9,37,49].

Sugar alcohol Molecular weight Melting point ("C) Heat of solution Viscosity at 25 "C Hygroscopicity

Xylitol 152.15 94 #36 Very low Medium
Sorbitol 182.17 97 #26 Medium High
Mannitol 182.172 165 #29 Low Low
Maltitol 344.313 150 #19 Medium Medium
Lactitol 344.313 94 #14 Very low Very low
Isomalt 688.62 167 #9 High Low
Erythritol 122.12 121 #43 Very low Very low
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! Free radical scavenging: Because of their polyol
nature, some sugar alcohols, such a D-mannitol,
xylitol and erythritol, have been investigated as
potential sources of free radical scavenging ac-
tivity in biological systems [13,53].

! Complexation: Sugar alcohols can form complex
compounds (chelate-like structures), due to their
polyoxy structure. Complexes with calcium iron
are important in view of tooth mineralization.
These complexes are not strong enough to play a
part in tooth demineralization. However, the
presence of sugar alcohols in the mouth is
believed to enable remineralization of caries le-
sions [19].

2.3. Physiological aspects

2.3.1. Digestion, absorption and metabolism of sugar
alcohols
Disaccharide-derived and polysaccharide-derived

sugar alcohols are converted into their mono-
saccharide components after ingestion. Most of
these monosaccharides are thereafter absorbed
through passive diffusion in the small intestine [54].
Most of the sugar alcohols are partially absorbed
from the human small intestine, approximately from
0% for lactitol to nearly 80% for sorbitol [8]. The
unabsorbed sugar alcohols are metabolized indi-
rectly through fermentative degradation by colonic
bacteria producing short chain fatty acids [39,52].
These are absorbed, providing energy to the body. It
has been shown that sugar alcohols are incom-
pletely metabolised in humans, as they have been
recovered in urine [8]. The partial absorption and
incomplete metabolism of sugar alcohols suggests
that they provide lesser amounts of energy
compared to sucrose [37,55].

2.3.2. Caloric value
Polyols are known to have lower nutritional

values compared to sucrose (Table 3). The energy
provided by each sugar alcohol differs because of
their digestibility, absorption and metabolism [9,37].

The energy content varies according to different
legislations (Table 3). In Europe, the caloric value of
sugar alcohols is set at 2.4 kcal/g except for erythritol
which has a value set at 0 kcal/g since it cannot be
metabolized [37,49]. However, the legislations in
Japan and America set the caloric value of polyols
within the range of 0e3 kcal/g [9,39,49]. The minute
caloric value of polyols proposes in helping con-
sumers to reduce their energy intake and to lose
weight [39]. Details caloric values of different sugar
alcohols as specified in different countries are pre-
sented in Table 3.

2.3.3. Blood glucose and insulin response
Polyols are considered to elicit low glycaemic and

insulinemic responses due to the incomplete ab-
sorption into the blood stream from the small in-
testine (Table 4) [13,53]. They are also associated
with lipogenesis inhibition as well as lower insulin
production. These properties make polyols popular
sweeteners among diabetics and people on low
carbohydrate diets [9,56]. The detail effects of sugar
alcohols on diabetics are presented in Table 5.

2.4. Studies on antidiabetic properties of sugar
alcohols

2.4.1. Xylitol
The consumption of xylitol is accepted for dia-

betes to help in the management of hyperglycemia
as its metabolism is in dependant of insulin [9,49].
Numerous studies have been undertaken to

Table 3. Caloric values of sugar alcohols [Adapted from Refs. [35,47]].

Sugar alcohols Caloric value (kcal/g)

Europe Japan America Mean caloric value

Xylitol 2.4 3 2.4 2.6
Sorbitol 2.4 3 2.6 2.7
Mannitol 2.4 2 1.6 2
Maltitol 2.4 2 2.1 2.1
Lactitol 2.4 2 2 2.1
Isomalt 2.4 2 2 2.1
Erythritol 0 0 0 0
Sucrose 4 4 4 4

Table 4. Glycaemic and insulinemic indexes of Sugar Alcohols [Adapted
from Refs. [38,49,53]].

Sugar alcohol Glycaemic index Insulinemic index

Xylitol 13 11
Sorbitol 9 11
Mannitol 0 0
Maltitol 35 27
Lactitol 6 4
Isomalt 9 6
Erythritol 0 2
Sucrose 69 48

Table 2. Relative sweetness of sugar alcohols compared to sucrose
[Adapted from Ref. [9]].

Sugar alcohol Sweetness (Sucrose ¼ 1)

Xylitol 1.0
Sorbitol 0.5e0.7
Mannitol 0.5e0.7
Maltitol 0.9
Lactitol 0.3e0.4
Isomalt 0.45e0.65
Erythritol 0.6e0.8
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examine the effects of xylitol on blood glucose and
insulin levels for inclusion in diabetic foods.
Mushtaq et al. [22] reported the ability of xylitol
(extracted from mung bean halls) as a supplement
for three weeks to reduce serum glucose in normal
and diabetic rats with a reduction in food intake and
weight gain in a dose dependent manner. Therefore,
indicating its glycemic control effect [22]. The sup-
plementation of 10% xylitol has demonstrated the
ability to improve diabetes associated parameters
including reduction in blood glucose and serum
fructosamine levels, better glucose tolerance in
diabetic rats [57,58]. A study by Chukwuma and
Islam [59] examined the mechanisms behind the
anti-diabetic effects of xylitol using numerous
experimental models. It was reported that
increasing concentrations of xylitol dose depen-
dently inhibited a-amylase and a-glucosidase en-
zymes activity in vitro. Secondly, in ex vivo condition,
xylitol dose-dependently decreased intestinal
glucose absorption and increased muscle glucose
uptake. Furthermore, a bolus dose of xylitol signif-
icantly delayed gastric emptying with increased in-
testinal transit time in non-diabetic and diabetic rats
[59].
The supplementation of xylitol in rats receiving a

high-fat diet has been shown to be beneficial in
preventing obesity and metabolic abnormalities in a
study conducted by Amo et al. [60]. It was observed
that xylitol-fed rats compared to high fat diet fed
rats had significantly lower visceral fat mass and
plasma lipid concentrations, with an increase in
lipogenic enzymes, fatty acid oxidation and ChREBP
[60]. Xylitol consumption in type 2 diabetic rats has
also been implicated in ameliorating oxidative
stress, a factor associated with the exacerbation of
diabetes [61].
In human studies, it has been observed that oral

administration of xylitol causes small increase in
blood glucose in healthy and diabetic patients
[62e64]. Similarly, plasma insulin concentrations
do not upsurge [62] or only moderately increase
after the administration of xylitol [64]. Xylitol in
comparison to glucose in healthy non-obese men
after ingestion had significantly lower increases in
plasma glucose and insulin concentrations [65].
These observations confirm that xylitol does not
increase blood glucose to a significant extent. It
has also been reported that xylitol has a good
tolerance at doses ranging from 20 to 70 g/day [66].
A study by Foerster et al. [67] reported the good
tolerance of xylitol in diabetic children with type 1.
The study was conducted for four weeks with each
child receiving 30 g/day of xylitol [67]. The toler-
ance of xylitol was further observed at a higher

dose of 70 g/day in type 1, type 2 and healthy in-
dividuals over a period of six weeks [68]. The data
from these investigations present that xylitol can
be safely used as a sugar alternative in diabetic
foods.

2.4.2. Sorbitol
The use of sorbitol as a sweetening agent in dia-

betic foods/diets has received substantial attention
since its first recommendation for this purpose in
1929 [69]. In 1941 [70], Ellis and Krantz observed that
a single dose of 25 or 50 g of sorbitol does not elevate
blood glucose levels in normal individuals [70].
They further examined the oral administration of
50 g of sorbitol in mild and moderately severe di-
abetics reported that sorbitol did not significantly
induce postprandial hyperglycemia [71]. A study by
Kang et al. [72] investigated the inhibitory activity of
sorbitol against rat intestinal a-glucosidase and
porcine pancreatic a-amylase in vitro. It was re-
ported that sorbitol possesses an inhibitory effect on
these carbohydrate digesting enzymes [72]. These
observations suggest the anti-hyperglycemic activity
of sorbitol. Sorbitol has also shown its apparent
glycemic control effects ex vivo and in vivo. It was
reported to inhibit glucose absorption in rat jejuna
and increased glucose uptake in rat psoas muscle
with or without insulin in a concentration depen-
dant manner, ex vivo. In normoglycemic and type 2
diabetic rats, sorbitol delayed gastric emptying,
enhanced digesta transit, inhibited intestinal
glucose absorption and decreased blood glucose
levels. Therefore, it was documented that sorbitol
has a potential to be used as an anti-hyperglycemic
sweetener in diabetic foods and food products [73].

2.4.3. Mannitol
Mannitol has glycemic and insulinemic indexes of

0, thus it does not induce hyperglycemia which al-
lows it to be consumed by diabetic individuals
[33,39]. M€akinen and Hamalainen [74] studied the
effects of feeding high amounts of mannitol on rat
metabolism. The animals were fed a diet that con-
tained 20% mannitol for 8 weeks. The animals pre-
sented normal glucose metabolism, associated with
lower blood glucose levels and higher liver glycogen
levels compared to the control animals. The animals
also presented lower insulin secretion and lower
serum cholesterol concentrations. Therefore, the
metabolism of mannitol can be maintained within
normal physiological limits [74]. A study by Dillard
et al. [75] investigated the toxicity of alloxan in rats
in relation to pentane and ethane produced during
lipid peroxidation induced by i.p. injection of 20 mg
of alloxan/100 g b.w. Animals injected with 100 mg
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of mannitol/100 g b.w (i.p) 30 min prior to alloxan
were protected from the peroxidative effects of
alloxan which was shown by the reduced produc-
tion of pentane and ethane. The prevention in the
formation of thiobarbituric reactants in plasma and
liver of the animals additionally presented the pro-
tective effect of mannitol. Mannitol further reduced
the plasma glucose in the animals after alloxan in-
jection, presenting its hyperglycemic potential [75].

2.4.4. Maltitol
Maltitol is one of the most absorbed and metab-

olized disaccharide polyols. However, its glucose
and insulin response after its consumption is lower
as compared to sucrose [9]. A study conducted in
vitro has shown that maltitol is able to exhibit sig-
nificant inhibition of a-glucosidase and a-amylase
activities [72]. Moreover, maltitol has been reported
to inhibit glucose absorption in isolated rat jejunum
and increased glucose uptake in isolated rat psoas
muscle in the presence of insulin [76]. These ob-
servations suggest the use of maltitol for diabetic
individuals by reducing carbohydrate digestion,
absorption of glucose and postprandial hypergly-
cemia [72,76].
The available data on human studies suggest that

maltitol is a good alternative sweetener to sucrose. A
single dose of 50 g maltitol led to significantly lower
glucose and insulin responses in healthy young
subjects compared to sucrose [77]. A single oral dose
of 30 g or 50 g maltitol in type 2 diabetic subjects
also exhibited lower glucose and insulin responses
compared to sucrose [78,79]. Additionally, a study
by Quilez et al. [80] examined the consumption of
low-calorie muffins containing maltitol compared to
conventional plain muffins in non-diabetic healthy
subjects. The subjects fed with maltitol showed
improved blood glucose, insulin and lipidemic
response in comparison to conventionally fed sub-
jects [80].

2.4.5. Lactitol
The metabolism of lactitol is unique, once

consumed it presents a negligible effect on blood
glucose levels. It passes undigested to the colon,
without being broken down by any enzymatic ac-
tivity in the intestine. Henceforth, there is no con-
dition for insulin rendering it appropriate for
diabetic individuals [9,49]. Natah et al. [65] reported
that after the ingestion of 25 g lactitol, the rise in
plasma glucose, insulin and C-peptide concentra-
tions were lower compared to ingestion of 25 g
glucose in healthy non-obese men. It was suggested
that lactitol is a suitable component in the diet for

diabetic patients due to its lower glucose and insulin
responses [65].
A study by Shimomura et al. [81] examined the

effects of ingesting a 46 g non-sugar chocolate con-
taining polydextrose and lactitol in place of sucrose
and lactose on the concentrations of plasma, insulin
and triglycerides in healthy non-diabetic subjects.
The non-sugar chocolate had minor effects on the
elevation of plasma and insulin concentrations
compared to the control chocolate after ingestion.
The serum triglycerides were slightly elevated in
non-sugar chocolate subjects; however, this
parameter was gradually increased in the control
subjects. Additionally, an animal study also pre-
sented reduced response of serum triglyceride to
the administration of a fat emulsion containing
polydextrose and lactitol. These observations sug-
gested that the non-sugar chocolate may have a less
effect on body fat deposition [81].

2.4.6. Isomalt
Over the years the use of isomalt by humans has

shown that insulin and blood glucose levels only
increase slightly compared to conventional sugar
[9,39,82]. The impact of isomalt consumption on
physiological and metabolic markers with regards to
obesity and diabetes was examined in healthy vol-
unteers. It was reported that consumption of milk
chocolate containing 70 g isomalt resulted in lower
postprandial plasma glucose compared to chocolate
containing sucrose. Volunteers that had consumed
isomalt presented a reduction in glycation products
such as frutosamine and glycated haemoglobin
(HbA1c) which are associated in delaying the
manifestation of diabetes lesions. Therefore, sug-
gesting its possible benefits for diabetes [44]. Holub
et al. [83] examined the effect of isomalt in patients
with T2D for 12 weeks with 30 g of isomalt alter-
natively to higher glycemic carbohydrates. The diet
was tolerated with significant reductions in fruc-
tosamine, glycated haemoglobin, fasting blood
glucose, insulin, C-peptide, proinsulin, insulin
resistance (HOMA-IR) and oxidized LDL. It was
established that 30 g isomalt improved the meta-
bolic control of the diabetic patients significantly
[83].

2.4.7. Erythritol
Erythritol has been reported to contribute no

calories and being well tolerated (good digestibility)
without any impact on blood glucose and insulin
levels. Thus making it appropriate for use in dia-
betic foods and diets [46,84]. Chukwuma et al. [85]
examined the effect of erythritol on glucose ab-
sorption and glucose uptake in various
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experimental models. Ex vivo, the effect of erythritol
was determined by monitoring the glucose con-
centration change in an incubation containing either
isolated rat jejunum or psoas muscle at different
concentrations (2.5e20%) of erythritol. Erythritol
presented an increase in glucose uptake in isolated
psoas muscle with or without insulin in a dose
dependant manner. Insulin significantly improved
the effect of erythritol on muscle glucose uptake. In
vivo, the effect of an oral dose of erythritol (with
phenol red as recovery marker) in normal and T2D
rat model was examined on intestinal glucose ab-
sorption, gastric emptying and postprandial blood
glucose. Erythritol significantly reduced glucose
absorption in the first quartile of the small intestine
of normal and diabetic animals. It also reduced
gastric emptying in diabetic animals, thus prevent-
ing a rise in blood glucose [85].
In a previous study, the supplementation of

erythritol in doses of 100, 200, or 400 mg (kg body
weight)#1 day#1 for ten days in diabetic rats induced
with streptozotocin, decreased serum glucose levels
significantly with a dose dependant reduction of
thio-barbituric acid reactive substances, creatinine
and 5-hydroxymethylfurfural in liver, kidney and
serum. The study implied that erythritol affects
glucose metabolism and reduces lipid peroxidation
thus refining oxidative damage involved in the
pathogenesis of diabetes [86].
In human studies, W€olnerhanssen et al. [87]

investigated the effect of a single bolus dose of 75 g
of erythritol dissolved in 300 mL water given to lean
and obese non-diabetic subjects. The acute inges-
tion of erythritol led to stimulation of gut hormone
release (CCK and GLP-1), with significant delayed
gastric emptying. Additionally, insulin and plasma
glucose concentrations were not affected [87].
Overduin et al. [88] examined the effect of iso-
volumic meal with partial replacement of sucrose by
erythritol in lean and obese subjects. They found
lower glucose and insulin levels after erythritol than
after sucrose meals. There was no difference in the
secretion of GLP-1/PPY levels, subsequent energy
intake and sucrose preference between a control
meal with sucrose and isovolumic erythritol meals.
It was concluded that the satiating effect of the
different preloads were comparable [88].

2.5. Safety of sugar alcohols

The Food and Drug Administration (FDA) clas-
sifies some polyols as approved food additives.
These include erythritol, hydrogenated starch hy-
drolysates, isomalt, lactitol, maltitol, mannitol, sor-
bitol, and xylitol [9,89,90]. Although, the excessive

consumption of polyols causes gastrointestinal
symptoms and laxative effects in both humans and
animals [13,89,91,92], acceptable daily intake of
polyols has been recommended by the Joint FAO/
WHO Expert Committee of Food Additives (JECFA)
after extensive toxicological testing [25]. However, in
2017 the European Food Safety Authority called for
the safety of polyols used as food additives to be re-
evaluated. This re-evaluation will be finalized by the
end of 2020 [93].

2.5.1. Xylitol
Xylitol has been reported to possess numerous

positive effects, however, its excessive consumption
can affect human health negatively [94]. It has a
laxative effect, although the tolerance varies from
person to person [13]. It can result in temporary
gastrointestinal side effects, such as bloating, flatu-
lence, and diarrhea [66,95]. Akerblom et al. [96] re-
ported that four out of thirteen children experienced
transient diarrhea from the consumption of more
than 65 g/day xylitol [96]. A study by W€olnerhanssen
et al. [87] reported that 50 g xylitol bolus in 200 mL
water led to bloating and diarrhea in 70% of all
subjects. A review by M€akinen [66], suggests that the
highest safe doses of xylitol ranges from 20 to 70 g/
day. The slow absorption of xylitol from the gut, and
the resulting osmotic imbalance, are considered to
be the cause of these gastrointestinal side effects,
which can be reversed on termination or reduction
of the amounts consumed [25].

2.5.2. Sorbitol
Sorbitol is generally regarded as safe for use as an

additive for human food [25]. However, the exces-
sive ingestion of sorbitol may led to flatulence,
abdominal pain and mild to severe diarrhea [13].
The consumption of 20 g (0.7 oz)/day of sorbitol as
sugar-free gum causes diarrhea resulting to unin-
tentional loss of weight or requiring hospitalization
[97]. The addition of sorbitol to sodium polystyrene
sulfonate (sps, used in treatment of hyperkalemia)
can cause gastrointestinal tract complications,
including perforated colonic ulcers, bleeding,
ischemic colitis and colonic necrosis [13]. The risk
factors for damage induced sorbitol in humans
include immune suppression, hypovolemia, pe-
ripheral vascular disease, postoperative setting and
hypotension [98].

2.5.3. Mannitol
Mannitol is the lest well tolerated sugar alcohol

with a daily laxative threshold amounting to 20 g
[14,36]. The accumulation of maltitol may lead to
amplified levels of extracellular fluid which may
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cause asymptomatic heart failure. The intravenous
administration of 20% mannitol can cause electro-
lyte abnormalities such as hypocalcemia, hypoka-
lemia and hyponatremia [99,100]. Hypokalemia may
cause nausea, headache, convulsions, vomiting and
even coma [100]. It has been reported that an
excessive dose of intravenous mannitol can cause
acute and persistent nephrotic syndrome [101].
Mannitol worsens cerebral edema when it leaches
across the bloodebrain barrier, it draws water into
instead of out of the brain. This occurs especially in
patients with intracranial haemorrhage and children
with cerebral hyperemia upon mannitol adminis-
tration [100]. Mannitol has been suggested to be safe
in the elderly and adults at doses ranging from 20 to
100 g/day, depending on body weight and health
status [95].

2.5.4. Maltitol
Maltitol is a low digestible carbohydrate, it is not

fully metabolized in the small intestine. Therefore,
there is concern of over excessive consumption
resulting in laxative side effects [102]. Data from
literature suggests that 30 g of maltitol can be
ingested as an individual portion in most adults
without any laxative effect. The body weight is an
important factor regarding the laxative effect of
maltitol, a maximum single dose of 0.3 g/kg b.w in
adults has been reported to have no laxative effect
[103]. Koutsou et al. [104] observed that 30 g maltitol
in milk chocolate does not increase digestive
discomfort in adults, except for mild flatulence [104].
Maltitol at a higher dose of 40 g increases colic,
borborygmi and flatus, however it does not induce
diarrhea [104,105]. Thabuis et al. [106] examined the
digestive tolerance of 15 g/day maltitol in children.
The study indicated that maltitol was relatively well
tolerated with minor abdominal discomfort [106].
The regular consumption of maltitol is not associ-
ated with severe digestive discomfort, diarrhea oc-
curs at much higher doses than those currently
consumed [107].

2.5.5. Lactitol
Lactitol consumption like most sugar alcohols

causes cramping, diarrhea and flatulence in some
people, this result due to the deficiency of the
enzyme beta-galactosidase in the upper gastroin-
testinal tract [97]. Lee & Storey [108] found that
consumption of chocolate containing 20 g of lactitol
resulted in bloating, flatulence, colic and borbo-
rygmi compared to chocolate containing sucrose in
healthy adults. It was also associated with causing
diarrhea in the subjects [108]. The laxative effects of
lactitol depends on age, person's diet, general gut

health and the mode and frequency of digestion
[9,42].

2.5.6. Isomalt
The ingestion of isomalt in excess is associated

with increased colonic fermentation confirming its
probability to cause abdominal bloating, flatulence,
stomach ache and rumbling noises [109e111]. Sub-
jects ingesting 100 g milk chocolate containing 40 g
isomalt reported the incidence of colic, flatulence,
borborygms, loose stools, motion frequency and
mild laxation. However the reduction in isomalt to
30 g increased tolerance with evidence of mild
gastrointestinal side effects [104]. The laxative effect
of this sugar alcohol depends on the form in which it
is ingested, individual sensitivity, the moment, and
frequency of consumption [25].

2.5.7. Erythritol
The safety evaluation of erythritol has been thor-

oughly reviewed, these studies have demonstrated
that it is well tolerated [84,112,113]. The digestive
tolerance study by Tetzloff et al. [114], reported that
1 g/kg b.w erythritol consumed over one week can
be well tolerated by humans. Storey et al. [115]
examined gastrointestinal tolerance after a single
oral bolus dose of either 20 g, 35 g or 50 g of
erythritol in seven healthy young adults. Twenty
grams and 35 g erythritol did not trigger any
gastrointestinal symptoms, while the highest dose
(50 g) led to an increased number of subjects
reporting nausea and borborygmi [115]. Erythritol
compared to other sugar alcohols has a lower
probability to cause laxative effects. This high laxa-
tive threshold enables its use in products such as
diet beverages [25]. The consumption of this sugar
alcohol from natural sources has been estimated at
the level of 106 mg/person/day in Japan, whereas in
USA at 25 mg/person/day [116].

3. Conclusion

Over the years there has been an escalating in-
terest in the use of polyols as alternative sugars.
These compounds look and taste like sugar but are
excellent substitutes due to various physical,
chemical and biological properties. Numerous
studies have shown that polyols have a number of
health benefits. Documentation on the glycaemic
and insulinemic response of polyols is evident that
these compounds have a negligible effect on to
postprandial glycemia and insulinemia. Therefore,
they are suitable for use by people with diabetes or
anyone who wants to live a healthy lifestyle.
Continued investigation in diabetic food products is
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still required to ascertain the undiscovered potential
of sugar alcohols as alternative sugar substitutes.
However, despite these antidiabetic studies there
are some possible side effects associated with its
usage at normal or higher doses due to the different
tolerance ability of different individuals. Thus,
future studies should also focus on the possible side
effects of different sugar alcohols in humans in
order to define their safety.
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