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Abstract
Purpose of review—To review recent work on potential mechanisms underlying a paradoxical
positive association between the consumption of nonnutritive sweeteners (NNS) and weight gain.

Recent findings—Several potential mechanism, not mutually exclusive, are hypothesized. First,
by dissociating sweetness from calories, NNS could interfere with physiological responses that
control homeostasis. Second, by changing the intestinal environment, NNS could affect the
microbiota and in turn trigger inflammatory processes that are associated with metabolic disorders.
Third, by interacting with novel sweet-taste receptors discovered in the gut, NNS could affect
glucose absorptive capacity and glucose homeostasis. This last is the mechanism that has received
the most attention recently. Some animal studies, but not all, found that NNS activate gut sweet
taste-pathways that control incretin release and up-regulate glucose transporters. Human studies
found that, at least for healthy fasted subjects, the sole interaction of NNS with sweet-taste gut
receptors is insufficient to elicit incretin responses. The reasons for discrepancy between different
studies is unknown but could be related to the species of mammal tested and the dose of NNS
used.

Summary—Whether NNS are metabolically inactive, as previously assumed, is unclear. Further
research on the potential effects of NNS on human metabolism is warranted.
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Introduction
Nonnutritive sweeteners (NNS) have existed since the end of the 19th century, when
saccharin was serendipitously discovered [1]. Currently, five NNS (acesulfame potassium,
aspartame, neotame, saccharin, and sucralose) are approved by the US Food and Drug
Administration (FDA), and one noncaloric sugar replacement derived from a plant
(rebaudioside A, stevia) is recognized as General Recommended as Safe by the FDA. Until
recently, the general belief was that NNS could promote diet healthfulness by delivering a
pleasant sweet taste without calories or glycemic effects. However, recent data from
epidemiological studies in humans [2, 3, 4, 5*] and feeding studies in animal models [6,
7**, 8] challenge this belief suggesting that the use of NNS might dysregulate energy
balance contributing to obesity and other negative health outcomes. This paper will review
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current evidence of metabolic effects of NNS in animal models and humans and recent
advances in our understanding of possible mechanisms of action underlying these effects.

Attraction to sweetness and the paradoxical association between the use
of NNS and positive energy balance

Inherently, humans and most mammals are drawn to sweet tastes, whose sensation is
mediated by the heterodimeric T1R1+T1R3 sweet taste receptor [9, 10, 11]. The suggested
ecological value of this innate preference is that in nature, sweet tasting foods, such as fruits,
or the first food of mammals, mother's milk, are associated with calories. Until few centuries
ago, access to sugar was rare and luxurious, but modern technological means of refining
sugars significantly increased its availability and consumption patterns.

Given that high consumption of sugar in the diet, mostly through energy-dense, nutrient-
poor foods, contributes to energy intake above requirement, NNS have been recommended
as a healthier alternative to satisfy human's sweet tooth [12]. However, epidemiological data
reveal the consumption of NNS, mainly in diet sodas, is not necessarily linked to better
health outcomes (reviewed in [8, 13, 14**]). For example, some studies, but not all [15, 16],
found positive associations between the amount of NNS consumed and weight gain [2, 17]
and increased incidence of metabolic syndrome [3, 4, 5*]. Several hypotheses, not mutually
exclusive, could explain this seeming paradoxical association (reviewed in [14**]).

First, individuals who are already on a path of weight gain might consume NNS as a strategy
to reduce calorie intake. Yet, the finding of a positive dose-response relationship between
the amount of artificially sweetened beverages consumed and long-term weight gain
suggests that NNS could be contributing to the risk of obesity and its metabolic
consequences in its own right [2]. However, how would metabolically inert sugar-
substitutes, which have very few, if any, calories, contribute to positive energy balance?

Swithers and others hypothesize that the ability of sweet taste to predict calories and evoke
physiological responses that prepare the gastrointestinal tract for optimal process of ingested
food, such as the cephalic response, may be degrated by the use of NNS [6, 7**, 8]. In their
elegant animal model, rats are given differential experience with a sweet taste that either
predicts (glucose) or does not predict (saccharine or acesulfame K) increased calories.
Compared to rats that consume a diet sweetened with glucose, those consuming a diet
sweetened with NNS are heavier, accumulate more fat, and respond with a weaker thermic
effect of food and calorie compensation [7**]. Further supporting the hypothesis that
uncoupling sweetness from calories has detrimental consequences on energy balance,
recently it has been shown that rats consuming fluids sweetened with stevia, the only natural
NNS, also weigh more than rats consuming fluids sweetened with glucose [8].

Another interesting potential mechanism for the paradoxical association between NNS
consumption and increased body weigh is the possibility that NNS alter gut microbiota. It
has been shown that changes in the type of intestinal bacteria can trigger inflamatory process
that promote insulin resistance, fat storage and weight gain in the host [18, 19]. In rats, 12
weeks exposure to Splenda (a NNS compraising 1% w/w sucralose with glucose (1% w/w)
and maltodextrin (94% w/w) as fillers) significantly modified intestinal flora and was
associated with weight gain [20].

Finally, a provocative hypothesis that emerged in the last few years, along with the
discovery of sweet taste receptors in the gastrointestinal tract, is that NNS are not
metabolically inert but have metabolic effects [21, 22, 23]. As will be discussed in the
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following sections, NNS may affect glucose homeostasis by activating sweet taste receptors
in the gut.

The discovery of sweet taste-like receptors in the gut and its role in
chemosensory function

Recently, taste receptors (T1R and T2R) acting through signaling pathways similar to those
found in lingual taste buds have been found in the gut of rodents and humans [21, 22, 23].
Further, data obtained from immunohistochemical studies, mouse models in vivo and in
vitro and human duodenal L cells in vitro [21, 22], supports the hypothesis that the sweet
taste receptor subunit T1R3 coupled to the taste G protein alpha-gustducin, underlie at least
one of the components of sugar sensing in the gut (see [24] for a review). Studies
manipulating signaling pathways involved in sweet taste transduction provide perhaps the
strongest evidence suggesting the functional significance of the expression of sweet taste
receptors in the intestine. Mice lacking alpha-gustducin or T1r3 show severely defective
incretins response to a glucose challenge [21, 25**]. Incretins (glucagon-like peptide-1:
GLP-1 and glucose-dependent insulinotropic peptide: GIP), are gut hormones that are
released into the blood stream and stimulate pancreatic beta-cells to secrete insulin and also
intervene in the control of appetite and gut motility (reviewed in [26]). The so-called
“incretin effect”, first described in the 60's refers to the fact that an oral glucose load elicits a
remarkably greater insulin response than an intravenous glucose load even when both are
matched to cause the same increase in blood glucose levels [27]. That taste-signaling
pathways in the gut intervene in the “incretin effect” is further supported by two
observations: GLP-1 release is completely blocked by sweet taste receptor antagonists in
both human and murine duodenal cells [21, 22], and alpha-gustducin knockout mice have
significantly disrupted glucose homeostasis both after a glucose challenge and after post-
fasting feeding on chow [21].

In addition to its important function of regulating GLP-1 secretion, sweet-taste signaling
pathways in the gut may play a key role in the regulation of glucose absorption from the
intestinal lumen into enterocytes. Data obtained in rodents suggest that intestinal sweet taste
receptors control both active glucose absorption, by modulating expression of sodium-
dependent glucose transporter isoform 1 (SGLT1) [22], and passive glucose absorption, by
modulating apical glucose transporter 2 (GLUT2) insertion to the intestine [23]. Unlike wild
type, knockout mice lacking either alpha-gustducin or T1r3 failed to up-regulate SGLT1
intestinal expression and glucose absorptive capacity when exposed to a high carbohydrate
diet (70% sucrose) [22].

Despite the strong evidence provided by alpha-gustducin and T1r3 knockout mice on the
role of sweet-taste receptors in the gut, it has been recently proposed that SGLT1, not sweet
taste receptors, is the intestinal glucose sensor which activation triggers incretin release
[28**]. Moriya and collaborators based their hypothesis on the following three findings: 1)
the co-administration of glucose with a SGLT1 inhibitor, phloridzin, in mice in vivo blocked
glucose absorption and incretin release, 2) the administration of NNS such as sucralose or
saccharin was not sufficient to elicit incretin responses, and 3) the administration of a
nonmetabolizable sugar that is a SGLT1 substrate, alpha- methyl-D-glucopyranoside,
triggered incretin responses which in turn were blocked by phloridzin [28**].

However, two additional observations conflict with Moriya and collaborator's hypothesis
and further support the intestinal sweet taste receptor is a glucose sensor. First, the sweet
sugar D-fructose, which has very low affinity for SGLT1, induces up-regulation of SGLT1
[29]. Second, recent studies in cats, a natural T1R2 knockout model, reveal that despite
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relying mainly on SGLT1 for intestinal glucose transport, cats are unable to up-regulate
SGLT1 in response to increase carbohydrates in their diets [30*].

Effect of NNS on glucose transport and incretin release
Studies conducted in GLP-1 secreting cells in humans (NCI-H716 L cells) and
enteroendocrine cells in mouse (STC-1 and GLUTag) show that sucralose, similar to
glucose, interacted with sweet taste receptors expressed in these cells and activated a
cascade of events that lead to the release of GLP-1 [21, 22]. Further, like observed after
intraluminal perfusion of glucose, intraluminal perfusion of NNS in anesthetized rats
induced a rapid up-regulation of SGLT1 [29] and enhanced apical insertion of GLUT2 [23].
Similarly, two-week supplementation of a low carbohydrate diet with sucralose, saccharin or
acesulfame-K (but not with aspartame, which does not taste sweet to mice and does not
activate their sweet taste receptor) up-regulated intestinal SGLT1 expression levels to values
that were similar to those measured in mice fed a high carbohydrate diet [22].

In disagreement with these findings, intragastric infusion of high concentrations of NNS did
not increase plasma GLP-1 concentrations in fasted rats [31]. Likewise, the infusion of
saccharin or sucralose in the upper small intestine after 18 hrs of fasting did not increase
GIP or GLP-1 plasma portal concentrations in mice [28**]. In healthy humans evaluated
under fasted conditions, an acute intragastric infusion of sucralose (either 0.4 mM or 4mM)
did not stimulate insulin, GLP-1, or GIP release and did not slow down gastric emptying
[32**]. Further, when delivered intraduodenaly, sucralose did not affect postprandial blood
glucose concentration, GLP-1 secretion or glucose absorption from the lumen of the small
intestine in fasted healthy humans [33]. The oral administration of sucralose (2mM) [34*] or
the acute intragastric infusion of aspartame, acesulfame K or sucralose [35*] to healthy
human subjects in the fasted state also failed to affect GLP-1, insulin or glucose levels.
These observations do not support the hypothesis that, like observed in human L-cells in
vitro and in animal models, NNS elicit incretin responses in healthy humans. However, there
is one study in young healthy adults showing that the acute consumption of NNS, namely a
diet soda, immediately before glucose load significantly enhances GLP-1 secretion [36*].

Possible reasons for disagreement between studies and areas for further
studies

The reason(s) for disagreement between the studies summarized in the above section is
unknown but, as speculated below, it could be related to 1) the concentration of NNS used
2) the species of mammal tested and 3) the glycemic levels at the time NNS were studied.

1. The concentration of NNS at the sweet taste receptor level may affect the incretin
response

At least for saccharin, and for the lingual taste bud, the relationship between concentration
of the chemical compound and level of sweetness is non-linear. Saccharin elicits a sweet
taste at concentrations below 6 mM but blocks the sweetness of sucrose (and of itself) at
concentrations above 10 mM [37]. The data of Jang and collaborators suggests that the
activity of the sweet-taste receptors in the gut might mimic the sweet taste receptors in the
tongue [21]. Whereas L-cells followed a linear concentration-response curve within the
0.004mM to 5 mM sucralose range, 20 mM sucralose did not elicit a GLP-1 response.
Future NNS dose-response studies evaluating incretin responses are warranted.
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2. Diversity in sweet taste sensation among species may also occur at the level of the gut
Sweet-taste sensitivity varies widely among mammals [38]. For example, unlike humans,
rats do not perceive aspartame, cyclamate, neotame, monellin, thaumatin or alitame as sweet
[39, 40]. Although both mice and rats show a small preference for stevia extracts over water
[41], they differed on their responses to sucralose. While mice avidly consume sucralose and
preferred it to water [42], rats show a weak preference at best [43, 44]. The great diversity in
the sensitivity of the sweet taste receptor among species (and even within strains) should be
considered when designing studies that examine the effects of NNS on incretin responses.

3. NNS may only have a metabolic effect when administered in an environment of
hyperglycemia

Noteworthy, to date, in most of the studies where NNS have an effect on incretin release or
glucose absorptive capacity [21, 22, 23, 36*] NNS were administered in combination with
food or a glucose load. Conversely, in most of the studies where NNS failed to have an
effect on incretin release, NNS were administered on the fasted state [28**, 32**, 34*, 35*].
Future studies evaluating effect of NNS on incretin responses in conditions of
hyperglycemia are warranted.

Conclusion
Several potential mechanisms, which are not mutually exclusive, are hypothesized to explain
the paradoxical association between the consumption of NNS with few, if any, calories and
weight gain observed in epidemiological studies. From a Pavlovian approach, where the
dissociation of sweetness from calories would interfere with fundamental physiological
responses that had evolved to control homeostasis [6, 7**, 8] to changes in the intestinal
environment and thus of the microbiota [20], which could trigger inflammatory processes
associated with metabolic disorders and obesity [18, 19], to interactions of NNS with novel
sweet taste receptors discovered in the gut [21, 22, 23]. To date, only the last mechanism has
been studied in humans. Data from humans and animal models contradict and it is not clear
whether NNS by interacting with sweet taste intestinal receptors affect incretin responses in
vivo. The five published studies conducted in humans so far [32**, 33, 34*, 35*, 36*]
indicate that the sole interaction of NNS with a sweet taste gut receptor is insufficient to
elicit an incretin response in healthy fasted subjects. Considering the wide variability on
sweet-taste sensitivity among mammals and the unknown relationship between sweetener
concentration and physiologic response, future dose-response studies that focus on potential
effects of NNS on human metabolism are warranted.
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Key points

• The general belief that nonnutritive sweeteners promote diet healthfulness by
delivering a pleasant sweet taste without calories or glycemic effects may not
hold true.

• Nonnutritive sweeteners may interfere with physiological responses that control
homeostasis by dissociating sweetness from calories.

• Nonnutritive sweeteners may affect glucose homeostasis by interacting with
novel sweet- taste receptors discovered in the gut.

• The sole interaction of nonnutritive sweetners with sweet- taste receptors in the
gut is not enough to elicit incretin responses in healthy fasted subjects.

• Two important points to consider when designing future studies with
nonnutritive sweeteners are that sweet-taste sensitivity varies widely among
mammals and that the relationship between sweetener compound concentration
and response may be non-linear.
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