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Numerous strategies have been investigated to overcome the excessive weight gain that accompanies a

chronic positive energy balance. Most approaches focus on a reduction of energy intake and the

improvement of lifestyle habits. The use of high intensity artificial sweeteners, also known as non-caloric

sweeteners (NCS), as sugar substitutes in foods and beverages, is rapidly developing. NCS are commonly

defined as molecules with a sweetness profile of 30 times higher or more that of sucrose, scarcely contri-

buting to the individual’s net energy intake as they are hardly metabolized. The purpose of this review is

first, to assess the impact of NCS on eating behaviour, including subjective appetite, food intake, food

reward and sensory stimulation; and secondly, to assess the metabolic impact of NCS on body weight

regulation, glucose homeostasis and gut health. The evidence reviewed suggests that while some sweet-

eners have the potential to increase subjective appetite, these effects do not translate in changes in food

intake. This is supported by a large body of empirical evidence advocating that the use of NCS facilitates

weight management when used alongside other weight management strategies. On the other hand,

although NCS are very unlikely to impair insulin metabolism and glycaemic control, some studies suggest

that NCS could have putatively undesirable effects, through various indirect mechanisms, on body weight,

glycemia, adipogenesis and the gut microbiota; however there is insufficient evidence to determine the

degree of such effects. Overall, the available data suggests that NCS can be used to facilitate a reduction

in dietary energy content without significant negative effects on food intake behaviour or body metab-

olism, which would support their potential role in the prevention of obesity as a complementary strategy

to other weight management approaches. More research is needed to determine the impact of NCS on

metabolic health, in particular gut microbiota.

Introduction

Dietary patterns have changed associated with industrializ-
ation and other societal movements.1 Currently, the overall
diet quality and variety has decreased while the caloric content
is increasing, thereby contributing to noncommunicable dis-
eases prevalence, including obesity,2 type 2 diabetes mellites
(T2DM), cardiovascular disease (CVD), and cancer.3,4 Obesity
rates has planetary risen worldwide by more than twofold in
most countries, with more than 1.9 billion adults suffering
from overweight and 650 million adults from obesity according
to WHO data.5 To tackle this obesity epidemic, many weight-
loss strategies focus on reducing caloric intake and improving
dietary habits, thereby inducing a negative energy balance.6

Although energy intake from sugars is decreasing in some
countries, the consumption of added sugar continues to be†Equal contribution.
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high.7 Even though conflicting evidence has been published,8

some harmful effects on dentition, caries, obesity and diabetes
incidence have been reported.9 Also, for this reason, non-
caloric sweeteners (NCS) have begun to be increasingly found
in the eating habits of consumers, resulting potentially useful
in weight control and weight loss.10 Sugar consumption could
create a short-term peak of energy in the body, thereby contri-
buting to the overall energy density of diets and the develop-
ment of obesity,11–13 which is an effect partly driven by the
sugar-induced overconsumption of energy resulting in a posi-
tive energy balance.14,15 In addition, sugar intake increases the
risk of developing CVD and T2DM indirectly by promoting
body weight and fat deposition.16 In this context, the use of
non-caloric sweeteners and sweetness enhancers seems prom-
ising in assisting dietary sugar reduction and weight loss due
to their lack of caloric content.17 Thus, the use of NCS is
increasing,18,19 particularly in individuals attempting to
control the energy content of their habitual diets.20 However,
there is conflicting evidence regarding the effects of these
sweeteners on subjective states and behaviours that influence
body weight, including appetite, food intake and food
reward.21 These outcomes are important when trying to under-
stand energy balance and to identify the effect of NCS inges-
tion on energy intake whilst maintaining consumer acceptabil-
ity.22 Non-caloric sweeteners have the potential to moderate
sugar and energy intake while maintaining the sweet palatabil-
ity. These compounds are generally defined as a substance
with a sweetness profile of 30 times or more greater than that
of table sugar (sucrose).23 Consequently, much smaller
amounts are required to achieve the same sweetness intensity,
although each sweetener presents a unique intensity, persist-
ence of taste and aftertaste.24 The American Heart Association
categorises all forms of low-calorie, artificial or NCS as non-
nutritive sweeteners as they provide no nutritional benefits in
the form of vitamins and minerals.25 The term NCS is often
applied to non-nutritive sweeteners as well as bulk sweetening
agents such as isomalt and tagatose, which are not sufficiently
metabolised to contribute to net energy intake. While the con-
sumption of beverages and foods containing NCS is rising, the
controversies surrounding the health effects of sweeteners and
sweetness enhancers on human health has been a recurring
topic for decades.26 Longitudinal studies suggest a link
between the intake of NCS and obesity and related metabolic
disturbances,27–29 however inverse causality cannot be dis-
carded. Moreover, several studies have highlighted a possible
cause-effect connection between the intake of NCS and an
increase in appetite,30,31 with a correlated increase in food
intake, and unfavourable changes in metabolic health, implying
the possible onset of problems related to the worsening of
insulin secretion, to an accumulation of energy intake with con-
sequent promotion of adipogenesis. However, extensive scienti-
fic research has shown that the most common sweeteners, both
natural including stevia,32 as well as artificial sweeteners such
as acesulfame-K, aspartame, neotame, saccharin and sucralose,
are safe in terms of metabolic disturbance, when consumed at
moderate and acceptable doses,33,34 whose impact is monitored

in Europe by EFSA. Biological and psychological mechanisms
have been proposed for explaining these adverse effects35

including perturbations in eating behaviour, satiety-signalling,36

energy balance, glucose tolerance, microbiota composition, and
adipogenesis but so far the mechanistic evidence is mainly
based on in vitro and animal studies.

The objective of this review is to assess the impact of sweet-
eners and sweetness enhancers on appetite (eating behaviour)
and metabolism/adiposity in healthy subjects as well as in
adults suffering of chronic conditions, with emphasis on
obesity. Specifically, the impact of sweeteners and sweetness
enhancers on the psychobiology of appetite, eating behaviour
including subjective food intake, food hedonics/reward, sweet
taste perception and the regulation of glucose homeostasis
and body weight control was appraised.

Methods

A comprehensive review was conducted through a rationalized
search of the scientific literature to develop a narrative syn-
thesis with a focus on the effect of sweeteners and sweetness
enhancers on appetite and metabolism, by analyzing the roles
on appetite, metabolic and adiposity markers in adults. Due to
the broad thematic field, it was decided to not conduct a
formal systematic review, but a structured overview.

Data searching process

A search strategy of published records was driven through
MEDLINE, EMBASE, EMBASE CLASSIC and Psychinfo, accord-
ing to the principles of the Cochrane Handbook for Systematic
Reviews of Interventions’ guidelines.37

Keywords related to sweeteners and sweetness enhancers
and energy balance, specifically included food intake, subjective
appetite, food hedonics, body weight, energy, glucose metab-
olism/obesity/diabetes and adiposity markers. Study design and
testing environment (i.e. lab vs. field) were analyzed and distin-
guished by the presence of sugary products or water (Table 1).

The focus and search pathway (Fig. 1) were based on select-
ing reports characterized by the presence of at least both an
intervention group (that means, individuals who receive non-
caloric sweeteners in the form of drinks or food), as well as a
comparison group (that means individuals who received sugar
or water). No restrictions concerning population characteristics
or origin were applied, but when available, this information
was mentioned (Table 1).

The selection of articles and analysed documents in the
current review followed accepted guidelines, whose features
are detailed in Table 1. The inclusion criteria for the records,
were related to healthy individuals and metabolically healthy
obese adults of any sex and age, with no restriction to EU or
Caucasian populations. Therefore, studies including animal
models or protocols without a comparison or control con-
dition were excluded.

Main metabolic outcomes included eating behaviour, body
weight and adiposity and glucose homeostasis/glycaemic
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Table 1 Methods section and searching strategy: databases, keywords/MesH terms

Criteria for including studies in the review following PRISMA/PROSPERO Approaches
Title of review A systematic review on the effects of sweeteners and sweetness enhancers on appetite, food reward

and metabolic/adiposity outcomes in adults

Population, or participants and
conditions of interest

Healthy individuals and metabolically healthy obese adults of any sex and age
No population restrictions were applied

Interventions or exposures Individuals receiving no-calorie sweeteners in either beverage or food form

Comparisons or control groups Individuals receiving sugar or water in direct comparison to the no-calorie sweetener groups.
Repeated measures design whereby participants serve as their own comparison will be included

Outcomes of interest 1. Food intake, subjective appetite, food hedonics
2. Body weight, energy and glucose metabolism/adiposity markers

Setting Laboratory/free-living studies

Study designs Randomised controlled trials
Sugar or water comparison

Criteria for excluding studies in the review

Excluded studies included
Animal models and protocols without a comparison or control condition

Search method

Electronic databases MEDLINE
EMBASE + EMBASE CLASSIC
Psychinfo
COCHRANE

Method of review

Details of methods At least two searchers in every center

Quality assessment Searches followed the PRISMA/Cochrane guidelines

Narrative synthesis YES: two parts
(1) Appetite issues
(2) Metabolic and adiposity markers

Presentation of results

Additional material Flow chart of PRISMA search process
Protocol
Data tables

Fig. 1 Flow chart of the process carried out for the implementation of the review.

Food & Function Review

This journal is © The Royal Society of Chemistry 2020 Food Funct.

Pu
bl

is
he

d 
on

 1
6 

D
ec

em
be

r 
20

20
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

id
ad

e 
Fe

de
ra

l d
e 

Sa
o 

Pa
ul

o 
on

 1
/1

1/
20

21
 5

:1
1:

25
 P

M
. 

View Article Online

https://doi.org/10.1039/d0fo02424d


control (Table 2). While the former includes food intake, subjec-
tive appetite, food hedonics and sweet taste perception, as well
as food reward, the latter appraises energy balance, adiposity
and weight changes, lipid metabolism and gastrointestinal
physiology. In addition, intestinal glucose absorption, micro-
biome alterations, sensory receptors of insulin secretion, sensi-
tivity to insulin and intestinal inflammation were assessed as a
measure of glucose homeostasis/glycaemic control. To achieve
the objectives of the study, both between- and within-subject
comparisons were included, to verify not only food intake, sub-
jective appetite, food hedonics, but also body weight, energy,
glucose metabolism and adiposity markers.

Eating behaviour

Eating behaviour, which involves appetite regulation, food
intake control and reward mechanism, haves been related with
sweeteners and sweetness enhancers by affecting neural cir-
cuits, buccal sensory pathways and diverse biomarkers.38

Currently, it is important to understand if sweeteners and
sweetness enhancers have an impact on appetite and energy
intake by verifying whether the use of NCS can promote an
increase in appetite or compensatory eating behaviour in
response to reduced energy content.39

Appetite

There is a traditional lack of clarity regarding the effect of NCS
use on appetite,40 with some studies highlighting no change

in food intake, whereas others demonstrate an increase or a
decrease in appetite. Appetite can be measured using subjec-
tive ratings (visual analogue scales (VAS) for hunger, fullness,
etc.) and/or using blood biomarkers (for example glucose,
insulin, ghrelin and other gut peptides).41 Early trials demon-
strated that there may be a short-lived suppressive effect on
subjective appetite ratings upon acute ingestion of NCS (sac-
charin, aspartame or acesulfame-K), which may be followed by
an increase above baseline values42 – a phenomenon known as
rebound hunger – although further studies challenge this
concept. For example, newer data have shown no effect on
motivation to eat following regular consumption of a commer-
cially available beverage (aspartame, acesulfame-K and sucra-
lose).43 Therefore, it is also important to consider both acute
and prolonged exposure effects when analysing NCS impacts
and outcomes.

Acute studies have shown that while a glucose load (50 g in
200 ml) suppresses motivation to eat and increases fullness
ratings, ingestion of an aspartame load (162 mg in 200 ml)
produces depression impairments of hedonic ratings, increas-
ing motivation to eat and decreasing satiety ratings.30 Another
study demonstrated that water sweetened with a 340 mg dose
of aspartame resulted in an increase of subjective appetite
(hunger, desire to eat, fullness and prospective consumption)
relative to an unsweetened water control.44 In another investi-
gation, 0.44 g of aspartame in 500 ml of water produced
higher hunger, desire to eat and prospective consumption
ratings relative to a matched-intensity sucrose load (65 g in
500 ml).31 However, this subjective response did not result in

Table 2 Main outcomes to be assessed from literature search

Key concept Associated items

Food intake Meal onset, frequency, quantity, snacking/grazing

Subjective appetite Hunger, phases of satiety (early, late), specific appetite-related hormones

Food hedonics Preference/choice, craving, reward, fMRI/neural correlates

Sweet taste perception Sensory perception, sweet taste receptor function/polymorphism

Food reward Food hedonics, sweet taste perception

Body weight, adiposity, glucose homeostasis/glycaemic control

Energy balance Energy intake, energy expenditure, thermogenesis microbiome

Adiposity/lipid metabolism Adipogenesis, lipogenesis, sweet taste receptors

Gastrointestinal physiology Sweet taste receptors in oral cavity, intracellular Ca2
Neurotransmitters in intestine
Gut brain axis (GLP1, CCK, PYY), reward

Glucose homeostasis/glycaemic control

Intestinal glucose absorption Sweet taste receptors in intestine SGLT1, GLUT 2
Hyperglycaemia
Ectopic fat accumulation
De novo lipogenesis

Insulin secretion sensory receptors Oral cavity, cephalic phase sweet taste, receptors in intestine, GLP1, beta cells

Alterations gut microbiome microbial changes (composition, function), SCFA, lipogenesis

Insulin sensitivity hyperinsulinemia, insulin desensitization
Inflammation intestinal permeability, metabolic endotoxemia, oxidative stress, AT inflammation
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alterations in food intake at a buffet style meal 65 minutes
later as the increase in appetite was short-lived, lasting
approximately 30 minutes.44 On the other hand, long-term
effects on appetite ratings were detected in a study reporting
increased mean 24-hour ratings of hunger and desire to eat fol-
lowing daily ingestion of saccharin over a 12-week period.45

Therefore, concerns remain that some sweeteners have the
potential to increase subjective appetite both acutely and fol-
lowing repeated consumption.

The lack of consistency within the scientific literature may
be explained by the use of different doses of sweeteners and
differences in study designs. For example, a sucralose dose of
500 mg has been shown to increase hunger ratings compared
to a sucrose dose of 105 g,46 whereas a dose of 330 mg of
sucralose produced lower hunger ratings when compared to
ratings provided following water ingestion.47 Similarly, an
aspartame dose of 162 mg has been shown to increase motiv-
ation to eat whereas a dose of 320–340 mg decreased ratings of
desire to eat.48 For this reason, it is important to consider the
type of non-caloric sweeteners provided as well as the dose
and experimental conditions on assessed outcomes related to
subjective appetite.

It should be noted that some acute studies investigating the
potential effects of NCS on appetite report effects of buccal
sweet stimulation, rather than the ingestion of a sweetener per
se.49 Evidence demonstrates an appetite inducing effect of oral
sweet stimulation when compared to ingestion with no taste
stimulation. For example, when examining chewing gum swee-
tened with aspartame or unsweetened gum, hunger ratings
increased in those individuals chewing the sweetened gum
compared to those individuals provided with unsweetened
gum or nothing.50 In this way, when oral taste receptors were
stimulated but the aspartame was not swallowed and ingested,
the outcome was an increase in subjective hunger, whereas the
process of mastication lacking a sweet taste did not impact
hunger. Similarly, an aspartame dose ingested via a capsule –

that is, without a sweet taste – did not result in different appe-
tite ratings compared with a water control.44 Together, these
findings suggest that detection of the sweet taste in the oral
cavity can be sufficient to increase appetite, without ingestion
of the sweet substance. This phenomenon may be explained
by cephalic phase responses (CPRs), which are innate and
learned physiological response to sensory signals preparing
the G.I. tract for optimal digestion. For example, CPRs may
initially increase the perceived palatability of sweet foods and
allow for the ingestion of larger portions.51 However, this
phenomenon applies mainly to nutritive sweeteners, as
opposed to NCS, as these do not stimulate the same insulin
response (see below under Glucose homeostasis).

Regarding blood biomarkers of appetite, in acute studies
nutritive sweetener ingestion consistently produces signifi-
cantly increases in plasma glucose and insulin levels com-
pared to NCS,52 with increased glucose and insulin concen-
trations starting 5–10 min after the onset of ingestion53 and
with higher concentrations by 30 min.54 The phenomenon was
also evaluated in repeated consumption studies, where glucose

and insulin levels increased by 0.24 ± 0.09 mmol l−1 and 11.8 ±
4.9 pmol l−1 respectively after 10 weeks of consumption of
sucrose-based drinks and foods. This resulted in higher
glucose and insulin values than the group consuming NCS
(between 0.09 ± 0.15 mmol l−1 and −1.2 ± 3.2 pmol l−1 for
glucose and insulin, respectively).55 Although glucose is not
strictly a satiety biomarker, it plays a role together with
insulin, in the cephalic phase satiety response and may modu-
late the hunger response, where ghrelin/leptin may play a
role.56–58 This situation generates concern surrounding the
ingestion of sugar-sweetened beverages due to their potential
to reduce insulin sensitivity following repeated consumption.16

A sucrose-rich diet is known to contribute to insulin resistance
and consequently the satiating effect of insulin may be lost fol-
lowing chronically elevated levels of plasma insulin.59,60 Non-
caloric sweeteners, however, possessing negligible energy, may
not present the same risks in impacting blood glucose levels
and therefore overall glycaemic effects52,61,62 and may allow for
wider food choice for those seeking to control energy intake
whilst maintaining food palatability.63

Specific hormones and neuropeptides may mediate appe-
tite functionality.64 In an acute study, administration of sucra-
lose (62 mg), aspartame (169 mg) or acesulfame-K (220 mg)
did not result in any alterations in plasma insulin – nor
glucose or glucagon. However, as a relatively low dose of sucra-
lose was used, in a similar acute study, a 330 mg dose of sucra-
lose produced a small yet significant decrease in insulin levels
below baseline.47 This finding illustrates the effect of varying
doses of NCS on appetite-related biomarkers, which may par-
tially explain differences across studies. Regarding long-term
exposure, daily consumption over 12 weeks of a beverage swee-
tened with a blend of aspartame (129 mg) and acesulfame-K
(13 mg) did not significantly impact insulin sensitivity or
secretion.65 Taken together, these findings suggest that even
with varying doses and types of NCS, there appears to be little
impact on insulin release and sensitivity in both acute and
repeated consumption trials, suggesting that their regular con-
sumption may be a viable alternative to sugar-sweetened
beverages.

There is limited evidence for effects of NCS on other appe-
tite-related peptides. The GLP-1 response is greater following
acute consumption of sugar-sweetened beverages of varying
energy contents (103–215 kcal)66,67 than beverages using NCS
of little (1.7 kcal)66 or no energy content.67 This response is
also the case following repeated consumption55 (dose depen-
dent on body weight). Similarly, following a 60 mg sucralose
preload, plasma GLP-1 levels did not significantly increase,
whereas ingestion of 40 g of glucose resulted in a prompt
increase in GLP-1, as described elsewhere.68 This finding
suggests that GLP-1 responds to nutritive sweeteners, whereas
sweeteners absent of calories do not influence secretion.
However, sucralose ingestion at a dose of 24 mg (absent of
energy) in addition to a 75 g oral glucose tolerance test
(∼307 kcal), resulted in a significantly higher AUC GLP-1
response in the sucralose condition compared to water.69

Interestingly, the response to aspartame (72 mg) was not
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found to be different to the water condition. Sucralose there-
fore enhanced GLP-1 release in the presence of glucose, rein-
forcing that GLP-1 release occurs in response to energy, but
also suggesting that sucralose provided in conjunction with
energy, may result in a higher GLP-1 response. Overall, the evi-
dence on GLP-1 demonstrates differential effects between non-
caloric sweeteners types. Consequently, caution must be taken
when drawing conclusions due to unsolved interactions.
Certain non-caloric sweetener administration appears to result
in a lower GLP-1 response than with nutritive sweeteners such
as glucose, but when the NCS is combined with a nutritive
sweetener there may be an additional effect on GLP-1 release.

Comparable results have been reported when examining
other appetite-related biomarkers. For example, gastric inhibi-
tory peptide (GIP) and C-peptide levels were not significantly
different from fasting levels following ingestion of sucralose at
varying doses.61 Similarly, increases in GIP were only observed
following ingestion of nutritive sweetener preloads (30 mg and
glucose), whereas following ingestion of a sucralose or blend
of tagatose and isomalt preloads, there was no observable
difference from fasting values.68

A further study showed that the intragastric intake of ace-
sulfame-K dissolved in 250 ml of water was able to stimulate a
greater secretion of ghrelin and lower, nearly undetectable,
production of CCK compared with equivalent solutions of fruc-
tose and glucose (dissolved in 250 ml of water).67 Furthermore,
an intragastric infusion of NCS such as aspartame (169 mg),
acesulfame-K (220 mg), sucralose (62 mg) dissolved in 250 ml
of water, do not affect the levels of PYY and ghrelin when com-
pared with a glucose solution (50 g).52

From these findings, it can be proposed that NCS do not
impact appetite-related biomarkers in the same manner that
nutritive sweeteners do, due to the lack of energy content,
which ultimately relates to the chemical structure of each com-
pound (Table 3).

From the previous evidence, it would appear that NCS
ingestion increases subjective appetite, which may be related
to sensory stimulation (sweet taste), with a limited impact of
NCS ingestion on appetite-related biomarkers. Further
research is required to distinguish the impact of energy and
sweetness, but also differences between dose and sweetener
type need to be assessed (Table 3). Subsequently, the influence
of NCS on food intake and the possibility of using them to
reduce or replace the intake of free sugars, remains to be deter-
mined. Additional studies are also required to investigate the
association between the consumption of NCS and sweet food
cravings (and associated potential overconsumption).

Food intake

Free living food intake usually relies on self-report methods
such as retrospective dietary recall or food diaries in order to
obtain information regarding participant’s habitual dietary
intake patterns.70 Generally, the sweet taste is indicative of an
ample energy source71 and is an extremely potent phenom-
enon including a powerful hedonic drive capable of driving
food seeking behaviours and consumption.72 At present, it is

unclear if this remains true when the associated energy
content is removed, as the human brain has demonstrated
through neuroimaging studies to discriminate between nutri-
tive and non-nutritive sweet tastes.73–75

In general, intervention studies have shown that beverages
containing NCS have at least a comparable effect on energy
intake to water.76,77 For example, some acute studies have
failed to identify differences in energy intake following con-
sumption of nutritive sweeteners (sucrose or glucose) or NCS
(aspartame) in liquid or solid form during a test meal.44,78,79

A preload of 0.25 grams of aspartame in 500 ml of lemon fla-
voured water was not able to significantly stimulate sub-
sequent food intake compared with plain water.78 In
addition, the results of lemonade preloads (20 g of fresh
squeezed lemon and 200 g of water) sweetened with sucrose
(8/16 oz) or aspartame (8/16 oz) do not support the hypoth-
esis that NCS increase energy intake and that they impact on
subsequent food choice.79 However, generally a sucrose com-
pared to sucralose load reduced the subsequent intake of a
test meal in whatever viscous form was provided (drink, jelly
and candy). Thus, a reduction in the energy intake of the test
meal following sucrose and sucralose preloads in female par-
ticipants, compared to aqueous preload, was found.46 A
review by Bellisle and Drewnowski points out that although
NCS drinks may promote weight loss, they are not found to
suppress appetite.17 Indeed, available results should be ana-
lysed with care since a repeated exposure and acute consump-
tion alone vs. with a meal, may influence the outcomes.
These responses would suggest that sweet beverages – swee-
tened via either sucrose or sucralose – had a suppressive
effect on energy intake in the test meal in female partici-
pants. Despite this observation, when the energy content of
the beverage preloads was included alongside the energy
intake of the meal, it resulted in an elevated total energy
intake for the sucrose condition only.46 That is, the energy
from the sucrose was not compensated for. This evidence
would suggest that a sucrose sweetened beverage is capable
of reducing a single meal energy intake, but the energy
content of the beverage will result in a higher net energy
intake than if the beverage was sweetened using a non-caloric
sweetener. Moreover, in a study which provided participants
with either a high or low calorie food option – with the
energy density manipulated through the use of nutritive or
NCS – both conditions demonstrated a suppressive effect on
hunger, yet there was no difference observed between con-
ditions regarding total energy intake across the day.79 Taken
together, these data suggest that ingestion of a NCS may
result in a reduction in energy intake at the following meal;
however, when assessed by daily energy intake there seems to
be no clear effects.

Furthermore, in a repeated consumption trial which uti-
lised commercially available beverages over a 4-week interven-
tion period, no difference in self-reported energy intake
(7-day diary) was found between commercially available
regular or diet beverage conditions.80 However, this approach
relied upon the accuracy of information obtained via the
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Table 3 Appetite, buccal stimulation and blood biomarkers as affected by sweeteners and sweeteners enhancers intake

Author (ref.)
year Trial characteristics/design Hypothesis/research question/aims Outcomes and remarks

Blundell and
Hill30 1986

• Subjects: 95 men and women Effects of aspartame on measures
involved in appetite control

• Aspartame has appetite-stimulating
properties in comparison with the
ingestion of water

• Age: 18–22 years • Glucose loads suppressed motivational
ratings, in contrast with aspartame

• Design: parallel intervention • There appears to be a contrast between
the effects of aspartame on alliesthesia
and the effects on motivation to eat

• Treatment: glucose, aspartame or water

Rogers and
Blundell42

1988

• Subjects: 12 adults, 8 females and
4 males

Effects of uncoupling the dimensions of
taste and calories achieved by intense
sweeteners varying, chemical structure
and biological properties

• Glucose preload significantly depressed
appetitive motivational ratings, increased
ratings of fullness, decreased the
frequency of items checked on a food
preference checklist and reduced food
consumption in a test meal

• Age: 19–25 years • There may be a short-lived suppressive
effect on subjective appetite ratings
produced by acute ingestion of HIS
saccharin, aspartame or acesulfame-K, but
is then followed by an increase above
baseline values

• BMI: of normal weight
• Design: RCT
• Treatment: saccharin, aspartame,
acesulfame-K, glucose, water
• Duration: 5 sessions at weekly interval

Rolls et al.79

1990
• Subjects: 42 men Effects of commercially available pudding

and jelly sweetened with either sucrose or
aspartame on appetite ratings and food
intake

• No differences were seen between the
effects of the different types of drinks on
any of the hunger ratings over the hour
after fluid consumption

• Age: 21–39 years • Data do not support the hypothesis that
aspartame-sweetened drinks increase food
intake

• BMI: of normal weight
• Design: within-subjects design
• Treatment: sucrose, aspartame, water
• Duration: 7 session with at least 3 days
between sessions

Tordoff and
Alleva50 1990

• Subjects: 120 participants, 60 men and
60 women

Receive subjects’ subjective ratings of
hunger at intervals after they chewed an
unflavoured gum base that was sweetened
with one of five different concentrations
of aspartame

• Hunger ratings increased in those
individuals chewing the sweetened gum

• Age: 25.5 ± 0.9 years women, 26.1 ± 0.9
years men

• The highest concentrations of aspartame
tended to have a time-dependent,
biphasic effect, producing a transient
decrease followed by a sustained increase
in hunger ratings

• Design: RCT
• Treatment: aspartame
• Duration: test day

Black et al.48

1991
• Subjects: 20 men Control timing and size of the breakfast

meal on test days and deliver the NCS
aspartame in a commercially available
soft drink

• The consumption of aspartame-
sweetened beverages did not increase
short-term subjective hunger, or food
intake, in a meal taken within the
following 60 to 90 minutes

• Age: 19–25 years
• BMI: 22–29 kg m−2

• Design: randomised trial
• Treatment: aspartame, water
• Duration: test days

Food & Function Review
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Table 3 (Contd.)

Author (ref.)
year Trial characteristics/design Hypothesis/research question/aims Outcomes and remarks

Black et al.44

1993
• Subjects: 18 males Sweeteners like aspartame accounts for

the appetite suppression
• Water sweetened with aspartame
resulted in increases to subjective
appetite, hunger, desire to eat, fullness
and prospective consumption, relative to
an unsweetened water control

• Age: 19–25 years • The increase in appetite was a short-
lived effect, lasting approximately
30 minutes

• BMI: 21–25 kg m−2

• Design: randomised trial
• Treatments: carbonated mineral water
and aspartame
• Duration: 5 test days

Chambers
et al.73 2009

• Subjects: • Observe how rinsing the mouth with
solutions containing glucose and
maltodextrin, disguised with artificial
sweetener, would affect exercise
performance

• A non-sweet carbohydrate in the human
mouth produces a similar central neural
response to that obtained with glucose

-study 1A: 8 men • Examine functional magnetic resonance
imaging fMRI to identify the brain
regions activated by these substances

• Both sweet and non-sweet carbohydrate
in the human mouth activate a variety of
brain areas, some of which may be
involved in reward and the regulation of
motor activity

-study 2A: 6 men and 2 women • Glucose activated the orbitofrontal
cortex and the adjoining rostral part of
the anterior cingulate cortex

-study 1B: 4 men and 3 women
-study 2B: 5 men and 2 women

• Age:
-study 1A: 29 ± 9 years
-study 2A: 22 ± 3 years
-study 1B: 23 ± 3 years
-study 2B: 24 ± 2 years

• BMI:
-study 1A: 23.8 ± 2.5 kg m−2

-study 2A: 22.3 ± 2.7 kg m−2

-study 1B: 22.2 ± 1.0 kg m−2

-study 2B: 22.7 ± 0.7 kg m−2

• Design: RCT
• Treatment: glucose, maltodextrin,
saccharin, aspartame
• Duration: 4 visits

Frank et al.74

2009
• Subjects: 12 women Determine whether human brain

activation is different for caloric sucrose
compared to an artificial sweetener

• Sucrose and sucralose activate common
taste pathways, but the primary taste
cortex as well as pleasantness-related
brain reward circuitry are activated greater
for sucrose

• Age: 20–36 years • Sucralose activates taste reward circuits
but may not fully satisfy a desire for
natural caloric sweet ingestion

• BMI: 20–25 kg m−2

• Design: RCT
• Treatment: sucrose, sucralose

Raben et al.55

2011
• Subjects: 23 participants, 4 men and 19
women

Investigate the effects of a diet high in
sucrose versus a diet high in artificial
sweeteners on fasting and postprandial
metabolic profiles after 10 weeks

• A sucrose-rich diet resulted in elevations
of postprandial glycaemia, insulinemia,
and lipidemia compared to a diet rich in
artificial sweeteners

• Age: 20–50 years
• BMI: 25–30 kg m−2

• Design: RCT
• Treatment: sucrose, sweetener
• Duration: 10 weeks

Review Food & Function
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Table 3 (Contd.)

Author (ref.)
year Trial characteristics/design Hypothesis/research question/aims Outcomes and remarks

Maersk et al.66

2012
• Subjects: 24 participants, 12 females
and 12 males

Investigate the acute effects of two energy
containing drinks sucrose-sweetened
regular cola and isocaloric semi-skimmed
milk and two non-energy-containing
drinks aspartame-sweetened diet cola and
water on appetite scores, appetite
regulating hormones and energy intake EI

• Milk increased appetite scores and
GLP-1 and GIP responses compared with
sugar-sweetened soft drinks SSSD

• Age: 20–50 years • The energy containing beverages were
not compensated by decreased EI at the
following meal

• BMI: 28–36 kg m−2 • There were no indications of aspartame-
sweetened soft drink ASSD increased
appetite or EI compared with water

• Design: randomised crossover study
• Treatment: sucrose-sweetened regular
cola, semi-skimmed milk, aspartame-
sweetened diet cola, and bottled still water
• Duration: 4 test days with 2 weeks of
washout between them

Wu et al.68

2012
• Subjects: 10 participants, 7 men and 3
women

Determine the effects of 4 sweet preloads
on GIP and GLP-1 release, gastric
emptying, and postprandial glycaemia

• SGLT1 substrates stimulate GLP-1 and
GIP and slow gastric emptying, whereas
the artificial sweetener sucralose does not

• Age: 28.8 ± 4.0 year • Following a 60 mg sucralose preload,
plasma GLP-1 levels did not significantly
increase, whereas ingestion of 40 g of
glucose resulted in a prompt increase in
GLP-1

• BMI: 25.5 ± 1.5 kg m−2 • Following ingestion of a sucralose or
blend of tagatose and isomalt preloads,
there was no observable difference from
fasting values

• Design: RCT
• Treatment: glucose, tagatose/isomalt,
3-O-methylglucose, sucralose
• Duration: 4 test days at least 3 days apart

Temizkan
et al.69 2015

• Subjects: 8 healthy volunteers, 4 men
and 4 women and 8 diabetics, 4 men
and 4 women

Determine the effect of artificial
sweeteners aspartame and sucralose on
blood glucose, insulin, c-peptide and
glucagon-like peptide-1 GLP-1 levels

• Sucralose enhances GLP-1 release and
lowers blood glucose in the presence of
carbohydrate in healthy subjects but not in
newly diagnosed type 2 diabetic patients

• Age: healthy 45.0 ± 4.1 years • Sucralose ingestion at a dose of 24 mg
absent of energy in addition to a 75 g oral
glucose tolerance test ∼307 kcal, resulted
in a significantly higher AUC GLP-1
response in the sucralose condition
compared to water

Diabetic 51.5 ± 9.2 years
• BMI: healthy 30.3 ± 4.5 kg m−2

Diabetic 33.7 ± 5.4 kg m−2

• Design: RCT
• Treatment: aspartame, sucralose, water
• Duration: 3 settings

Sylvetsky
et al.61 2016

• Subjects: 61 healthy adults, 30 arm 1 of
which 47% men, 31 arm 2 of which 45%
men

• Test the effects of NCS on glycaemia,
insulin, and incretin responses in healthy
adults

• Diet sodas but not NCS in water
augmented GLP-1 responses to oral
glucose

• Age: 18–45 years • Test whether two combinations of NCS
increase GLP-1 secretion

• Insulin concentrations were nominally
higher following all NCS conditions
without altering glycaemia

• BMI: 25.8 ± 4.2 kg m−2 arm 1 and 26.3
± 7.5 kg m−2 arm 2

• Sucralose alone at any concentration did
not affect metabolic outcomes

• Design: randomised cross-over study • Gastric inhibitory peptide GIP and
C-peptide were not significantly different
from fasted values following ingestion of
sucralose at varying doses

• Treatment arm 1: water + sucralose
• Treatment arm 2: selzer water, diet rite
cola (sucralose and acesulfame-K), diet
mountain dew (sucralose, acesulfame-K
and aspartame) or seltzer water
(sucralose and acesulfame-K)
• Duration: 1 screening + 4 test visits

Food & Function Review
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Table 3 (Contd.)

Author (ref.)
year Trial characteristics/design Hypothesis/research question/aims Outcomes and remarks

Gadah et al.46

2016
• Subjects: 144 participants 72 men, 72
women

• Evaluate energy compensation in the
participants who receive jelly and candy
as a preload compared to those who
receive the drink

• Consumption of sucrose was found to
reduce subsequent energy intake

• Age: 18–65 years • Assess the effect of sweet food intake on
appetite reduction for sweet foods

• The cumulative intake preload plus
assumption with test-meal was greater in
the sucrose conditions

• BMI: 22.9 ± 3.3 kg m−2 • The compensation was greater when the
preload was a drink than when it was in
food

• Design: between-subjects (parallel
group)

• The consumption of sweet drinks
reduced the relative intake of sweet foods

• Treatment: 6 combinations of sucralose
or sucrose drinks, jelly and candy

• Sugar consumed in a drink was no less
satiating than the same amount of sugar
consumed in realistic semi-solid and solid
foods

• Duration: two test days

Tey et al.31

2017
• Subjects: 34 men Compare the effects of consuming NCS

and sucrose on energy intake, blood
glucose and insulin responses

• Calorie-free beverages sweetened with
NNSs has minimal influences on total
daily energy intake, glucose and insulin
responses compared with a sucrose
sweetened beverage in healthy lean males

• Age: 21–50 years
• BMI: 18.5–25 kg m−2

• Design: randomised crossover study
• Treatment: aspartame, monk fruit,
stevia, sucrose
• Duration: 1 screening and 4 test
sessions with a minimum of 5-days
hiatus between the test days

Casperson
et al.91 2017

• Subjects: 21 participants, 10 men and
11 women

Test the effects of NCS beverages
consumption on later appetite and the
reinforcing value of foods with sweet or
salty/savoury taste profiles

• 4 h after consuming a NCS at lunch, the
participants were willing to do more work
to gain access to a sweet snack than a
salty/savory snack

• Age: 24 ± 6 years • NCS consumption may uncouple the
relationship between the motivation for a
sweet food and eating behavior, at least
temporarily

• BMI: < 25 kg m−2 • NCSs, specifically those sweetened with
sucralose, may play a role in altering
eating behavior and food choices

• Design: randomised crossover study
• Treatment: sucrose, sucralose
• Duration: 2 testing sessions separated
by a minimum of 7 days

Fantino
et al.43 2018

• Subjects: 166 participants, 86 men and
80 women

Prove that NCS beverages would not differ
from plain water in their impact on mean
energy intake, either before or after NCS
habituation, in the laboratory or at home

• NCS beverages do not increase total
energy intake when compared with water

• Age: 18–45 years • The use of NCS in place of sugar led to
reduced appetite for sweet-tasting foods
and sugars, suggesting a sensory-specific
satiety effect

• BMI: 19–28 kg m−2 • No effect on motivation to eat following
regular consumption of a commercially
available beverage aspartame, acesulfame-
K and sucralose

• Design: RCT
• Treatment: acesulfame-K, aspartame,
sucralose, water
• Duration: 9 weeks

Review Food & Function
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Table 3 (Contd.)

Author (ref.)
year Trial characteristics/design Hypothesis/research question/aims Outcomes and remarks

Meyer-
Gerspach
et al.67 2018

• Subjects: 12 participants, 6 men and 6
women

Determine and compare the effects of
caloric and NCS on GI motility and GI
hormone secretion, as well as on appetite-
related sensations in healthy volunteers

• Glucose and fructose inhibit motilin
secretion and antral motility while
increasing CCK secretion but no effect
after acesulfame-K

• Age: 18–28 years • An initial stronger decrease in hunger
feelings and stronger increase in satiety
after ace-K P < 0.05, followed by a steeper
return

• BMI: 19–25 kg m−2

• Design: randomised crossover study
• Treatment: glucose, fructose,
acesulfame-K, water
• Duration: 4 test days at least 3 days
apart

Van Opstal
et al.62 2019

• Subjects: 16 men Investigate the effects of glucose, fructose,
sucrose and sucralose ingestion on the
magnitude and trajectory of the
hypothalamic and the vental tegmental
area (VTA) blood oxygen level dependent
(BOLD) responses

• Glucose induces a deactivation in the
hypothalamus after ingestion

• Age: 18–25 years • Fructose and sucrose are both associated
with a delayed and lesser response from
the hypothalamus

• BMI: 20–23 kg m−2 • Sucralose might not have a similar,
possibly satiating, effect on the brain as
the natural sugars

• Design: randomised crossover study
• Treatment: glucose, fructose, sucrose,
sucralose, water
• Duration: five visits

Higgins and
Mattes45 2019

• Subjects: 154 participants Compare the effects of consumption of 4
NCS and sucrose on body weight,
ingestive behaviors, and glucose tolerance
over a 12-week intervention in adults

• Sucrose and saccharin consumption
significantly increase body weight
compared with aspartame, rebA, and
sucralose

• Age: 18–60 years • Weight change was directionally negative
and lower for sucralose

• BMI: 25–40 kg m−2 • Energy intake decreased with sucralose
consumption P = 0.02 and ingestive
frequency was lower for sucralose than for
saccharin P = 0.045

• Design: RCT parallel-arm • Glucose tolerance was not significantly
affected by the sweetener treatments

• Treatment: sucrose, aspartame,
saccharin, sucralose, rebaudioside A
• Duration: 5 testing days for a total of 12
weeks

van Opstal
et al.47 2019

• Subjects: 20 men Investigate the effects of the ingestion of
sweetened nutrient shakes containing fats
and protein

• The type of sweetener can affect brain
responses and might thus affect reward
and satiety responses and feeding
behaviour

• Age: 18–25 years • Sweet taste without the corresponding
energy content of the non-nutritive
sweeteners appeared to have only small
effects on the brain

• BMI: 20–23 kg m−2

• Design: randomised cross-over study
• Treatment: glucose, fructose, allulose,
sucralose
• Duration: four visits with a week-long
wash-out period

Food & Function Review
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7-day diary and cannot be used to establish causation due to
the disparity and inaccuracy of the collected data. This evi-
dence is contrasted by a 10-week intervention in which par-
ticipants consumed supplements consisting of sucrose or
NCS via a variety of different commercially available products.
Within this study it was found that NCS consumption did not
stimulate carbohydrate intake; in addition, intake of sucrose
and carbohydrates decreased voluntarily across the interven-
tion period.81 This finding is supported by other long-term
trials. In a study looking at the effect of sucrose consumption
on inflammatory markers, compared to NCS (a blend of 54%
aspartame, 23% cyclamate, 22% acesulfame-K and 1% sac-
charin) within a diet,82 overweight adults followed a diet con-
taining predominantly drinks with sucrose or NCS for 10
weeks. At the end of this period, the NCS group decreased
weight while the sucrose group gained weight, with inflam-
matory markers also increasing.82 Other trials comparing
repeated consumption of high fructose corn syrup and aspar-
tame,83 also demonstrated a higher energy intake in the high
fructose group. The elevated energy intake observed in
sucrose-sweetened diets can be explained by the
energy content of sucrose provided via the dietary interven-
tion, as when this energy is removed from the analysis there
is no longer a significantly elevated intake of sucrose.81 This
evidence suggests that the use of NCS obtained via various
commercially available products may be sufficient to reduce
energy intake, particularly by reducing the intake of free
sugars. This outcome is particularly relevant given that a
large portion of the European population fails to meet the
current World Health Organisation (WHO) recommendations
to limit free sugars intake to less than 10% of total
daily energy intake.84 However, as a number of long-term
studies utilise commercially available products, distinguish-
ing the effects of different NCS, doses or blends remains a
challenge.

Food reward

Common methods of assessing food reward involve the use of
self-reported questions (for example a VAS assessing liking or
pleasantness), behavioural tasks or neuroimaging techniques
(for example fMRI scans whilst being presented a stimulus).
These methods can be used both in acute and long-term
studies comparing baseline scores to post-intervention scores.
It has been suggested that NCS stimulate a preference for
sweetness, encouraging sugar cravings precisely because they
are sweet85 and it has also been established that repeated
exposure to a specific flavour promotes an increased prefer-
ence.86 In contrast, others have suggested that consumption of
a certain taste reduces preference for that taste via an increase
of sensory-specific satiety. However, this effect has been shown
to be stronger for savoury than sweet tastes.87 Given that the
hedonic value of food is a powerful driver of future food
intake,62,72 it is important to understand any impact of NCS
on food reward. Additionally, it is necessary to distinguish
between the rewards elicited from ingestion of a stimulus from
the potential impact on food reward later in the day.

Given that apparently the human brain is capable of discri-
minating nutritive and non-nutritive sweetness,88 it is impor-
tant to distinguish the impact of caloric vs. NCS on food
reward. Acute ingestion of glucose (23 g) or fructose (23 g)
loads produced significant decreases in Blood Oxygen Level
Dependent (BOLD) signalling in regions involved in reward –

cingulate cortex, insula and basal ganglia – whereas, a sucra-
lose (50 mg) or allulose (23 g), with similar sweetening power
than glucose and fructose, load had no effect on BOLD signal-
ling in these regions during ingestion.62 This evidence would
suggest that the hedonic properties of sweetness may be
closely linked to the associated energy content of sweet foods,
rather than sweetness per se, where allulose and sucralose have
similar sweetening power than glucose and fructose. However,
subjective pleasantness ratings in response to oral stimulation
(not ingested) using a sucrose solution did not differ to those
provided following ingestion of an aspartame sweetened solu-
tion (234 mg) as reported elsewhere.89 Taken together, this
response would suggest that either sweetness is rewarding neu-
rologically due to the associated energy content,90 or the
energy content itself is rewarding, and that sweetness is sub-
jectively rewarding regardless of energy content. This finding
is supported by a comparable study, which revealed that a
glucose load (50 g) led to immediate activation in the ventral
tegmental area (VTA), with fructose (50 g) displaying a delayed
response, in part due to a longer digestion time, while the
effect of sucralose (330 mg) was comparable to that of water.47

It has also been reported that hedonic properties may differ
between types of NCS.31 Using a number of subjective scales,
participant’s overall liking ratings provided in response to bev-
erages sweetened using aspartame (440 mg) and sucrose (65 g)
are similar; however, responses to both were significantly
greater than those provided for beverages sweetened with
monk fruit extract (630 mg) and stevia (330 mg).31 For this
reason, care must be taken when drawing conclusions sur-
rounding the hedonic properties of various NCS, as the reward
elicited during ingestion may not always be comparable
among sweetener types.

Furthermore, a recent study highlighted that following
ingestion of a sucralose-sweetened beverage (4 g) – contrasted
to a sucrose-sweetened beverage (31 g) – the motivation to
gain access to sweet snacks turned out to be greater relative
to savoury foods.91 However, this motivation may be affected
by cravings for sweet taste in certain individuals. In fact,
availability of NCS products may actually result in reduced
calorie consumption compared with availability of only
sugar-sweetened products amongst frequent consumers of
NCS products.92 Thus, sweetness in the absence of energy
may lead to some individuals seeking sweet tasting foods;
however, it is important to note that this may not always
result in increased consumption; and individuals with elev-
ated cravings for sweet taste may benefit from access to NCS
products. The literature regarding any changes in food
reward after consumption of NCS is currently not well under-
stood and therefore further work is required to draw firm
conclusions.93

Review Food & Function
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Weight and energy metabolism
regulation

Sweetener and sweetness enhancers consumption may influ-
ence fuel homeostasis and weight gain, affecting inflam-
mation, adipogenesis and microbiota composition, where
glucose metabolism and insulin regulation have been involved
in addition to the impact on eating behaviour.94,95

Body weight and composition

The evidence regarding the effect of NCS on body weight is
presently unclear with some studies showing reductions in
body weight with use of NCS while others reported no
changes.96 It is important to understand the impact of regular
consumption of NCS on body weight as recent evidence has
identified their use to be motivated by weight management
goals,97 with a large proportion of habitual consumers being
those with overweight or obesity, or individuals that regularly
exercise and diet.98

There are some additional trials revealing reductions in
body weight following NCS consumption compared to
increases in body weight following consumption of nutritive
sweeteners (primarily sucrose).55,83 For example, at the end of
a 4-week intervention comparing diets supplemented with
commercially available beverages (250 ml 4× daily), sweetened
with either sucrose or aspartame, there was an increase in
body weight in the sucrose condition.99 This finding is sup-
ported by a longer 10-week intervention where reductions in
fat mass were observed following a diet using NCS compared
to a sucrose-sweetened diet.81 Furthermore, increases in
overall body weight have been shown following a sucrose-swee-
tened diet relative to a diet composed of reformulated food
items using NCS.82

The change in body weight has been speculated to be due
to the differences in energy content of nutritive versus non-
caloric sweeteners. Thus, following a 6-month dietary interven-
tion whereby participants consumed regular cola, diet cola or
water, there were increases in total fat mass, visceral fat, liver
fat, serum triglycerides and serum total cholesterol following
regular cola consumption, whereas those in the diet cola con-
dition demonstrated reductions in total fat mass that were
comparable to the decreases produced with water consump-
tion.66 Such evidence indicate that commercially available
non-nutritive products sweetened using NCS are comparable
to water in their effects on body weight.43 Subsequently, it is
possible that NCS may be used to facilitate a reduction in body
fat whilst maintaining a palatable diet.

There is also data demonstrating no change in body weight
though. For example, a 12-week cross-over intervention in
which participants consumed daily either two 330 ml servings
of beverage sweetened using a blend of aspartame (129 mg)
and acesulfame-K (13 mg) or water, failed to demonstrate sig-
nificant reductions to waist circumference, body weight or BMI
in either condition.65 These findings would suggest that NCS
consumed regularly have no impact on body weight; however,

it also highlights that their effects on body weight are compar-
able to those of water. In a similar cross-over study which
employed the use of regular sugar or sugar-reduced foods and
beverages for 8 weeks, no differences in body weight or body
fat percentage were found in a sample of healthy normal
weight individuals.100 Examination of energy and macronutri-
ent intake identified that this was due to energy compen-
sation. When individuals consumed the sugar-sweetened
foods, the added energy from the intervention products dis-
placed protein and fat.101 When participants consumed the
sugar-reduced items, carbohydrate intake declined, and
protein and fat intake increased. Additionally, in a sample of
adults with overweight or obesity, replacement of caloric bev-
erages with water or diet beverages resulted in significant
reductions to body weight and waist circumference, although
there were no differences between diet beverage and water con-
ditions.102 These findings support the recent report provided
by Bonnet and colleagues,65 demonstrating comparable effects
between NCS beverages and water. The disagreement between
studies in the effect on body weight may be explained by the
population’s baseline BMI. Thus, in Bonnet et al. (2018),65 the
mean BMI was 24.7 kg m−2 and in Markey et al. (2016)100 it
was 23.5 kg m−2 – both samples were healthy weight individ-
uals. The sample in the Tate et al. study (2012)102 however pre-
sented a mean BMI of 36.3 kg m−2. From these differences, it
can be hypothesized that replacement of caloric beverages
with NCS beverages produces weight loss that is comparable to
water in individuals with overweight or obesity, but not indi-
viduals with a healthy weight.

To summarise, examination of the evidence and consider-
ation of the differences in methodology and study populations
used points towards a modest reduction in body weight follow-
ing non-caloric sweetener consumption, compared to
increases in body weight following a sucrose-sweetened
diet.103 As supported by the systematic review and meta-ana-
lysis of randomised controlled trials examined by Laviada-
Molina et al.,10 body weight/BMI differences were evident, and
favouring NCS consumers (−1.27 kg and −0.08 kg m−2). In
addition, this reduction in body weight was more pronounced
particularly in participants with overweight and obesity, rather
than healthy weight individuals.10

Glucose homeostasis: mechanistic evidence

Carbohydrate metabolism related to glucose uptake, insulin
secretion, inflammation, adipogenesis may be affected by
dietary sugar and sweeteners intake,104 where some pioneer
studies were carried out in in vitro animal models.105–109

Intestinal glucose absorption

Upon non-caloric sweetener intake, sweet-taste receptors,
located in the enteroendocrine L and K cells, are able to detect
the sweet compound.105 Sweet-taste receptors are involved in
intestinal glucose absorption in mice by modulating the
expression of sodium-dependent glucose transporter isoform 1
(SGLT1) and glucose transporter 2 (GLUT2), which is also
stimulated by SGLT1, to the intestine.106–108 In turn, SGLT1
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stimulates the secretion of GIP and GLP1 in mice.108,109

Notably, these effects were found for acesulfame-K and sac-
charin, while not for aspartame as mice do not sense it as
sweet, thereby not acting on sweet-taste receptors.106,110

Furthermore, NCS, acting on sweet taste receptors on enter-
oendocrine GLUTag cells, were found to stimulate the
secretion of incretins implicated in SGLT1 upregulation.106

These data underline that NCS are able to increase intestinal
glucose absorption, and in turn, stimulate gut hormone
secretion, via sweet-taste receptors, thereby regulating post-
prandial hyperglycaemia in mice. Nevertheless, to date no
differences in intestinal glucose absorption in humans have
been reported. Insufficient research has been devoted to the
regulation mechanisms involved in glucose metabolism after
NCS administration in humans, but some artificial sweeteners
may elicit incretin secretion and activate intestinal glucose
absorption through TIR2/3 receptors.111 Therefore, additional
investigation concerning effects of NCS on glycaemia are
needed.112

Insulin secretion

Different doses and types of NCS appear to have little impact
on insulin release and sensitivity in acute and repeated con-
sumption trials. Cross-over studies showed no early rise in
insulin concentration upon NCS intake in healthy subjects,
while this response was found upon intake of natural sugars.53

Furthermore upon natural sugar intake, the secretion of incre-
tins, in turn, is able to stimulate the β-cells of the pancreas to
secrete insulin.113 As the secretion of incretins is nutrient-
dependent, NCS are not able to stimulate the secretion of
insulin via incretins.52,114,115 Nevertheless, insulin secretion is
stimulated upon the interaction of NCS with sweet-taste recep-
tors in isolated pancreatic β-cells of mice.116,117 Consistent
with the data on intestinal glucose absorption, this outcome
was not found for aspartame as it is not very appealing to
rodents whose attraction to the taste of aspartame appears to
be low110,118 as compared to humans. Regarding insulin levels,
results in human trials are inconsistent so far. Three studies
identified no effect on fasting insulin concentrations after
acute or longer-term (1–16 weeks) intake of NCS in healthy
subjects nor those with diabetes, overweight, or
obesity.52,119–121 However, another study, where participants
were required to rate the sweetness and palatability of sucrose
or sucralose preloads in either beverage or solid form (gelatin
cubes), detected a raise in the cephalic phase insulin response
(CPIR) in a sub-set of subjects with overweight and obesity,
especially after the solid form.122 However, this response was
short-lived given it was part of the CPIR (2 min). Two other
studies showed an increase in insulin levels after acute or
long-term (4 weeks) intake of NCS in the form of a water solu-
tion, capsule, or diet beverage compared to either water alone,
placebo (unspecified), or carbonated water in healthy subjects
or those with obesity.61,123 Notably when replacing the diet or
carbonated water beverage with a water solution, no difference
in insulin levels was found after consuming water with sucra-
lose compared with water.61 This indicates that the ingredients

within the diet soda or the associated taste may affect the
insulin secretion and not the sucralose content per se. Of the
two studies showing an increase in insulin levels after NCS
intake, one study indicates a decrease in insulin clearance
rather than a decrease in insulin secretion, as the insulin
secretion remains unaffected.123 Taken together, the overall
human data suggests that NCS do not affect total insulin levels
or do not stimulate insulin secretion to the same extent as
natural sugars, although the chemical structure may be
involved.112 On the other hand, the CIPR may be impacted but
only in certain populations, with likely negligible effects on
appetite and food intake.122,124

Microbiota, body weight control and glucose homeostasis

An important component of metabolic health is the gut micro-
biome as it plays an important role in metabolic functions and
energy balance.125 In general, a healthy diet, composed of a
high intake of fruit, vegetables, fibres, and fish, and a low
intake of sugar, is associated with a richer and more diverse
gut microbiome.126 Upon reaching the gut, NCS are able to
modulate the ratio and diversity plus functions of the micro-
biota, where neuroendocrine effect may be involved.127

However, not all NCS will reach the microbiota as they follow
different metabolic pathways within the body. For instance,
neither aspartame or its metabolized components (aspartic
acid, phenylalanine and methanol) reach the colon as these
are metabolized in the small intestine and rapidly absorbed
into the blood stream.128,129 In contrast, steviol glycoside
encounters the microbiota directly as it is degraded by it.130

Acesulfame-K, saccharin, and sucralose are not metabolized
and are absorbed or excreted directly into the faeces in their
intact form, being thereby able to reach the microbiota and to
elicit bacteriostatic effects.131–134 Although acesulfame-K is not
metabolized, it has been suggested that it is unlikely for this
NCS to reach the lower gastrointestinal tract due to a rapid
absorption upon normal adequate daily intake and dosage.135

The intake of NCS, that are able to reach the lower gastroin-
testinal tract in their intact form, may cause dysbiosis of gut
microbiota, with a microbial imbalance or maladaptation of
the gut microbiota.136 Non-caloric sweeteners such as
aspartame137 and others105 were found to be associated with
increased dysbiosis and impairments on the
Firmicutes : Bacteroidetes ratio in studies involving individuals
with morbid obesity,138 metabolic syndrome105 or NAFLD.139

Consistently, Suez et al. demonstrated that NCS are able to
induce glucose intolerance in mice and distinct human sub-
groups by altering the gut microbiome.140 Saccharin consump-
tion (5 mg kg−1 d−1) for one week was found to increase glycae-
mic response in 4 of the 7 subjects, clustered as ‘responders’,
while no response was found in the ‘non-responders’.140

Notably, the gut microbiota composition was already distinct
prior to saccharin consumption between ‘responders’ and
‘non-responders’, thereby indicating that the gut microbiota
may predict susceptibility to NCS. Furthermore, in that study it
was demonstrated that saccharin was able to increase the
Firmicutes : Bacteroidetes ratio in the gut microbiome of mice,
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Table 4 Body weight, insulin secretion and glucose related metabolic biomarkersas affected by sweeteners and sweeteners enhancers
consumption

Author (ref.)
year Trial characteristics/design Hypothesis/research question/aims Outcomes and remarks

Smeets
et al.53 2005

• Subjects: 5 men Measure the effects of sweet taste and
energy content on the hypothalamic
response to glucose ingestion and to
measure the concomitant changes in blood
glucose and insulin concentrations

• Sweet taste and energy content are
required for a hypothalamic response

• Age: 18–28 years • The combination of sweet taste and
energy content could be crucial in
triggering adaptive responses to sweetened
beverages

• BMI: 19–25 kg m−2 • Aspartame did not trigger any insulin
response

• Design: randomised crossover
design
• Treatment: water, glucose,
maltodextrin, aspartame
• Duration: 4 test days

Maki
et al.121 2008

• Subjects: 122 participants, 60 in
the rebaudioside group (28
females), 62 in the placebo group
(32 females)

Examine the safety of 16 weeks of
rebaudioside A consumption in men and
women with type 2 diabetes mellitus, with
particular attention to any potential
glycaemic and hemodynamic effects

• Consumption of rebaudioside A for 16
weeks did not affect glucose homeostasis or
resting blood pressure in men and women
with type 2 diabetes mellitus

• Age: 18–74 years • Rebaudioside A was well-tolerated and
generally had no effects on laboratory
measurements of safety

• BMI: 25–45 kg m−2

• Design: RCT
• Treatment: rebaudioside A
• Duration: 16 weeks

Ford et al.119

2011
• Subjects: 8 volunteers, 7 females
and 1 male

Investigate whether oral ingestion of
sucralose could stimulate L-cell-derived
GLP-1 and peptide YY PYY release in vivo

• Oral ingestion of sucralose does not
increase plasma GLP-1 or PYY
concentrations and hence, does not reduce
appetite in healthy subjects

• Age: 22–27 years • Oral stimulation with sucralose had no
effect on GLP-1, insulin or appetite

• BMI: 18.8–23.9 kg m−2 • Sucralose ingestion did not increase
plasma GLP-1 or PYY

• Design: randomised crossover
study

• Maltodextrin ingestion significantly
increased insulin and glucose compared
with water

• Treatment: water, sucralose,
maltodextrin + sucralose, cephalic
sucralose

• Appetite ratings and energy intake were
similar for all groups

• Duration: 4 test days with at least
3 days between sessions

Pepino
et al.123 2013

• Subjects: 17 participants, 15
females and 2 males

Test the hypothesis that sucralose ingestion
alters the glycaemic and hormonal
responses to glucose ingestion in obese
subjects who are not regular users of NCS

• Sucralose affects the glycaemic and
insulin responses to an oral glucose load in
obese people who do not normally
consume NCS

• Age: 35.1 ± 1.0 years • Modest reduction in insulin clearance
after sucralose was ingested

• BMI: 41.0 ± 1.5 kg m−2 • Sucralose is not metabolically inert but
has physiologic effects

• Design: randomised crossover
design
• Treatment: sucralose, water
• Duration: 2 test days, 7 days apart
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resembling that of individuals with obesity.140 Along with com-
positional change, fermentation of glycans was increased,
resulting in an increase in short chain fatty acids (SCFA). The
authors proposed that an increase in SCFA may promote
energy harvest and a positive energy balance as the capacity to
extract energy is enhanced.141 However, human studies indi-
cate a positive or preventive role of SCFA in body weight-and
glycaemic control by modulating energy and substrate metab-
olism, eliciting beneficial effects on hepatic fat and adipose
tissue function, and in turn, improving body weight control,
insulin sensitivity, and reducing ectopic fat.142,143 Moreover,
human evidence for non-caloric sweetener-induced alterations
in microbiota is scarce and in some cases the sample sizes uti-
lised have been small.140 As more research emerge, the effects
of NCS on gut health may become clearer. A recent study with

17 healthy subjects demonstrated that daily repeated con-
sumption (14 days) of pure aspartame or sucralose in doses
reflective of typical high consumption have minimal effect on
gut microbiota composition or SCFA production.144

Whether NCS perturbate the microbiota composition and
whether the resulted dysbiosis increases SCFA production in
larger populations remains to be determined. In addition, the
role of energy harvest in human energy balance is of uncertain
significance, whilst SCFA have been associated with overall
positive health effects in human studies.142

Microbiota, inflammation and adipogenesis

Upon non-caloric sweetener-induced gut microbiota dysbiosis,
metabolic endotoxemia and the development of insulin resis-
tance occurs. Dysbiosis can disrupt the mucosal integrity of

Table 4 (Contd.)

Author (ref.)
year Trial characteristics/design Hypothesis/research question/aims Outcomes and remarks

Bonnet
et al.65 2018

• Subjects: 50 individuals 22 men,
28 women

Compare the effects of regular consumption
of a carbonated beverage containing high
intensity sweeteners and an unsweetened
carbonated beverage on insulin sensitivity
and secretion

• Daily consumption over 12 weeks of a
beverage sweetened with a blend of
aspartame 129 mg and acesulfame-K 13 mg
did not produce any significant effect on
insulin sensitivity or secretion

• Age: mean age 31 years
• BMI: 19–29 kg m−2

• Design: randomised crossover
study
• Treatment: aspartame,
acesulfame-K, carbonated water
• Duration: 4 visits for a 12-week
intervention period

Crézé et al.54

2018
• Subjects: 18 men Investigate whether activation of sweet taste

receptors with NCS or with sucrose, exert
different acute effects on a postprandial
brain responses to food viewing, b
postprandial gastro-intestinal hormone
secretion known to impact hunger and
satiety feelings and c subsequent food
intake behavior, both in terms of quantity
and quality of choices

• An acute effect of NCS consumption on
immediate food intake in humans who are
not frequently drinking NCS beverages
wasn’t observed

• BMI: normal weight • The responsiveness of the brain areas to
sweet taste has been shown to ‘fade’ as a
function of longer-term NCS consumption

• Design: randomised crossover
study

• NCS consumption did not lead to
pronounced modulations of glucose,
insulin, and ghrelin concentrations

• Treatment: water, sucrose, NNS
(cyclamate, acesulfame-K,
aspartame)
• Duration: 3 test days with 3 weeks
of wash-out

Thomson
et al.120 2019

• Subjects: 34 men Evaluate the short-term effect of sucralose
on glycaemic control and its interaction
with the microbiota in healthy subjects

• Consumption of high doses of sucralose
for 7 days does not alter glycaemic control,
insulin resistance, or gut microbiome in
healthy individuals

• Age: 18–50 years • There were no changes in the gut
microbiomes of these subjects with respect
to the consumption of sucralose or placebo

• BMI: 20–30 kg m−2

• Design: RCT
• Treatment: sucralose, placebo
• Duration: 7 days
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the intestinal barrier, leading to the translocation of endotox-
ins, including lipopolysaccharide (LPS), from the gut into the
circulation.145–148

Mice studies have shown increased LPS concentration, by
gut microbiota modulation, and/or increased inflammation
upon consumption of NCS, including saccharin, acesulfame-K,
and sucralose.133,147,149,150 In contrast, steviol glycoside was
found to suppress inflammation by regulating the expression
of TLR2 and cytokine production by affecting NF-κB signalling
pathways in mice and Caco-2 cells.151,152 Hence, not all NCS
have the same metabolic impact mediated by the gut micro-
biota due to being involved in different metabolic pathways
has described elsewhere.153

As NCS have been associated with weight gain, it remains to
be determined whether they may affect adipose tissue function
and adipogenesis since sweet taste receptors are also expressed
in adipose tissue.154 Saccharin and acesulfame-K enhance adi-
pogenesis and reduce lipolysis by stimulating Akt and down-
stream targets involved in adipogenesis and by suppressing
hormone-sensitive-lipase phosphorylation, respectively, in
mouse adipocytes.154 Nevertheless, the results were found
independently of T1R2 or T1R3 expression. Likewise, another
in vitro study found an increase in fat accumulation and adipo-
genesis upon stimulation with sucralose in human mesenchy-

mal stem cells.155 In contrast, Masubuchi et al. showed
reduced adipogenesis upon saccharin or sucralose stimulation
in 3T3-L1 cells.156 Whereas in vitro data show inconsistent
results, in vivo studies are largely lacking.

Non-caloric sweeteners, obesity and type 2 diabetes mellitus
(T2DM)

The awareness of the harmful effects of eating too much
sugar has contributed to the increasing use of NCS.
Undoubtedly, replacing sugars with NCS reduces the energy
density of diets contributing thus to reduced dietary energy.
Besides the lack of calories, NCS do not contribute to blood
glucose levels directly unlike natural sugars.157 However,
whether reduced energy density and carbohydrate content of
the diet translates into improved body weight- and glycaemic
control is still debated (Table 4). Evidence from prospective
cohort studies suggest that frequent consumers of NCS are at
increased risk of excessive weight gain, metabolic syndrome,
and T2DM.158 Similarly, as reported in the review by Carocho
et al.,8 systematic reviews and meta-analyses, based on pro-
spective cohort studies, showed an association between NCS
and an increased incidence of T2DM, independent of adi-
posity.159 However, the majority of systemic reviews and
meta-analyses, based on RCTs and prospective cohort studies

Fig. 2 Proposed mechanisms of non-caloric sweeteners on metabolic health. Non-caloric sweeteners may induce gut microbiota dysbiosis.
Thereupon, short chain fatty acid levels may increase and enhance energy harvest and energy expenditure. Furthermore, the gut microbiota dysbio-
sis has been linked to inflammation and insulin resistance. Moreover, non-caloric sweeteners may reach the adipose tissue and affect adipogenesis.
In addition, non-caloric sweeteners may affect glucose homeostasis via intestinal glucose absorption and insulin secretion.
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in healthy and diabetic individuals, showed no relationship
between NCS and the risk of developing T2DM.159

Furthermore, meta-analyses of RCTs showed no significant
difference in body weight change between overweight and
lean individuals after consumption of NCS (<6 months) com-
pared to natural sugars or placebo (cellulose).160 Regarding
long-term RCTs, one meta-analysis showed no effect on
weight change after non-caloric sweetener consumption for
6 months or longer compared to sugar or water in obese indi-
viduals, whereas another meta-analysis showed reduced body
weight after non-caloric sweetener consumption (4 weeks to
40 months) compared to sugar or water in overweight and
lean individuals.27,77 Thus, whereas prospective cohort
studies suggest that NCS increases the risk of obesity, evi-
dence from meta-analyses, based on RCTs, suggest that NCS
do not contribute to obesity and may even be beneficial in
body weight control. Part of this controversy may be related
to reverse causality, that is, individuals who suffer from over-
weight or obesity typically resorts to the consumption of NCS
in an attempt to manage or control their weight.77 Thus, a
key question to be clarified is whether NCS have a real effect
on the risk of developing T2DM, or it is the inverse causality
which is the real cause (Table 4).

Conclusions

While some consensus exists on the potential benefits of NCS
to reduce net energy intake and assist in weight management,
the mechanisms by which NCS impact on eating behaviour,
glucose homeostasis and body weight control remain complex
and not fully understood (Fig. 2). NCS are linked to appetite,
on which food intake and reward depend, and metabolic
health, with connections to insulin secretion, energy expendi-
ture and glucose homeostasis. As a whole, the available data
suggest that NCS have positive inputs concerning food intake/
appetite, food reward and hedonic oral perception, which may
benefit a reduction in dietary calories and body weight
control. On the other hand, methodological differences may
contribute to disagreement in study findings, concerning
unexpected adverse effects of NCS on body weight- and glycae-
mic control via various indirect mechanisms, including effects
on gut microbiota, adipogenesis, and glucose homeostasis
mainly based in animal models. Despite some research
suggesting that the ingestion of non-calorie sweeteners is
related to an increase in food intake for a limited period of
time, probably due to the sweet taste in the mouth, further
research is needed to distinguish the impact of energy and
sweetness interactions. Furthermore, it is unlikely that NCS
affect total insulin secretion, and thus glycaemic regulation, as
the majority of clinical studies in humans showed no relevant
metabolic effects.

Despite some mechanistic evidence in mice, some meta-
analysis of RCTs show no effect on glycaemic control or body
weight control, whereas other meta-analysis even show a posi-
tive effect on body composition.77,159 Moreover, in vitro data

regarding the effects of NCS on adipogenesis remain still
inconclusive.

NCS effects on human gut microbiota have not yet been
clarified and whether effects are linked to an increased energy
harvest from the diets or negative effects on insulin sensitivity
and metabolic health.

Equally, it is necessary to establish evidence around par-
ticular sweeteners more specifically, rather than NCS as a
whole.161 This is an important requirement given the
increase in the consumption of NCS in individuals motivated
by weight loss goals, as well as the diverse food environment
that is currently available to these individuals, including a
wide range of products with a wide range of NCSs. Hence,
more clinical studies are needed to confirm and expand the
existing in vivo and in vitro data in humans. No concluding
findings were achieved from studies combining in parallel
measurements of appetite/metabolic outcomes are available;
therefore, there is a gap in knowledge that should be
addressed in future research. Notably, most systematic
reviews and meta-analyses of RCTs in humans show no or a
beneficial effect of NCS on body weight control and glucose
homeostasis. Taken together, the evidence suggests that NCS
may be used to facilitate a reduction in energy content in the
diet without compensatory increases in appetite or food
intake therefore potentially contributing to weight loss. The
impact of NCS on the human gut microbiota remains to be
established but potential health effects on appetite and
metabolism needs to be investigated.

Summary points

1. The use of NCS as sugar substitutes is rising among indi-
viduals with the aim of controlling energy intake and body
weight owing to eventual effects on appetite, although some
studies show no change in food intake, while others show an
increase or decrease in appetite following consumption of
NCSs

2. NCS use appears to be subject to controversy regarding
their metabolic health effects, despite wide application, which
needs to be investigated paying attention on putative effects on
microbiota

3. Evidence associate NCS with an increased incidence of
T2DM, which has been attributed to a reverse causal effect,
since NCSs do not contribute to obesity and may also be
helpful in controlling body weight and hyperglycaemia as they
facilitate carbohydrate intake reduction

4. Non-caloric sweeteners do not appear to impact insulin
levels or stimulate insulin secretion to the same extent as
natural sugars, which makes them good candidates as co-adju-
vants in the dietary treatment of diabetes and associated
complications

5. Non-caloric sweeteners can be used to facilitate a
reduction in dietary energy content without compensating for
the reduced intake via increased appetite or actual food intake,
thereby potentially contributing to weight loss
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