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Metabolic Effects of Low-Calorie Sweeteners: A Brief Review

Allison C. Sylvetsky'?

Low-calorie sweeteners (LCS) are found in a variety of foods and beverages, yet their role in diet, weight, and
obesity-related chronic disease is controversial. This article summarizes proceedings from one of four presentations
during a preconference session titled “Low-Calorie Sweeteners and Weight Management,” which took place at the
2017 Obesity Society Annual Meeting in Washington, DC. The objective of this brief review is to summarize findings
of observational and interventional studies of LCS effects on weight and metabolic health and to provide potential
explanations for their discrepant results. Key research priorities for advancing the understanding of the role of LCS in
weight and chronic disease are also discussed. The existing literature suggests that LCS consumption is consistently
associated with obesity, diabetes, and related cardiometabolic conditions in observational studies. Although several
plausible mechanisms have been proposed to explain these associations and have received considerable support in
cellular and rodent models, the relevance of these mechanisms to humans has yet to be confirmed. Meanwhile, ran-
domized controlled trials have demonstrated that LCS may benefit weight loss and weight maintenance. This is the
case particularly when LCS are administered in the context of behavioral weight loss support and are consumed
knowingly by habitual LCS consumers. Although these findings suggest that LCS may be useful for weight control
among those cognitively engaged in weight loss and who are aware of their LCS consumption, LCS administration in
these studies does not reflect typical consumption. Furthermore, few interventional studies have assessed the role of
LCS on metabolic outcomes other than body weight. Additional factors must be considered before recommending
LCS for weight management and chronic disease prevention, and further study of LCS effects on a variety of cardio-
metabolic outcomes, including visceral adiposity and glucose homeostasis, is warranted.
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time, there are insufficient data to determine conclusively whether
the use of LCS to displace caloric sweeteners in beverages and foods
reduces added sugars or carbohydrate intake, or benefits appetite,
energy balance, body weight, or cardiometabolic risk factors.” The
2015 Dietary Guidelines Advisory Committee Scientific Report was
similarly cautionary, in stating that “added sugars should be reduced
in the diet and not replaced with LCS, but rather with healthy
options, such as water in place of sugar-sweetened beverages.”

Introduction

Low-calorie sweeteners (LCS), such as acesulfame-potassium,
aspartame, saccharin, sucralose, and steviol glycosides (e.g., stevia)
provide sweetness with no or few calories. LCS are present in prod-
ucts such as diet beverages and sugar-free condiments as well as in
a plethora of grains, snack foods, yogurts, desserts, and breakfast
cereals, which consumers often do not realize contain LCS (1,2).
Given current public health emphasis on lowering added sugar
intakes, in parallel with widespread incorporation of LCS into
a variety of packaged foods and beverages, consumption of LCS
has increased in recent years (3). Approximately 25% of children

Given the uncertainty surrounding the utility of LCS consump-
tion for weight management and metabolic health, the objective of
this review is to briefly summarize findings from observational and

and 41% of adults reported LCS consumption in the United States
on a given day in 2009 to 2012, based on data collected from the
National Health and Nutrition Examination Survey (4). Although
the safety of LCS for human consumption is well established from
a toxicological perspective, their effects on metabolism, weight,
and health are not fully understood. Despite their increasing use,
recommendations for LCS consumption remain inconclusive (5,6).

According to a joint position statement released by the American
Diabetes Association and American Heart Association, “at this

interventional studies of LCS effects and to discuss potential expla-
nations for seemingly discrepant findings, with specific focus on
the research design and populations studied. Key knowledge gaps
requiring further study are also highlighted.

Human Observational Literature

The discussion of the observational literature will focus on a
growing body of prospective cohort studies, which have been
comprehensively reviewed in a recent meta-analysis by Azad
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et al. (7). Although limited by their inability to determine causal-
ity, prospective cohort studies have the advantage of following
large sample sizes over an extended period of time. The majority
of prospective cohort studies demonstrate that LCS consump-
tion is associated with adverse cardiometabolic health outcomes
(8-14); however, there are also several reports that do not observe
adverse effects on metabolic disease risk (15-18).

One of the most notable studies linking LCS use to obesity was
conducted by Fowler et al. (13), who demonstrated that partici-
pants reporting consumption of diet beverages were more likely
to gain weight over the 7- to 8-year follow-up period, even after
adjustment for baseline BMI. A dose-response relationship was
observed as compared with nonconsumers; consumption of 3 to 10
diet beverages per week (approximately 1 per day) was associated
with increased BMI, whereas consumption of 22 diet beverages
per week (approximately 3 per day on average) predicted signifi-
cantly greater weight gain. The same group observed a similar
dose-response relationship between diet beverage consumption at
moderate doses (0-1 and > 1 serving per day) and visceral adiposity
in a separate cohort of older adults, independent of their BMI at
baseline and despite little change in body weight (14). The lack of
an increase in body weight may be attributable to the fact that this
latter study enrolled older adults, who were 65 years of age or older
at baseline (14). Positive associations between LCS intake, weight
gain, and adiposity have also been documented in numerous other
studies (7).

Associations between LCS and type 2 diabetes (11), metabolic syn-
drome (8), and nonalcoholic fatty liver disease (12) have also been
reported in large and long-term prospective cohort studies. In some
cases, associations remained statistically significant even after adjust-
ment for potential confounders, including weight and adiposity (11).
For example, in a study by O’Connor et al. (11), type 2 diabetes inci-
dence was 22% higher among LCS consumers. Although the asso-
ciation was attenuated after adjustment for adiposity, the elevated
risk among LCS consumers remained statistically significant. Similar
findings have been shown for nonalcoholic fatty liver disease (12),
stroke (10), and dementia (10) incidence, although associations were
no longer statistically significant after adjustment for weight and adi-
posity. Given that weight may be in the causal pathway linking LCS
intake to unfavorable metabolic outcomes, whether adjustment for
weight and adiposity is appropriate has been challenged (19).

Despite findings of epidemiologic studies linking LCS consumption
at doses reflective of real-life consumption with weight gain and the
development of metabolic disease (7), several limitations inherent to
prospective cohort studies must be mentioned. A key consideration
is residual confounding, defined as bias that remains after adjust-
ment for relevant covariates. Dietary assessment methods used to
assess LCS consumption are often flawed (20,21), and it is also
not possible to determine how LCS are used by study participants
and for what purpose. Nonetheless, several plausible physiologic
mechanisms have been proposed (22,23) and support a potentially
causal role of LCS in promoting the onset of obesity, diabetes, and
related conditions (24). Although several of these mechanisms have
received considerable support in vitro (25,26) and in rodent models
(27,28) and are described in the “Proposed Biologic Mechanisms”
section below, the dosages tested in these mechanistic studies often

Sylvetsky et al.

far exceed levels of reasonable human consumption and thus should
be interpreted cautiously.

Human Intervention Studies

In contrast to findings of observational studies, intervention
studies investigating LCS effects on body weight predominantly
report beneficial (29) or neutral (7) effects. The majority of inter-
vention studies studying LCS effects on body weight have used
the gold standard randomized controlled trial (RCT) design and
most have tested LCS effects administered at clinically relevant
doses, reflecting reasonable levels of human consumption. The
largest of these RCTs to date was recently conducted by Peters et
al. (30). In this study, 308 subjects who were habitual LCS beverage
consumers at baseline were enrolled in a comprehensive weight
loss intervention for 12 weeks and assigned to consume either diet
soda or water. Greater weight loss was observed in the diet bever-
age group compared to the water control group. Although these
findings are indeed promising, it is crucial to consider the pop-
ulation studied, which was composed of habitual LCS consum-
ers. Participants randomly assigned to the water group therefore
underwent a more demanding behavior change, in having to cease
LCS use and begin drinking water. This challenges the applica-
bility of these findings to LCS-naive individuals who may begin
using LCS as a weight management approach.

Another concern noted across numerous intervention studies test-
ing LCS effects is a lack of an appropriate control (31). For exam-
ple, de Ruyter et al. (32) conducted the largest and longest duration
study in children to date, wherein school-aged children were ran-
domly assigned to covert replacement of one sugar-sweetened bev-
erage (SSB) per day with a sugar-free alternative or continuation
of SSB during their usual snack time for 18 months. Although less
weight gain was observed in children randomly assigned to sugar-
free beverages compared to those who continued consuming SSB, it
is unclear how the weight trajectory in the sugar-free group would
have compared to a true control group: for example, plain water,
unsweetened seltzer, or nothing.

Although there are notable exceptions (32,33), the majority of
intervention studies investigating LCS effects are conducted within
the context of behavioral weight loss support (30,34) and often
involve calorie-restricted diets (35). These studies quite convincingly
demonstrate that when used among individuals actively engaged in
weight loss and who are receiving behavioral support, LCS offer a
viable strategy for adhering to prescribed weight management reg-
imens (36). The extent to which these findings can be extrapolated
to support benefits of LCS use for weight management in the gen-
eral population has been debated (37), as the manner in which LCS
are consumed likely plays a key role in mediating their effects (31).
Critical considerations for interpreting the results of RCTs investi-
gating LCS effects on body weight are summarized in Table 1.

Few RCTs have investigated effects of prolonged LCS consumption
in humans on outcomes other than body weight (33,38). However,
given that LCS have been shown to promote metabolic dysregula-
tion in rodent models, it is critical to assess biomarkers of meta-
bolic disease in human intervention studies, in addition to assessing
weight and adiposity.
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TABLE 1 Key considerations for the design and interpretation
of randomized controlled trials evaluating effects of LCS on

body weight

Consideration

Explanation

Selection of study
population

Inclusion of control
group

Habitual exposure to
LCS

How might the age, weight status, race/
ethnicity, sex, and metabolic health of the
participants enrolled in the study affect the
outcomes observed?

What are LCS compared to? Is there an
appropriate control?

Do study participants already consume LCS?
Is typical LCS use an inclusion or exclusion

criteria for study participation? Is baseline
LCS use assessed and/or reported?

Specific LCS tested What LCS are being studied? If diet beverages
are administered, what LCS do they
contain? Can findings with one LCS be
generalized to other LCS?

Vehicle of LCS Are the LCS provided through beverages,

administration foods, or packets? How might this influence
their use and resulting effects, and to what
extent do findings of studies using diet

beverages apply to LCS ingestion via foods,

condiments, or packets?

What was the time period over which
outcomes were assessed? Is this duration
likely sufficient to observe changes in study
outcomes? Are metabolic outcomes other
than body weight evaluated?

Are study participants receiving behavioral
weight loss support? Does the intervention
involve calorie restriction?

Are LCS administered as a replacement for or
in addition to sugar-sweetened beverages?
Does LCS administration in the study
closely mirror consumption in real life?

Are study participants aware that they are
consuming LCS? Are dietary habits or
lifestyle practices related to study
participation likely to influence effects
observed?

Selection of study
outcomes

Behavioral context

Controlled setting vs.
free-living use

LCS, low-calorie sweetener.

Proposed Biologic Mechanisms

Several biologically plausible mechanisms, which are likely
not mutually exclusive (22,23), have been proposed including
activation of sweet taste receptors located in the oral cavity and
throughout the human body, acceleration of glucose absorption,
promotion of adipogenesis, alteration of the gut microbiota, and
disturbance of the expected relationship between sweetness and
calorie ingestion. These mechanisms involve numerous pathways
and tissues and therefore may have wide-ranging potential effects
on metabolism and health. Evidence in support of each of these
mechanisms has been detailed previously (24,39) and is briefly
summarized below. It is important to note that some may be
compound specific, whereas others may relate to sweet taste and
may therefore likely be generalizable across different sweeteners.

Obesity

Additionally, most mechanistic studies have tested LCS effects
at supraphysiologic doses (26), whereas others have documented
LCS effects at doses theoretically reasonable for human con-
sumption (40).

Activation of sweet taste receptors

Sweet taste receptors are located throughout the human body, in
addition to on taste buds within the oral cavity. As opposed to in
the oropharynx where activation of sweet taste receptors allow
the sensation of sweetness to be perceived by the brain, activa-
tion of extra-oral sweet taste receptors triggers physiologic re-
sponses (41). Sweet taste receptors are activated by a wide variety
of sweet-tasting compounds, including nutritive sweeteners, LCS,
and sweet-tasting proteins (41). Although LCS were once thought
to be metabolically inert (39), LCS-induced activation of sweet
taste receptors leads to the release of metabolic hormones includ-
ing glucagon-like-peptide 1 (activation of sweet taste receptors in
enteroendocrine cells) (42) and insulin (activation of sweet taste
receptors in pancreatic beta cells) in vitro (26), albeit at supraphys-
iologic doses (39). The potential importance of sweet taste recep-
tors in eliciting metabolic effects has been further demonstrated
in mechanistic studies (42,43), in which the observed metabolic
effects diminish when sweet-tasting compounds are administered
along with sweet receptor inhibitors, such as lactisole or gurma-
rin, or when testing LCS effects in sweet taste receptor knockout
models (40,44). The proposed roles of extra-oral sweet taste recep-
tors in glucose homeostasis (41) and gut hormone release (39) have
been reviewed in detailed previously (39).

It is also important to note that sweet taste receptors have also been
identified in other tissues, including adipose tissue (45), testes (46),
and bone (47), yet their respective roles in metabolism and health
have yet to be elucidated. Although sweet taste receptor—mediated
physiologic effects such as higher insulin release (48,49) would be
expected to promote food intake, fat storage, and weight gain, the
extent to which this augmentation would be clinically relevant is
not presently clear (49). It is also difficult to discern whether acute
increases in insulin reported in human studies (39,48) are due spe-
cifically to activation of sweet taste receptors.

Glucose absorption

Administration of sucralose in combination with glucose has
been shown to increase the rate of glucose absorption in rodents
(43) and may be due to LCS-induced upregulation of the two
main intestinal glucose transporters, SGLT-1 and GLUT2 (50).
However, no differences in glucose absorption as a result of LCS
ingestion have been observed in humans to date.

Promotion of adipogenesis

As discussed above, sweet taste receptors are located outside of
the oral cavity, including in adipose tissue (23,45). Although their
role in adipose is not well understood, incubation of preadipo-
cytes with LCS including acesulfame-potassium, saccharin, and
sucralose has been shown to promote adipogenesis (25,51).
Inhibition of lipolysis in mature adipocytes has also been reported
(25). If LCS exposure promotes adipogenesis in vivo, this would
lead to greater fat accumulation, adiposity, and weight gain. A
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study to investigate whether prolonged LCS exposure alters met-
abolic pathways in humans is currently under way (ClinicalTrials.
gov identifier NCT03125356, unpublished).

Alteration of gut microbiota

Several rodent studies have reported LCS-induced changes in
the gut microbiome (27,52-56). Suez et al. demonstrated that sev-
eral LCS, including aspartame, sucralose, and saccharin, altered
the gut microbiota, leading to the development of glucose intol-
erance (27). Saccharin, which had the most robust effects, was
administered for 11 weeks at a dosage reasonable for human con-
sumption (Smg/kg) and compared to glucose or water controls.
Saccharin-exposed mice developed glucose intolerance, but this
effect disappeared when saccharin was administered along with
antibiotics (27). LCS-induced changes in the gut microbiota pro-
moted glucose intolerance were further supported by findings of
fecal transplant studies, in which germ-free recipients of micro-
biota from saccharin-exposed mice, which were not themselves
exposed to saccharin, also developed glucose intolerance. Similar
findings have been reported with other LCS in rodent models (56).

Suez et al. also included a small human trial, in which seven healthy
volunteers consumed 5 mg/kg saccharin for 1 week and underwent
daily oral glucose tolerance tests to assess alterations in glucose tol-
erance (27). Following the intervention, four of the volunteers had
decreased glucose tolerance and were characterized as “responders,”
whereas no differences in glucose tolerance were observed among
nonresponders. Microbial composition differed among responders
and nonresponders following the intervention, and transplantation
of microbiota from responders into germ-free mice induced glucose
intolerance in the rodent recipients. Although these findings in a
small sample of human subjects supports the possibility that LCS
may induce changes in the gut microbiota in humans (57), several
additional methodological concerns beyond the small sample size
(58) have been raised. It is therefore necessary to evaluate potential
effects of LCS on the human gut microbiota in a longer-term and
larger human RCTs (59) because although the rodent evidence is
fairly robust, there are several concerns regarding the interpretation
of study findings and their relevance to humans (58).

Disturbance of relationship between sweetness
and calories

LCS are sweet but contain no or few calories, which has been pro-
posed to represent a novel stimulus involving uncoupling of the
expected pairing between sweetness and calories (60). This has
been hypothesized to interfere with learned responses to nutri-
ent ingestion, leading to impairments in appetitive and metabolic
regulation (24). In several experiments, Swithers et al. have pro-
vided rats with intermittent access to yogurt or water containing
either saccharin or glucose (3 days of the week) and plain yogurt
or water on the remaining days of the week (28). In these exper-
iments, rodents intermittently exposed to saccharin at doses
reflective of human consumption (in which sweetness is uncou-
pled with calories) have higher energy intakes, gain weight, and
develop relative hyperglycemia compared to rodents exposed to
glucose (in which sweetness is paired with calories) (28). Higher
weight gain in rodents following exposure to LCS-sweetened yo-
gurt compared to sucrose-sweetened yogurt was also reported in

an analogous experiment by Feijo et al. (61), who exposed rats to
saccharin, aspartame, or sucrose in addition to ad libitum chow
and water for 12 weeks. However, Boakes et al. (62) did not ob-
serve weight gain or metabolic impairments after intermittent
exposure to saccharin, using a similar paradigm, which may be
explained by differences in the chow and/or yogurt varieties ad-
ministered (62). Swithers et al. 28,60 also excluded animals that
did not consume at least 70% yogurt, whereas Boakes et al. (62)
retained these animals in the analysis. Although unfavorable
metabolic effects are consistently observed following intermit-
tent administration of LCS in yogurt, the translatability of this
experimental design to the context of human consumption has
been challenged (63). Notably, the majority of rodent studies in
which LCS are delivered continuously and/or in a vehicle other
than supplemental yogurt do not consistently report weight gain
after LCS exposure (36). It is therefore important to determine
whether the timing and form of LCS administration may influ-
ence their effects (31).

Conclusion

Findings of prospective cohort studies, by and large, demonstrate
that LCS consumption is associated with increased risk of obesity
and related chronic diseases. In contrast, RCTs support benefi-
cial or neutral effects of LCS on weight management, with little
available data evaluating metabolic biomarkers, such as glucose
tolerance, satiety hormone responses, and changes in inflam-
matory cytokines and fat-derived hormones. Several contextual
factors likely contribute to the reported discrepancies in findings
of observational and interventional studies investigating LCS
effects (Figure 1). Although considered to be the gold standard,
RCTs typically do not reflect usual LCS consumption behaviors
in the general population. In particular, free-living individuals
consuming LCS are often not cognitively engaged in weight loss
efforts and are not provided with extensive behavioral resources
for lifestyle modification, as is the case in some, but not all, RCTs
(31). Meanwhile and as described above, prospective cohort stud-
ies are subject to numerous inherent limitations, and findings
may be influenced by residual confounding (64).

It is therefore critically important to design future studies in a man-
ner that best captures free-living LCS consumption at doses reflec-
tive of human consumption. This may include investigating LCS
effects when consumed in addition to added sugars rather than only
as a one-to-one replacement, when administered in vehicles other
than diet beverages, and when used among population subgroups
such as pregnant women, children, and individuals with metabolic
disease. It is also paramount to experimentally investigate the role
of LCS on outcomes other than body weight and to differentiate
between effects that may be sweetener specific versus generalizable
across compounds.

In addressing these outstanding research questions (59), con-
sideration of contextual factors such as habitual consumption,
prior LCS exposure, motivation for LCS use, overall dietary pat-
terns, and other factors that likely to contribute to differences
across individuals and between studies is critical. As the debate
surrounding role of LCS consumption in weight and metabolic
disease lies at the intersection of physiology and human behavior,
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Figure 1 Contextual factors may explain discrepancies between findings of prospective cohort studies versus randomized controlled trials (RCTs).
Administration of low-calorie sweeteners (LCS) in RCTs differs from the way LCS are consumed in free-living individuals. Whereas RCTs typically
involve administration of a predetermined quantity of diet beverages or sweetener packets and often involve other behavioral lifestyle changes, LCS
are found in a wide variety of foods and beverages and are often consumed inadvertently and without concomitant weight management support.
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Figure 2 Proposed biological mechanisms are interrelated and may contribute to observed associations between low-calorie sweeteners (LCS) and
metabolic disease. Several biological mechanisms have been proposed, which may in part explain positive associations among LCS, weight gain,
diabetes, and cardiovascular disease (CVD) reported in epidemiologic studies. Although these mechanisms have not been confirmed in humans, they
have received support in cellular and rodent models, are interrelated, and are likely not mutually exclusive.
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a complex and multifaceted approach is necessary to generate con-
clusive data and meaningfully advance the field. O

© 2018 The Obesity Society
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