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Abstract

Non-nutritive sweeteners (NNSs) gained attention as dietary tools
that provide a free sweet taste of energy to foods. However, its health
benefits have been questioned. The aim of this review is to present
and discuss the effects of NNSs on energy and glycemic homeostasis,
as well as the mechanisms involved. Recent studies in animals and
humans have shown that consumption of NNSs appears to have a
negative effect on the energy and glycemic homeostasis, promoting
body weight gain, insulin resistance, and hyperglycemia. The hypoth-
eses proposed to explain these effects are changes in the perception
of taste sweet and weakening of the cephalic response, interaction of
NNSs with sweet-taste receptors in the intestinal tract, and changes in
intestinal microbiota. However, the determinants of energy and glu-
cose homeostasis are diverse, which may explain in part the unclear
effects evidenced in many studies. Therefore, other studies are impor-
tant to clarify the conflicts between the safety of NNSs and metabolic
disorders.
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Introduction

The obesity epidemic which affects different parts of the world
and is related to the consumption of highly hypercaloric diets
associated with a relative lack of exercise, resulting in energy
imbalances, can cause overweight and obesity, stored fat in
adipose tissue [1]. The number of individuals with overweight
and obesity has increased over the years, and the fundamental
cause of this condition is an energy imbalance between calo-
ries consumed and calories expended. The increase in BMI
accompanies the risk for several chronic non-communicable
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diseases [2].

The shortages of reliable clinical researches have led to
substantial confusion over the ideal combination of diets that
can promote a healthy life, especially about the consumption
of carbohydrates and fats. The low-fat diet has been at the heart
of dietary guidelines for decades. Currently, the controversy
over ideal dietary intake revolves around the consumption of
simple sugars. The substantial increase in the prevalence of
obesity worldwide attributed in part to the excessive consump-
tion of sugars [3].

In an attempt to control the situation presented, small
changes in diet to prevent weight gain have been encouraged
[3]. In this sense, non-nutritive sweeteners (NNSs), including
low-calorie sweeteners, artificial sweeteners and no caloric
sweeteners (NNSs: acesulfame-K, aspartame, saccharin and
sucralose), have gained attention as dietary tools capable of
providing extra energy-free sweet taste to foods and beverages
containing caloric sugars, being used in conjunction with other
conducts to promote weight loss, glycemic normalization and
increase adherence to diet [4-7].

However, since its approval by the Food and Drug Ad-
ministration (FDA), the non-nutritive artificial sweeteners and
its health benefits have been questioned, since they can pro-
mote metabolic changes negatively [8, 9]. Recent studies in
animals and humans suggest that the use of artificial sweet-
eners can affect energy and metabolic homeostasis, inducing
weight gain and intolerance to glucose [10-12]. Whether the
factors involved in these adverse metabolic effects attributed
to the consumption of artificial sweeteners is not yet well de-
fined. However, some mechanisms have been hypothesized.
The main ones are changes in the perception of sweet taste and
consequently weakening the cephalic response, and functional
changes in the composition of the intestinal microbiota and in-
teraction of artificial sweeteners with sweet-taste receptors in
the intestine.

Given the high current controversy regarding the use of ar-
tificial sweeteners and its health consequences, this study aims
to conduct a review of the metabolic effects of these, particu-
larly about the impact on energy and glycemic homeostasis, as
well as mechanisms involved in these effects.

Literature Search

This integrative review was conducted by searching from elec-
tronic database MEDLINE, PubMed platform. The descriptors
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“non-nutritive sweeteners”, “obesity” and “glucose intoler-
ance” were used in combination.

Original articles with animal models, in vitro studies and
with humans, published in English, related to the use of arti-
ficial sweeteners and their effects on energetic and glycemic
homeostasis were included. For purposes of conceptualiza-
tion, contextualization of the theme and understanding of some
mechanisms were used in review article.

Discussion

Effects of NNSs in energetic and glycemic homeostasis

Before the FDA’s approval of authorizing the non-nutritive ar-
tificial sweeteners, a series of toxicological and clinical studies
were conducted in several species, including humans, to dem-
onstrate that the NNSs were safe and well tolerated. Research
conducted in subjects with and without diabetes had shown
that even at extremely high doses of sucralose or aspartame,
there were no evidenced changes in blood glucose, C-peptide
or glycated hemoglobin (HbAlc) [13-15].

In contrast, recent data in studies with human and animal
models have shown that consumption of NNSs has adverse
and controversial effect on the control of energy and glycemic
homeostasis, unlike those which have been previously demon-
strated [16-21].

Swithers et al [16] evaluated in rats the effects of saccha-
rin sweetener consumption associated with low or high-energy
diet (high fat). It showed that unlike the animals fed with low
energy diet content and saccharin, the animals, especially fe-
males, fed with high calorie and a high-fat diet supplemented
with saccharin, showed a significant increase in energy con-
sumption, weight gain, and adiposity. The authors suggested
that the most unfavorable consequences of the use of sweeten-
ers can occur in people who most likely use them for weight
control, especially in women who consume a “westernized”
diet and are already prone to gain excess weight.

A study by Suez et al [17] showed that the consumption of
formulations containing NNSs drove the development of glu-
cose intolerance, through the induction of functional change
and the composition of the intestinal microbiota. These delete-
rious metabolic effects of NNSs were reversed by treatment
with antibiotics and could be transferable to germ-free mice
after fecal transplantation of microbiota mice that received
NNSs. Thus, the authors suggest that excessive consumption
of NNSs promotes dysbiosis, associated with the development
of metabolic changes.

Other studies also showed effects of using NNSs in glu-
cose homeostasis. Studies in lean mice or with obesity induced
by a high-fat diet observed that as the lean rats, mice fed with
high-fat diet and with sweeteners added water (saccharin or
sucralose or aspartame) developed hyperinsulinemia, glucose
intolerance and resistance the action of insulin [17-19].

Swithers et al [19] also found that excess exposure to
sweeteners interfered with the relationship between sweet taste
(sweet test) and calories, and could affect energy balance and
suppressed the release of glucagon-like peptide-1 (GLP-1),
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which could alter glucose homeostasis, reduce satiety and lead
to positive energy balance.

Data from four studies conducted in humans reinforce
the potential effect of NNSs in the regulation of glucose ho-
meostasis. Acute consumption of NNSs through diet soda or
a small amount of sucralose (24 mg in 200 mL water) just be-
fore an oral glucose load significantly increased the secretion
of GLP-1 in healthy children, young, and obese or overweight
adults [20-22]. Such change cannot be obtained in individuals
already with type 2 diabetes [21, 22]. Furthermore, the inges-
tion of sucralose affects the glycemic response to oral glucose
load, being able to increase glycemia and lead to increased in-
sulin secretion in obese individuals [23].

Another factor observed in human studies has been the
concentration of glucose-dependent insulin tropic polypeptide
(GIP) in plasma, suggesting that acute ingestion of sucralose
may lead to insulin resistance. To maintain the same blood
glucose; insulin concentrations were 20% higher than regu-
lar levels in obese subjects who ingested sucralose, compared
to subjects receiving only water before glucose intake [23].
However some results in lean and healthy adults have shown
that sucralose is not able to affect the glycemic response and
hormonal [24-27].

Among the many present impasses regarding the safety of
NNSs use, it is necessary to understand the potential physio-
logical mechanisms involved, enabling a correct interpretation
of data, and then link them; or there are no possible metabolic
disorders that may be related to prolonged and repeated use of
artificial sweeteners.

Mechanisms involved in energy and glycemic homeostasis
associated with sweeteners use

To establish a cause-effect relationship between using of NNSs
and metabolic disorders, several hypotheses were described.
Among these are changes in the perception of sweet taste and
the consequent weakening of the cephalic response, interac-
tion of artificial sweeteners with sweet-taste receptors in the
intestine and alteration in intestinal microbiota.

In the following are those mechanisms that can act in iso-
lation or together.

Influence of artificial sweeteners in the perception of sweet taste
and the weakening of the cephalic response

The attraction to the sweet taste seems to have an innate ba-
sis, where there will be a positive response to sweetness even
in the absence of previous experience. However, there is evi-
dence that these innate responses are sensitive to condition-
ing, and can be shaped by experiences in the pre and postnatal
period [28, 29].

With the advent of NNSs, often there is exposure to the
sweet taste in the absence of an energy source; and as a result
of this exposure, there may be adjustment or reduction in re-
sponsiveness and sensitivity of sweet taste receptor known as
T1R2/T1R3 [30, 31]. Such adaptation is mediated, at least in
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part, by physiological changes within cells to neurons project-
ing to the perception of sweet taste. Given the adjustment, the
sensitivity of sweet taste receptors is reduced [32, 33].

Oral repeated stimulation with caloric and natural sweet-
eners, such as glucose and saccharose results in lower respon-
siveness and intensity perceived the sweet stimulus, both na-
tive and artificial one [30, 32]. According to some studies, the
NNSs can produce the perception of sweet taste through high-
affinity binding to the heterodimer TIR2/T1R3 [34, 35] at low
concentrations. After binding to the G protein-coupled recep-
tor, it is activated by increasing the production of intracellular
messengers. This mechanism involves the activation of trans-
ducing channel (TRPMY), resulting in increased intracellular
calcium, and release of neurotransmitters [36].

The high affinity of NNSs with receptors raise the pos-
sibility that their long-term repeated stimulation can increase
the sensory adaptation and reduce sensitivity to sweet taste,
which in turn may influence the acceptability of caloric and
non-caloric sweeteners [30], the weakening of the cephalic re-
sponse, leading to a dissociation of sweet flavor to the caloric
content [10].

Davidson et al [10] in one of the studies supported this
hypothesis, where repeated use of saccharin and other NNSs
promoted dissociation of sweet taste to caloric content, as
they reduced the effectiveness of associations learned between
sweet flavor and calories after intake, leading to higher energy
consumption, and consequently, biggest weight gain. Thus,
although the NNSs do not contribute directly to calories of
the diet, its continuous consumption indirectly promotes the
higher caloric intake, due to reduced sensitivity to sweet taste,
which interferes with food control by cephalic phase.

The sweet taste of foods is one of the principal initiators
of the pre-ingestive reflections on the cephalic phase (secretion
of hormones of the gastrointestinal tract, thermogenesis and
metabolism) [37-39]. Such conditions are designed to antici-
pate and prepare the TGI for the arrival of nutrients, thereby
increasing the efficient use of nutrients and minimizing the ex-
tent to which these nutrients alter homeostasis and promote
the positive energy balance, which in the long term can lead to
significant increases in body weight and food intake [40]. The
efficiency of energy regulation is dependent, at least in part, on
the recall of the cephalic phase responses and these responses
depend on the ability of the sweet taste in the caloric signaling.
Then experiences that weaken this signaling, such as in the
use of NNSs can also cause disturbances in the control of food
intake and body weight [41, 42].

Studies in rats subjected to different experiments receiv-
ing caloric (glucose) and no caloric sweeteners (acesulfame-K,
saccharin), showed that compared to mice always consuming
sweetened diet with glucose, those who were fed with NNSs
diet presented greater body mass, accumulated more fat, had
reduction of response to compensate for calories and had lower
thermic effect of food [10, 12, 43, 44]. These effects reinforce
the possibility that the continued use of artificial sweeteners
is related to the weakening of the cephalic response, possible
reduction in receptor response sensitivity and the ability of
perception to predict energy and promote autonomic and endo-
crine responses that prepare the digestive tract to the optimum
food intake process, such as cephalic response.
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Figure 1. Influence of NNSs in the perception of sweet taste and in the
cephalic response.

Also, compared to control rats that received a diet with
caloric sweeteners, animals that consumed a diet with NNSs,
presented hyperglycemia when underwent glucose tolerance
test. Another relevant response to the oral glucose load was
the reduction of incretin (GLP-1), which was not observed
when glucose was infused directly into the stomach by gav-
age or preventing the stimulation of fresh flavor orally [19].
These results showed NNSs influencing the glucoregulatory
responses when a glucose load was orally administered, but
not the same when it was released directly into the stomach.
These data reinforce the hypothesis that is breaking the seized
answers, triggered by tasting the sweet taste, which alters glu-
cose homeostasis in rodents, not being in that case related to
post-feeding behavior consequences. Figure 1 showed the in-
fluence of NNSs in the perception of sweet taste and in the
cephalic response.

Receptor discovery for the sweet taste in the intestine and their
possible interaction with NNSs

The small intestine and colon perform a significant role on sa-
tiety via the release of secreted peptides in response to food
intake, such as cholecystokinin (CCK), GIP, GLP-1 and poly-
peptide Y (PYY) [45]. Both lipids and carbohydrates, except
fructose, increase the concentration of the hormone GIP. Mon-
osaccharides, particularly glucose, are primarily responsible
for stimulating GLP-1 [46]. Recently, it was reported that the
presence of taste receptors in different parts of TGI, and since
then has been involved in several metabolic processes such as
glucose detection, secretion of satiety hormones and glycemic
control. Intestinal enterendocrine cells express a series of taste
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transduction molecules, similar to those found in oral mucosa,
including TIR2/T1R3 receptors, which is associated with spe-
cific protein G, called a-gustducin [47].

Experiments that manipulate the signaling pathway in-
volved in sweet taste transduction may provide the consider-
able evidence of the expression of sweet taste receptors in the
gut. Mice without a-gustducin or T1R3 showed an inadequate
response to incretins when stimulated by glucose [48, 49]. The
incretins (GLP-1, GIP) are intestinal hormones which are re-
leased into the blood and stimulate the pancreatic beta cells to
secrete insulin and also intervene in the control of appetite and
motility [49].

The so-called “incretin effect” was described in 1960, re-
ferring to the fact that an oral glucose load causes a signifi-
cantly higher insulin response to that caused by an intravenous
glucose load, even when both are combined to make the same
increase in the levels of blood glucose [50]. The assumption
that the taste signaling pathways in the intestine can intervene
in the “incretin effect” is supported by two observations. The
first is that the GLP-1 release is completely blocked by an-
tagonists of sweet taste receptors and a-gustducin [48, 51]. The
second is that in knockout mice these receptors glucose home-
ostasis is significantly unbalanced when they are administered
after food intake and when fasted [48].

Besides its significant function of regulating the secretion
of GLP-1, signaling pathways in sweet taste may play a cru-
cial importance in the regulation of glucose absorption from
the intestinal lumen into enterocytes. The data obtained in ro-
dents suggest that intestinal sweet taste receptors are capable of
controlling both the active uptake of glucose by modulating the
expression of sodium-dependent glucose transporter (SGLT1)
[51], and the absorption of passive glucose by modulating the
glucose transporter (GLUT?2) in the enterocyte and dietary sup-
plementation of NNSs increasing adiposity and causes hyperin-
sulinemia and insulin resistance in obese mice by diet [18, 52].

In vitro studies have been shown that the application of
caloric sweeteners and NNSs in enterendocrine cells can in-
duce the secretion of incretins GLP-1 and GIP through T1R3-
dependent mechanism [48, 51]. Also, both natural and artificial
sweeteners increase the expression and trafficking of glucose
transporters (SGLT-1 and GLUT2) in the membrane of en-
terocytes through their actions on the sweet taste receptors in
the intestine [51, 52]. We also observed in these studies, the
amount of sucralose required for the release of incretin by en-
terendocrine cell is non-linear, since there are stimulation at
low concentrations of sucralose (0.004 mM to 5 mM), but not
the same at higher levels (20 mM). This may be explained, at
least in part, because doses of sucralose using in the studies
were often above the estimated maximum (four to six times),
in which intake metabolic effects could not be detected [52].

Knockout mice, which lack a-gustducin and T1R3, have
been found failed in the regulation of intestinal expression of
transporter SGLT1, as well as in glucose uptake capacity when
exposed to a high carbohydrate diet (70% saccharose) [51].
Recent data suggest that the sweet taste receptors may con-
tribute to the incretin response by activating SGLT1 through
the signaling process of a-gustducin [53]. Thus, the results of
studies using a-gustducin or T1R3 knockout mice determined
that the SGLT1 transporter plays a crucial role in the intestinal
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absorption of glucose and release of incretin [50].

In humans contradictory results were found on this sub-
ject. Several studies reported that oral consumption of an artifi-
cially sweetened beverage increases the secretion of GLP-1 in
response to the oral glucose tolerance test in healthy subjects
[20-22]. However, these studies reported different effects on
glycemia. The ingestion of sucralose (48 mg) affects the gly-
cemic response to an oral glucose load, being able to increase
glycemia and lead to increased insulin secretion in obese indi-
viduals [23].

Another factor found in human studies is the increased
GIP concentration in plasma of obese individuals who con-
sumed sucralose (48 mg). The acute ingestion of sucralose
could lead to insulin resistance since insulin concentrations
were 20% higher than the adequate levels in obese individuals
who ingested sucralose compared with those who consumed
water before glucose intake [23].

However, some results in lean and healthy adults have
shown that sucralose is not able to affect the glycemic re-
sponse, hormonal or glucose intake or other carbohydrates
[24-27]. Ford et al [25] wanted to analyze the contributions of
oral and post-ingestive mechanisms; they measured hormonal
responses to oral ingestion or modified precharge of NNSs.
The authors showed that there were no changes in the secretion
of intestinal hormones in any of offer of NNSs. Thus, there is
a lack of consensus about the glycemic effects of NNSs con-
sumption in humans.

Taste receptors are a new source of studies, although still
relatively unexplored, offering a very plausible connection be-
tween food preferences, energy modulation, metabolic chang-
es, and body weight. However, we still need more particularly
human studies, to a greater understanding of the subject.

Intestinal microbiota

The intestinal microbiota, including the composition and func-
tion, distinguishes between the individuals and is influenced
by different of environmental factors as diet [54, 55]. Since
2006, changes in the composition of the intestinal microbiota
are no longer associated only with increased susceptibility to
infections and immune disorders, and also started to be related
to insulin resistance and obesity [56, 57]. This exists not only
in the presence of intestinal bacteria, but in the proportion in
which these microbial communities being, which may pre-
dispose to obesity, and which it has not related to the role of
bacteria in food intake, but its role in the greater extraction of
energy from food consumed [57-61].

The first studies on the topic have shown an association
between exposure to NNSs and changes in the microbiota
[62, 63]. The results of these studies raised the possibility that
NNSs can exert effects on human’s health through interactions
with intestinal microbiota. The understanding of the mecha-
nisms relating in gut taste and nutrient sensing may represent a
different approach to these disorders [64].

Corroborating this hypothesis, Suez et al [17] conducted a
major study, with assessments in both mice and humans. In all
experiments, there was an association between the consump-
tion of NNS and changes in intestinal microbiota and meta-
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bolic parameters.

In this study, it was found that the use of NNSs promoted
glucose intolerance through changes in the intestinal micro-
biota. The authors showed that treatment of mice with artificial
sweeteners saccharin or aspartame or sucralose for 11 weeks
resulted in higher levels of glucose than in the control group
animals that received no artificial sweeteners. Such metabolic
phenotype, at least in saccharin, was also mediated by changes
in the intestinal microbiota. To check the influence of micro-
biota in the metabolic response to saccharin, in subsequent ex-
periments they treated mice (maintained with the diet contain-
ing NNSs) with two classes of antibiotics of broad-spectrum
and against gram-positive bacteria. After 4 weeks of treatment,
the metabolic changes were abolished in mice treated with two
classes of antibiotics, suggesting that the effects are dependent
on the commensal microbiota and that the NNSs may be capa-
ble of interacting with the bacteria and produce an inflamma-
tory response. That in turn, alters the body’s ability to properly
metabolize glucose, leading insulin resistance and increased
blood glucose levels [17].

Furthermore, they demonstrated that when germ-free
mice that had never been exposed to saccharin, received fe-
cal transplantation from mice fed with saccharin or microbiota
incubated in vitro in the presence of saccharin, in both cases it
was shown that saccharin induced hyperglycemia. For confir-
mation of the effects of NNSs in humans, the authors selected
individuals who consumed NNSs for a long time, which was
assessed by the validated food frequency questionnaire. The
survey found positive relationships between consumption of
NNSs and metabolic parameter changes, including increased
body mass, waist-hip ratio, fasting glucose levels, glycated he-
moglobin concentrations, alanine aminotransferase and altera-
tions in glucose tolerance test [17].

Finally, to identify whether NNSs caused changes in
plasma glucose concentrations and their relation to changes in
the microbiota, seven healthy young volunteers who were not
regular users of NNSs were evaluated. After daily exposure to
saccharin sweetener in the maximum amount acceptable to the
FDA for 1 week, the glucose tolerance test was assessed daily
during this period. The authors showed that usual consump-
tion of saccharin increased the glycemic response in the test
of oral glucose tolerance in most of the individuals. Consistent
with the results of their study in the animal model, in which
the fecal transplantation group (human faeces from individuals
who received the sweetener) induced the glucose intolerance
in germ-free animals [17]. However, there is a need of care-
ful consideration of these results until they can be replicated
with a considerable number of participants and treatment time,
using randomized controlled trials; even though these results
have introduced an unexpected mechanism and heretofore
unexploited by which NNSs can produce adverse metabolic
consequences.

Conclusions

Several studies in literature discussed the metabolic conse-
quences of the consumption of NNSs on human health, which
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explained through various mechanisms proposed to clarify the
inconsistent association between repeated use of NNSs and its
effects on energy and glycemic homeostasis. However the de-
terminants of energy and glycemic homeostasis are exception-
ally complex and diverse. Moreover, the dosages used and the
treatment time are quite variable, which does not allow to con-
clude what amount of consumption may cause changes in meta-
bolic parameters in humans. These factors justify the inconsist-
encies found around some studies cited in this review. Thus, it
can be concluded that further studies, particularly in humans,
are necessary for the clarifications of the conflicts between the
safety of artificial sweeteners and metabolic disorders.

Limiting the consumption of any NNS may be the better
orientation health. Recognizing natural sweeteners that have
positive effects on body weight and metabolism can help to
achieve current recommendations for restricting the overcon-
sumption of simple sugars.
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