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Gain weight by “going diet?” Artificial
sweeteners and the neurobiology of sugar

cravings
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America’s obesity epidemic has gathered much media attention recently. Arise in the percent
of the population who are obese coincides with an increase in the widespread use of non-
caloric artificial sweeteners, such as aspartame (e.g., Diet Coke) and sucralose (e.g., Pepsi
One), in food products (Figure 1). Both forward and reverse causalities have been proposed
[1,2]. While people often choose “diet” or “light” products to lose weight, research studies
suggest that artificial sweeteners may contribute to weight gain. In this mini-review, inspired
by a discussion with Dr. Dana Small at Yale’s Neuroscience 2010 conference in April, | first
examine the development of artificial sweeteners in a historic context. | then summarize the
epidemiological and experimental evidence concerning their effects on weight. Finally, | at-
tempt to explain those effects in light of the neurobiology of food reward.

HISTORY OF ARTIFICIAL
SWEETENERS

We owe the discovery of several artifi-
cial sweeteners to a few brave scientists
who violated the code of laboratory hy-
giene and tasted their samples, often inad-
vertently [3]. Saccharin, the oldest artificial
sweetener, was discovered by Constantine
Fahlberg at Johns Hopkins in 1879 [4]
while working on coal tar derivatives. For

decades after its debut, saccharin remained
a specialty product for diabetics on stores’
medicinal shelves [5]. A sugar shortage
during World War II and shift of esthetics
toward favoring a thin figure encouraged
women to turn to artificial substitutes as
well [6]. Around this time, the wording on
diet soda bottles subtly changed from “for
use only in people who must limit sugar in-
take” to “for use in people who desire to
limit sugar intake” [7]. Saccharin is about

To whom all correspondence should be addressed: Qing Yang, Department of Molecular,
Cellular and Developmental Biology, Yale University, New Haven, CT 06511; E-mail:

ging.yang@yale.edu.

TAbbreviations: FDA, Food and Drug Administration; BMI, body mass index.

Keywords: artificial sweeteners, non-caloric, obesity, food reward, postingestive effects,
saccharin, aspartame, sucralose, acesulfame K, neotame, sugar, weight gain

101



102

Yang: The neurobiology of sugar cravings

Figure 1. Time line of arti-
ficial sweetener use and
obesity trends in the
United States. Middle line:
changes in the percentage
of the population who are
obese (BMI >30) from 1961
to 2006. Source: National
Health and Nutrition Exami-
nation Survey [57]. Bottom
line: changes in the per-
centage of the population
who are regular artificial
sweetener users from 1965
to 2004. Source: National
Household Survey [2]. Top
line: changes in the number
of new artificial sweetener
containing food products in-
troduced to the American
market from 1999 to 2004.
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300 times sweeter than sucrose but has a bit-
ter aftertaste. Cyclamate, which was discov-
ered in 1937 by Michael Sveda at the
University of [llinois [8], was often blended
with saccharin to improve the taste. Both
compounds were deemed “generally recog-
nized as safe” in the 1958 Food Additives
Amendment to the Federal Food, Drug, and
Cosmetics Act. After the Food and Drug Ad-
ministration (FDAY) banned cyclamate in
1969 because of its carcinogenic potentials,
concern about saccharin’s safety also inten-
sified. Eventually, the FDA announced its
intention to ban saccharin in 1977. Avid con-
sumer protests led to a moratorium from
Congress on the final ban decision. A warn-
ing label was nonetheless required on all
saccharin products. Subsequent studies re-
futed the link between cyclamate and cancer
[9]. Bladder cancer associated with saccha-
rin ingestion was also found to be specific
to rodent physiology [9]. Cyclamate contin-
ues to be marketed in about 50 countries, in-
cluding Canada. The saccharin warning
label was removed in 2000.

Even though saccharin stayed on the
U.S. market, regular artificial sweetener
users were relatively few until the next gen-

eration of compounds arrived (Figure 1, bot-
tom line) [2]. Rigorous safety testing pre-
ceded FDA approval for those new artificial
sweeteners. In 1965, James Schlatter at
Searle discovered aspartame [10]. He was
trying to make new ulcer drugs. Aspartame
consists of two amino acids, phenylalanine
and aspartate, linked to a methanol backbone
(Figure 2). Unlike the other artificial sweet-
eners that are usually excreted unchanged,
aspartame can be metabolized. Therefore, it
is not strictly non-caloric (4 Kcal/g) and for-
bidden in people with phenylketonuria [9].
Aspartame is about 200 times sweeter than
sucrose. Due to the small amount ingested at
a time, its caloric contribution is negligible.
The FDA approved aspartame first for use in
dry foods in 1981, then as a general sweet-
ener in 1996. Monsanto bought Searle and
converted it into NutraSweet in 1984. The
patent on aspartame expired in 1992. Amid
competition from generic manufacturers,
NutraSweet engineered neotame, which was
approved in 2002 [11]. Neotame is the most
potent sweetener on the market, at 7,000
times the sweetness of sucrose.

Acesulfame potassium resembles sac-
charin and cyclamate in structure and taste
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Figure 2. Structures of sucrose, a natural caloric sweetener, and various artificial sweeteners.

Source: Kroger et al. [9] and Brown et al [25].

(Figure 2). Karl Clauss at Hoechst discov-
ered it in 1967 [12]. The FDA approved its
use in dry foods in 1988 and as a general
sweetener in 2003.

The most recent structural advance
came in 1979, when Shashikant Phadnis, a
graduate student working for Tate & Lyle,
discovered sucralose [3]. It is synthesized
from sucrose by substituting chlorine for
three of its hydroxyl groups, generating 600
times the sweetness (Figure 2). It was ap-
proved in 1999. Sucralose sales amounted to
£148 million in 2008, generating 23 percent
of Tate & Lyle’s total operating profit [13].

The last decade saw an explosive in-
crease in the number of food products con-
taining non-caloric artificial sweeteners.
More than 6,000 new products were launched
in the United States between 1999 and 2004
(Figure 1, top line) [14]. Currently, an ingre-
dient search on foodfacts.com yields 3,648
products containing one or more of the five
FDA approved artificial sweeteners. Su-
cralose is the most popular (1,500 products),
followed by acesulfame potassium (1,103
products) and aspartame (974 products). Ar-
tificial sweeteners are most commonly used
in carbonated drinks. They also are found in
a variety of other products, from baby food
(e.g., Pedialyte) to frozen food (e.g., Lean

Pockets). With such a diverse selection, it is
more likely that people will encounter artifi-
cially sweetened items when making the day-
to-day choices on food and beverages. The
National Household Nutritional Survey esti-
mated that as of 2004, 15 percent of the pop-
ulation regularly were using artificial
sweetener [2]. IRI Consumer Report stated
that 65 percent of American households
bought at least one sucralose-containing
product in 2008. Therefore, the total number
of artificial sweetener consumers, either reg-
ular or sporadic, is probably much greater.

DO ARTIFICIAL SWEETENERS
AFFECT WEIGHT?

Intuitively, people choose non-caloric
artificial sweeteners over sugar to lose or
maintain weight. Sugar provides a large
amount of rapidly absorbable carbohydrates,
leading to excessive energy intake, weight
gain, and metabolic syndrome [15,16,17].
Sugar and other caloric sweeteners such as
high fructose corn syrup have been cast as
the main culprits of the obesity epidemic.
Whether due to a successful marketing effort
on the part of the diet beverage industry or
not, the weight conscious public often con-
sider artificial sweeteners “health food” [6].
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But do artificial sweeteners actually help re-
duce weight?

Surprisingly, epidemiologic data sug-
gest the contrary. Several large scale
prospective cohort studies found positive
correlation between artificial sweetener use
and weight gain. The San Antonio Heart
Study examined 3,682 adults over a seven-
to eight-year period in the 1980s [18]. When
matched for initial body mass index (BMI),
gender, ethnicity, and diet, drinkers of artifi-
cially sweetened beverages consistently had
higher BMIs at the follow-up, with dose de-
pendence on the amount of consumption.
Average BMI gain was +1.01 kg/m? for con-
trol and 1.78 kg/m? for people in the third
quartile for artificially sweetened beverage
consumption. The American Cancer Society
study conducted in early 1980s included
78,694 women who were highly homoge-
nous with regard to age, ethnicity, socioeco-
nomic status, and lack of preexisting
conditions [19]. At one-year follow-up, 2.7
percent to 7.1 percent more regular artificial
sweetener users gained weight compared to
non-users matched by initial weight. The
difference in the amount gained between the
two groups was less than two pounds, albeit
statistically significant. Saccharin use was
also associated with eight-year weight gain
in 31,940 women from the Nurses’ Health
Study conducted in the 1970s [20].

Similar observations have been re-
ported in children. However, childhood
studies often were complicated by the more
dynamic growth-associated diet changes.
Consumption of both sugar-sweetened and
artificially sweetened soda increased and
milk consumption decreased with age [21].
A strict differentiation between artificial
sweetener users and non-users was not pos-
sible. A two-year prospective study involv-
ing 166 school children found that increased
diet soda consumption was associated with
higher BMI Z-scores at follow-up, indicat-
ing weight gain [22]. The Growing Up
Today Study, involving 11,654 children
aged 9 to 14 also reported positive associa-
tion between diet soda and weight gain for
boys [23]. For each daily serving of diet
beverage, BMI increased by 0.16 kg/m?. The
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correlation was not significant for girls. The
National Heart, Lung, and Blood Institute
Growth and Health Study followed 2,371
girls from age 9 to 19 for 10 years [24]. Both
diet and regular soda drinking was associ-
ated with increase in total daily energy in-
take. Soda intake also predicted the greatest
increase in BMI, although the correlation
between diet soda and BMI was not signifi-
cant. A cross-sectional study looking at
3,111 children and youth found diet soda
drinkers had significantly elevated BMI
[21].

In addition, consensus from interven-
tional studies suggests that artificial sweet-
eners do not help reduce weight when used
alone [2,25]. BMI did not decrease after 25
weeks of substituting diet beverages for
sugar-sweetened beverages in 103 adoles-
cents in a randomized controlled trial, except
among the heaviest participants [26]. A dou-
ble blind study subjected 55 overweight
youth to 13 weeks of a 1,000 Kcal diet ac-
companied by daily capsules of aspartame or
lactose placebo. Both groups lost weight, and
the difference was not significant. Weight
loss was attributed to caloric restriction [27].
Similar results were reported for a 12-week,
1,500 Kcal program using either regular or
diet soda [28]. Interestingly, when sugar was
covertly switched to aspartame in a meta-
bolic ward, a 25 percent immediate reduction
in energy intake was achieved [29]. Con-
versely, knowingly ingesting aspartame was
associated with increased overall energy in-
take, suggesting overcompensation for the
expected caloric reduction [30]. Vigilant
monitoring, caloric restriction, and exercise
were likely involved in the weight loss seen
in multidisciplinary programs that included
artificial sweeteners [31,32].

EXPERIMENTAL STUDIES ON
ARTIFICIAL SWEETENERS AND
ENERGY

Preload experiments generally have
found that sweet taste, whether delivered by
sugar or artificial sweeteners, enhanced
human appetite. Aspartame-sweetened water,
but not aspartame capsule, increased subjec-
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tive appetite rating in normal weight adult
males [33]. Aspartame also increased subjec-
tive hunger ratings compared to glucose or
water [34]. Glucose preload reduced the per-
ceived pleasantness of sucrose, but aspartame
did not [34]. In another study, aspartame, ace-
sulfame potassium, and saccharin were all as-
sociated with heightened motivation to eat
and more items selected on a food preference
list [35]. Aspartame had the most pronounced
effect, possibly because it does not have a bit-
ter aftertaste. Unlike glucose or sucrose,
which decreased the energy intake at the test
meal, artificial sweetener preloads either had
no effect [33,35] or increased subsequent en-
ergy intake [36,37]. Those findings suggest
that the calorie contained in natural sweeten-
ers may trigger a response to keep the overall
energy consumption constant.

Human research must rely on subjective
ratings and voluntary dietary control. Rodent
models helped elucidate how artificial sweet-
eners contribute to energy balance. Rats con-
ditioned with saccharin supplement had
significantly elevated total energy intake and
gained more weight with increased body adi-
posity compared to controls conditioned with
glucose [38]. Saccharin-conditioned rats also
failed to curb their chow intake following a
sweet pre-meal. When a flavor was arbitrarily
associated with high or low caloric content,
rats ate more chow following a pre-meal with
the flavor predictive of low caloric content
[39]. These studies pose a hypothesis: Incon-
sistent coupling between sweet taste and
caloric content can lead to compensatory
overeating and positive energy balance.

NEURONAL RESPONSES TO
ARTIFICIAL SWEETENERS

What drives the desire to eat? Food re-
ward shares brain circuitry with other pleas-
urable activities such as sex and drug
administration [40,41]. It also shares the
same behavioral paradigm with other forms
of addiction: binging, withdrawal, craving,
and cross-sensitization [41]. A period of ab-
stinence greatly increased sucrose self-ad-
ministration in rats, similar to binging
behavior in humans [42].
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Food reward consists of two branches:
sensory and postingestive [41]. In humans,
gustatory information perceived by taste re-
ceptors on the tongue ascends through the
thalamus and eventually terminates in the
anterior insula/frontal operculum and the or-
bitofrontal cortex [43,44]. Amygdala makes
reciprocal connections along all levels of the
gustatory pathway. Mesolimbic dopamine
system is also crucial for the hedonic recog-
nition of the stimulus and feeling of satisfac-
tion following ingesting food with pleasant
tastes [41,45,46,47].

The postingestive component depends
on metabolic products of the food [48].
When food deprived, rats preferred glucose
solution over saccharin solution, regardless
of flavor that can be masked by adding qui-
nine [49]. The postingestive effects con-
tained both positive and negative neuronal
signals separate from mechanical satiety
[48]. For moderately concentrated nutrients,
rats learned to prefer the food associated
with regular feeding than “sham feeding,” in
which the ingested food flowed out of the
body through a gastric fistula. However, rats
did not show preference if highly concen-
trated nutrients were used [48]. Hypothala-
mus has been shown to mediate the
postingestive food reward [41,50]. Hypo-
thalamus secretes various neuropeptides to
regulate energy, osmotic balance, and feed-
ing behavior.

The separation of brain areas in food re-
ward is not exclusive, as dopaminergic acti-
vation was associated in sucrose preference
in mice lacking sweet taste perception [51].

Increasing evidence suggests that arti-
ficial sweeteners do not activate the food re-
ward pathways in the same fashion as
natural sweeteners. Lack of caloric contri-
bution generally eliminates the postingestive
component. Functional magnetic imaging in
normal weight men showed that glucose in-
gestion resulted in a prolonged signal de-
pression in the hypothalamus. This response
was not observed with sucralose ingestion
[50]. Natural and artificial sweeteners also
activate the gustatory branch differently. The
sweet taste receptor, a heterodimer of two G
protein coupled transmembrane receptors,
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contain several ligand-binding sites. For in-
stance, aspartame and cyclamate, respec-
tively, bind to each of the two monomers
[52]. On the functional level, sucrose inges-
tion, compared to saccharin ingestion, was
associated with greater activation of the
higher gustatory areas such as the insula, or-
bitofrontal cortex, and amygdala [53].
These pilot investigations are consistent
with a revised hypothesis: Sweetness decou-
pled from caloric content offers partial, but
not complete, activation of the food reward
pathways. Activation of the hedonic compo-
nent may contribute to increased appetite.
Animals seek food to satisfy the inherent
craving for sweetness, even in the absence
of energy need. Lack of complete satisfac-
tion, likely because of the failure to activate
the postingestive component, further fuels
the food seeking behavior. Reduction in re-
ward response may contribute to obesity.
Impaired activation of the mesolimbic path-
ways following milkshake ingestion was ob-
served in obese adolescent girls [45].
Lastly, artificial sweeteners, precisely
because they are sweet, encourage sugar
craving and sugar dependence. Repeated ex-
posure trains flavor preference [54]. A strong
correlation exists between a person’s custom-
ary intake of a flavor and his preferred inten-
sity for that flavor. Systematic reduction of
dietary salt [55] or fat [56] without any fla-
vorful substitution over the course of several
weeks led to a preference for lower levels of
those nutrients in the research subjects. In
light of these findings, a similar approach
might be used to reduce sugar intake.
Unsweetening the world’s diet [15] may be
the key to reversing the obesity epidemic.
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