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Chapter 6

Artificial Sweeteners in Animal Models of Binge Eating
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RUNNING HEAD: ARTIFICIAL SWEETENERS IN BINGE EATING



I. Summary/Abstract

Rising rates of obesity in most industrialized countries are a major cause of serious medical
conditions, including diabetes, heart disease, and mental health disorders. Binge eating,
characterized by excessive consumption of highly palatable food within a short period of
time, contributes significantly to these problems, even in individuals who are not diagnosed
with binge eating disorder (BED). Over the last half century, the use of non-nutritive
substitutes has been promoted as a means to reduce fat and sugar consumption, potentially
minimizing obesity-related illnesses. Paradoxically, increased intake of artificial sweeteners is
associated with weight gain, which may be linked to alterations in metabolic processes.
Artificial sweeteners also increase food intake in both humans and rodents, raising intriguing
possibilities that these substances are altering biological processes that underlie the
homeostatic control of feeding. We explore this idea by summarizing the clinical and
preclinical literature on behavioral and biological mechanisms of artificial sweeteners. As a
starting point, we review evidence that non-nutritive sweeteners are rewarding in rodent
models, then provide a comparison of neural systems mediating the rewarding properties of
natural and artificial sweeteners. We then summarize data pointing to sexual dimorphism in
behavioral and biological responses to sucrose, with preliminary evidence suggesting that
responses to artificial sweeteners may follow a similar pattern. Finally, we provide an
overview of the relationship between binge eating and substance use disorders, noting

findings from animal studies that artificial sweeteners could contribute to this comorbidity.
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1. Introduction

Binge eating disorder (BED), the most common of all eating disorders [1], is
characterized by consumption of large amounts of food within a discrete period of time in the
absence of compensatory behaviors [2]. According to World Health Organization estimates,
the lifetime prevalence of BED is 1.9%, with a median onset age of 20 years old [3]. Not
surprisingly, BED is more common in women than men, although these ratios are distributed
more evenly than in other eating disorders [3]. Binge eating is highly comorbid with a number
of medical conditions, other psychiatric disorders [4], and a reduced quality of life [5]. Of the
medical conditions associated with BED, obesity is one of the most prevalent, likely due to
the lack of purging or exercise following binge intake [6]. Adult patients with BED have
significantly higher obesity rates than individuals with no eating disorder [7], and even those
who are not obese are distressed by their bingeing behavior.

Many patients with obesity and BED attempt to limit caloric intake and counter weight
gain by adopting hypocaloric diets, specifically restricting highly palatable foods [8]. This is
generally ineffective, as individuals who are food restricted tend to binge on foods that are
high in sugar and/or fat, ingesting significantly more calories than non-restricted individuals
[9]. The pattern is exacerbated in modern society with the prevalence and availability of
highly palatable food. Consumption of these foods activates brain reward circuits [10],
increasing the probability that behaviors leading to their intake will be repeated. These factors
undoubtedly contribute to growing rates of obesity [11], which have tripled since 1975
(WHO). Obesity dramatically increases the risk of medical conditions such as type 2 diabetes,
hypertension, and dyslipidaemia, although these metabolic syndrome disorders may develop
in BED patients, even in the absence of obesity [12].

Artificial sweeteners are an appealing alternative to restrictive diets in that they allow

individuals to consume highly palatable food with minimal calories. If bingeing in humans is



a reaction, at least in part, to restriction of forbidden ‘pleasure’ foods, consumption of these
commaodities should reduce binge eating. Weight gain should also be minimized when
individuals opt for artificial, over natural or processed, sugars simply due to a reduction in
calorie intake. It is therefore surprising, that the two have grown in parallel: higher rates of

obesity and higher use of artificial sweeteners.

1.1. Animal models of binge eating

Despite the prevalence and associated problems, the etiology of BED is not clearly
understood [13]. Animal models provide a means to unravel the causal mechanisms of this
disorder as rodents, like humans, exhibit binge eating when they are provided with
intermittent access to highly palatable food or when they undergo periods of food restriction
and stress [14]. The intermittent access protocol (12 hr food deprivation followed by 12 hr
access to sucrose or glucose and food) simulates behavioral aspects of BED, including
escalation of intake and withdrawal-like symptoms [15, 16]. This pattern reflects eating
patterns of BED as patients often display excessive food intake during the evening after self-
imposed restriction during the day [17]. Importantly, the rat intermittent access model
produces compulsive responding for palatable food, mimicking the loss of control over food
intake that characterizes patients with BED [18]. Caloric restriction, itself, is not a necessary
pre-requisite for bingeing in that fat bingeing occurs when access to this commodity is
limited, but regular chow is freely available [19].

Stress is also a potent trigger of binge eating, particularly when it is combined with
restriction of palatable food [20, 21]. For example, manipulations, such as tail pinch, induce
hyperphagic for palatable food [22] and increased consumption of standard chow [23].

Females may be more sensitive stress-induced feeing, showing more rapid increase of



palatable food intake than males [24]. Developmental factors, including level of maternal care
and exposure to stressors during adolescence, also increase vulnerability to binge intake [25].
Few studies have investigated the impact of artificial sweeteners on binge eating: in
most animal studies access to these substances is a control condition, used to separate intake
that is driven by caloric versus hedonic properties of food [26-29]. Nonetheless, inspection of
data from these control groups reveals unique patterns of intake associated with access to
artificial sweeteners. For example, intermittent access to saccharin produces binge-like intake
in mice [26, 29], an effect that appears to be absent in rats [18, 28]. In addition to species
differences, the concentration of saccharin may be a critical factor in the elicitation of
bingeing behaviour, as this was much higher in the rat experiments. Moreover, a 0.4%
saccharin solution induced bingeing in rats that matched the intake of rats given access to an
isohedonic sucrose solution (4%) [30]. Both groups exhibited more rapid escalation of intake
than control groups given unlimited access to either solution. Importantly, either intermittent
or unlimited access to an isocaloric solution, maltodextrin, that provides calories with no
sweet taste did not induce binge intake. Below, we describe the rodent model of intermittent
access (14) that produces binge-like eating in both rats and mice.
2. Materials and Methods
2.1 Equipment and setup
All laboratory work with animals requires an existing animal-use protocol that is issued and
approved through the relevant institutional animal care committee, and is in accordance with
guidelines established by the NIH Guide for Care and Use of Laboratory Animals. In the
limited access protocol of binge eating, animals (mice or rats) are acclimated to the room 1
week prior to the experiment. They are maintained on a 12:12h light dark cycle under
standard temperature and humidity conditions (22 + 2°C, 55 £1 0% humidity). They are then

habituated to single housing and to the two-bottle choice set up for a minimum of 1 week.



During habituation, weight is monitored and all animals have access to ad libitum water and
standard laboratory chow. Animals are then weight matched into the different groups. Weight
and food intake are monitored using a balance with 0.1g minimal sensitivity and solution
intake is reported at 0.1mL precision.

2.2 Behavioral Procedure

Limited access protocol

Limited access to sucrose induces bingeing behavior in rodents, defined as excessive
consumption within a discrete period of time (usually 1 hour). A minimum of three groups
should be included to verify the experimental design. The experimental (or binge) group is
provided with limited access to sucrose and food (10% in rats [15] and 17.1% in mice [29].
Three control groups are run in parallel: limited access to saccharin (0.1% in rats and 0.09%
in mice [18, 29] to control for the sweet taste of sucrose; unlimited access to sucrose to
control for sucrose exposure; and a food only group to control for limited access to a food
source. An additional restricted food access group can be included in which animals have

unlimited access to sucrose [26].

Mice in the limited-access group receive 4 h access to sucrose or saccharin, 2 h following
onset of the light cycle every day. At the end of the 4 h, the sweet solution is removed and
replaced by water. This procedure lasts a minimum of 10 days [29]. In rats, the limited-access
group has intermittent access (12 h) to sucrose or saccharin, beginning 4 h after the dark cycle
across a 4-week period [15]. Solution and food intake are monitored in mice at 1 h, 4 h and
24 h after the beginning of the access period; in rats, measures are recorded at 1 h, 12 h and
24 h following access. The positions of drinking tubes (water versus sweet solution) are
changed daily to avoid any side preference bias. Weights are monitored daily, prior to the

sucrose or saccharin access.



2.3 Data Analysis

Consumption of food, water, and sweetened solutions should be presented as a percentage of
body weight, particularly as baseline differences in this measure be related to sex, genotype,
strain, or other variables of interest. Consumptions are either analyzed by 2-way repeated
measures analysis of variance (ANOVA) with time as the repeated measure and group as
between subjects’ measure [15] or by using a Linear Mixed Model (LMM) in which
consumption is assessed as a function of group, day and weight [26]. This is followed up by a

post hoc analysis to assess significant differences among the groups

3. Artificial sweeteners
3.1  History of artificial sweeteners

Figure 1 provides a brief overview of the history of natural and artificial sweetener use
in Western countries. Artificial sweeteners were introduced to the public on a large scale to
deal with sugar rationing during WWII. The use of these compounds expanded in the latter
part of the 20" century to address growing rates of obesity, which are often attributed to the
overconsumption of added sugars. Health directives generally recommend a maximum sugar
consumption of 10% of total calorie intake per day [31, 32], whereas most adults in
industrialized countries consume between 15% and 21% of their daily calories in sugar. The
proportion of sugar intake in children is even higher (16%-26%) [33]. Fructose may be a
primary culprit in sugar overconsumption, particularly with the increased use of high fructose
corn syrup as a sweetener beginning in the 1970s [34]. Fructose is particularly detrimental to
secondary medical conditions, such as diabetes, because it increases insulin resistance,

oxidative stress, and inflammatory responses [35].
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Figure 1. Historical timeline of natural and artificial sweetener availability

Non-nutritive Sweetening strength

sweetener
Acesulfame Potassium
Aspartame
Cyclamate
Neotame
Saccharin

Sucralose

compared to sugar
200x
200x
40x
8000x
300x

600x

Table 1 Relative sweetening strength of non-nutritive sweeteners

Note: In animal studies, the concentration of a sugar solution is usually 4% - 20%.

3.2 Paradoxical effects of artificial sweeteners

3.2.1 Artificial sweeteners and weight gain



Despite the apparent appeal, widespread use of artificial sweeteners has not been
associated with reduced obesity. Indeed, a number of studies indicate that these substances are
linked to both weight gain and metabolic disorders [36, 37]. For example, a prospective study
of male and female participants who normally consume artificially sweetened beverages
revealed a positive correlation between the quantity of beverages consumed and weight gain
over time, although the effects were not sweetener specific [38]. The findings were confirmed
in a separate study, which also showed that weight gain was independent of the macronutrient
content of meals. More specifically, both male and female participants using artificial
sweeteners consumed the same amount and type of food as a control group (not consuming
artificial sweeteners), but still gained weight [39]. Although intriguing, these findings require
further investigation, particularly as serving sizes in each study were not reported.

More in line with conventional thinking, other studies report stable or decreased
weight in individuals who consume artificial sweeteners [40]. This could reflect the fact that
people who use artificial sweeteners are often on a weight loss diet, thereby attempting to
reduce the number of calories they consume. Indeed, weight loss was observed in an
intervention study in which male and female adults followed a 12-week diet, with half of the
participants drinking beverages with non-nutritive sweeteners daily (701 mL) and the other
half consuming the same amount of water. Moreover, other measures such as systolic
pressure, waist circumference, and blood triglycerides improved in the group consuming
artificial sweeteners compared to their water consuming counterparts [41]. At least in these
conditions, non-nutritive sweeteners appear to be beneficial in reducing problems associated
with overeating.

The impact of artificial sweeteners on weight gain is also controversial in children,
with some studies reporting a positive correlation between diet soda consumption and body

mass index [42], although the effect may be limited to males [43]. The findings should be



viewed with caution as children who drink a lot of sodas also tend to eat more junk food and
be less active [44]. Indeed, a controlled randomized trial (over 600 healthy children followed
for 18 months) found a significant reduction of weight gain and body fat mass in a group that
was instructed to consume sugar-free beverages each day, compared to a group that consumed
sugar-sweetened beverages [44]. In addition, in contrast to adults, children modify their food
intake following consumption of artificially sweetened beverages [45] with the timing of the
sweetener preload (lunch or snack) differentially impacting the later consumption of calories.
Regardless of the mechanism, children’s intake of noncaloric beverages requires further
attention because consumption of these drinks often increases over time [46], and the impact
of artificial sweeteners on developmental processes in unknown.

The controversy surrounding artificial sweeteners and weight gain is difficult to
untangle in humans as eating is influenced by a combination of physiological, social, and
subjective factors. For instance, participants consuming artificial sweeteners ingest fewer
calories when they are not aware that sucrose has been replaced with a low-calorie substitute
[47], but increase their calorie intake when they are informed of the substitution [48]. Of note,
research studies are often funded by agencies with a potential conflict of interest (e.g., food
industry) that could impact the interpretation of scientific or epidemiological studies [49].
Animal studies, which minimize extraneous factors that may impact eating in humans, can
help to elucidate the relationship between artificial sweeteners and weight gain. At least some
of this work supports a positive correlation between the two: rats given intermittent access to
saccharin consumed more calories and gained more weight than a group given intermittent
access to glucose [50]. The findings were confirmed in studies using saccharin or aspartame
versus sucrose [51, 52]. Although further work needs to be done, preliminary evidence from
animal studies supports the idea that consumption of artificial sweeteners is associated with

weight gain.
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3.2.2 Artificial sweeteners and metabolic changes

The effect of artificial sweeteners on weight gain may be related to reduced basal
metabolism as post-prandial thermogenesis is lower in rats given access to a low-calorie
sweetener compared to sucrose [50]. Moreover, in a mouse model of diet-induced model of
obesity, animals given access to the non-nutritive sweetener, aspartame, exhibited reduced
oxygen consumption during the dark phase and increased visceral fat due to hyperinsulinemia
[53]. Similarly, saccharin consuming rats show a decrease in glucagon like peptide 1, an
anorexogenic hormone which could explain increased food intake and increased blood
glucose following a glucose tolerance test [54]. In contrast to aspartame, saccharin does not
appear to affect insulin levels, although this may depend on the overall diet consumption. For
example, differences in energy intake, weight gain and adiposity following saccharin versus
sucrose consumption are only observed when rats have access to a high-fat diet [55].

If artificial sweeteners do impact weight gain, they may do so by altering metabolic
processes in the periphery [56]. Like natural sugars, these substances activate sweet taste
receptors which are located, primarily, on the tongue but are also expressed in the bladder,
pancreas, and gut [57]. This provides a mechanism by which artificial sweeteners can alter
metabolism. As an example, male rats provided access to saccharin exhibited reduced thermal
responses compared to a sucrose group, suggesting that lower energy expenditure and storage
of nutrients was responsible for the increased weight gain in these animals [50]. Interestingly,
the effect of artificial sweeteners on metabolic effects may depend on the molecular structure
of the substance. Both saccharin and acesulfame-k (500-fold sweeter than sucrose) stimulate
glucose-induced insulin secretion and promote glucose uptake [58], as well as inducing
adipogenesis and repressing adipocyte lipolysis [57]. In contrast, aspartame, which is only
200-fold sweeter than sucrose, produces the opposite effects, reducing adipogenesis by

downregulating the expression of adipogenic markers. The latter effects were produced in
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vitro, so must be replicated using in vivo measures [59]. These inconsistent effects of artificial
sweeteners on metabolism may explain, at least in part, the contradictory findings regarding
artificial sweeteners and weight gain.

3.3.3 Artificial sweeteners and eating

Any association between increased use of artificial sweeteners and weight gain is
somewhat paradoxical in that individuals who substitute non- or low-nutritive sweeteners for
sugary foods should be consuming fewer calories. The literature on this question in humans is
controversial. Some studies show no effect of low-calorie sweeteners on appetite [60, 61],
whereas others suggest that artificial sweeteners, specifically aspartame [62] and saccharin
[63], reduce food intake. Again, this could be a specific effect of the sweeteners under study
(aspartame and saccharin), which are less commonly used in food products today than are
sucralose or acesulfame-K [40].

As with weight gain and metabolic effects, animal studies point to a positive
relationship between consumption of artificial sweeteners and increased food intake. For
example, rats given access to saccharin during the first 2 hours of the dark cycle exhibit a 10-
15% increase in food intake, compared to rats given access to water. Sucrose produces the
same effect suggesting that sweet tastes stimulate appetite, regardless of the calorie content
[64]. In line with this idea, saccharin preload increases chow intake in rats [65] and even fruit
flies exhibit increased food intake following access to an artificial sweetener [66].

The effect of artificial sweeteners may be exacerbated in binge eating models with
food intake being higher in animals given limited access to saccharin, compared to those
given limited access to sucrose [26]. This difference could not be explained, entirely, by the
caloric content of sucrose (i.e., animals consuming calories in sucrose would be expected to
eat less food) because animals ingesting saccharin consumed more total calories per day than

animals given either intermittent or continuous access to sucrose. Intriguingly, rats are able to
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monitor food intake in anticipation of sucrose access, but do not show the same effect when
provided access to saccharin. More specifically, animals consumed less chow when a sweet-
taste cue predicted access to sucrose-flavored yogurt, suggesting that they were regulating
calorie intake over the entire session and therefore did not gain weight [50]. In contrast, a cue
predicting access to saccharin-flavored yogurt increased food intake and led to greater weight
gain, suggesting that artificial sweeteners were altering the homeostatic control of energy
intake. In sum, artificial sweeteners may impair the ability to predict caloric intake by
uncoupling signals related to sweet taste and calorie content [50, 51].
4. Behavioral and biological effects of artificial sweeteners
4.1  Rewarding effects

Animal studies support the idea that artificial sweeteners produce rewarding effects in
that saccharin is self-administered by rats [67] and elicits binge-like intake in mice given
limited daily access [26] or 2-day intermittent access [68] to a saccharin solution.
Interestingly, increasing a no-access period to saccharin reinforces the bingeing behavior [30].
Saccharin also elicits ‘craving’ responses in rats, mimicking those produced by either sucrose
or cocaine [67]. In these experiments, animals learn to self-administer cocaine, sucrose, or
saccharin and then undergo 1 or 30 days of forced abstinence When presented with a cue
predicting access to the reinforcer, rats in the prolonged abstinent groups showed significantly
higher seeking responses for all three commaodities, reflecting a common phenomenon of
‘craving incubation’. Low calorie sweeteners, therefore, produce a similar pattern of
reinstatement to those of natural reinforcers in an animal model of relapse. This suggests that
artificial sweeteners may be poor substitutes for sugars as they could increase the risk of
relapse in eating disorder patients.

On the other hand, the effect of artificial and natural sweeteners on reward-related

behaviors in rats does not always overlap. For example, extended intermittent access to
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sucrose blocks the reinforcing effect of sucrose in the conditioned place preference paradigm
[28] and induces compulsive responding for sucrose in the conditioned suppression paradigm
[18]. These effects were absent in groups given extended intermittent access to saccharin,
although it should be noted that saccharin did not elicit binge behaviour in these experiments.
Intriguingly, intermittent access to saccharin appears to increase sensitivity to develop a
morphine conditioned place preference paradigm in male rats [28], suggesting that it may
modulate the rewarding value of other reinforcers. Moreover, rats prefer saccharin over
cocaine in a two-choice operant paradigm, an effect that is independent of prior drug
experience [69].

4.2 Neural mechanisms

Anrtificial sweeteners provide little or no nutritive value, suggesting that consumption
of these substances is driven, primarily, by their hedonic properties: these may be mediated by
the same neural systems that underlie the rewarding properties of palatable food. In studying
this assumption, Frank [70] reported that higher concentrations of both sucrose (up to 32%)
and sucralose (concentrations matched to sucrose for sweetness) increased activation in the
primary gustatory cortex of humans (frontal operculum and anterior insular), although sucrose
activated additional regions implicated in feeding (e.g., midbrain, substantia nigra, and ventral
striatum) [70]. The study also revealed differential functional connectivity associated with
ingestion of the two substances, specifically recruitment of reward pathways for sucrose, but
not sucralose.

Similarly, sucrose and low-calorie sweeteners both regulate the hypothalamic
neuropeptide, orexin, although the two effects are not completely overlapping. For example,
the selective orexin 1 receptor antagonist, SB-334867, blunts saccharin and sucrose drinking
in mice [71, 72], and sucrose and saccharin bingeing decrease orexin mMRNA in the lateral

hypothalamus [73]. The latter is associated with reduced phosphorylated cyclic AMP
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response binding protein (pCREB) in orexin neurons, at least in female rats [74]. This
reduction was observed in melanin concentrating hormone (MCH) neurons but only following
sucrose consumption, pointing to a potential dissociation of mechanisms mediating
consumption of natural and artificial sweeteners. The fact that orexin processes are reduced in
bingeing animals appears to contradict evidence that this neuropeptide reduces satiety and
increases appetite [75]. The relationship between orexin levels and binge eating, however,
likely involves a complex interaction with brain reward systems that could impact non-
homeostatic eating. More specifically, orexin enhances dopamine levels in brain reward
systems, so reduced orexin activity could reflect a hypodopaminergic state. Animals may
compensate for this deficit by increased consumption of sucrose or saccharin in an attempt to
maintain homeostatic levels of dopamine.

At the same time, there are subtle differences in the impact of dopamine manipulations
on the intake of natural versus artificial sweeteners. Administration of either a D1 or D2
receptor antagonist (SCH23339 or raclopride) dose-dependently reduces sucrose, but not
saccharin, intake [76] in a two-bottle choice paradigm. In addition, cues associated with either
sucrose or saccharin presentation evoke dopamine release in the nucleus accumbens (NAcc)
core, but the effect produced by sucrose-paired cues is much larger [77]. In line with this
evidence, sucrose induces a larger DA release in the ventral striatum compared to saccharin
[69]. A similar pattern of findings emerges regarding the relationship between feeding-related
peptides and artificial versus natural sweeteners. Saccharin, like sucrose, increases mMRNA
levels of neuropeptide Y (NPY), orexin, and agouti related peptide (AgRP) [78, 79], changes
that may underlie sweetener-induced increases in energy intake and weight gain. However,
there is a distinct pattern of time-dependent changes following ingestion of the two
commodities. More specifically, saccharin consumption leads to an immediate increase in

NPY and orexin expression, whereas sucrose produces an immediate decrease in NPY and
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AgRP that is followed by increased expression of these peptides within 10 minutes post-
ingestion. Moreover, NPY infusions into the ventral tegmental area, NAcc, or lateral
hypothalamus consistently increase sucrose consumption and/or the motivation to obtain
sucrose [80]; in contrast, effects of these manipulations on saccharin intake are inconsistent
[78, 81].

A separation of neural systems mediating the rewarding effects of sucrose and non-
nutritive substitutes could be explained within the context of incentive sensitization.
According to this theory [82], the ‘wanting’ component of reward depends on mesolimbic
dopamine systems whereas ‘liking’ is mediated by opioidergic mechanisms. As noted
previously, dopamine may have dissociable roles controlling responses to natural and
artificial sweeteners, particularly in terms of cues predicting the presentation of one
commodity of the other. There is some degree of overlap in the mediation of ‘liking’ natural
and artificial sweeteners in that mice with deletion of the ion channel TRPM5 and TRPM4
taste receptors consume less of sucrose and saccharin than wild type mice [83], and mu opioid
receptor knock out mice show reductions in both sucrose and saccharin bingeing [26].
Moreover, general opioid antagonism dose-dependently decreases palatable food bingeing
[84], as well as saccharin preference and consumption [85]. On the other hand, mu opioid
receptor knockout animals exhibit decreased licking of sucralose, compared to sucrose [86]
and the mu opioid receptor agonist, DAMGO, selectively increases saccharin drinking in rats
[87, 88]. Thus, although the neural substrates mediating hedonic responses to artificial and
natural sweeteners share common elements, these are not completely overlapping.

5. Artificial sweeteners and sex differences

As with other basic biological processes, behavioral responses to palatable food often

vary across sexes. Sex differences are attributed to a combination of chromosomal and

hormonal differences between males and females, combined with gender constructs related to
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societal expectations [89]. These help to explain sex differences in behavioral processes and
the disproportional representation of one sex or the other in disorders or diseases. As an
example, women transition more rapidly to compulsive drug use in addiction than males [90],
and female rats exhibit enhanced escalation of heroin intake compared to male rats [91]. An
increased rate of developing maladaptive drug use in females could reflect sex differences in
dorsal striatal activity as this system controls the transition to compulsive drug use in
addiction [92]. The effect may also be related to sexual dimorphism in brain reward systems,
as these have been observed for dopamine D1 and D2 receptors in the frontal cortex and
striatum of juvenile rats [93]. These findings fit with clinical evidence of differential
activation of brain reward circuitry during craving in male and female patients with cocaine
dependence [94].

Similar to drug reinforcers, sex differences emerge in male/female responses to
palatable food. For example, women are more likely than men to exceed recommended limits
on sugar intake [95] and to perceive sweet taste more intensely than men [96]. Female rats
also show a higher preference than males of their species for both glucose and saccharin, an
effect that is maintained even at the highest concentrations of saccharin [97]. Both males and
females in this study preferred saccharin over glucose in conditions of short-term access;
when access was extended, only males reverted to a higher preference for the natural sugar.
These findings are reflected at the biological level with a higher proportion of female rats
showing increased neuronal firing in the parabrachial pons in response to sucrose [98]. A
similar profile of sex differences was observed in female and male rats provided with a
saccharin solution, suggesting that the effect is driven by taste, not nutrient content [99].
Gonadal sex hormones likely contribute to these effects in that dopamine release in the NAcc
shell is significantly increased when female rats are self-administering sucrose during the

estrous phase of their cycle [100]. Finally, in choice paradigms, female rats are more likely
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than their male counterparts to select sucrose over cocaine [101], suggesting that sweet
solutions exert a more powerful control over behavior in this sex. Taken together, these data
suggest that intake of palatable food is driven more strongly by hedonic properties, regardless
of metabolic state, in females than males. It should not be surprisingly, therefore, that there is
a higher proportion of female, compared to male, rats in binge-prone versus binge-resistant
groups [102]. Sexual dimorphism in binge eating appears to extend to non-nutritive
sweeteners as binge intake of saccharin is associated with increased chow intake in female,
but not male, mice [26]. Although the data are preliminary, sex differences in reward
processing related to palatable food may extend to artificial sweeteners.
6. Artificial sweeteners and substance use disorders

Binge intake of highly palatable food overlaps with many of the behavioral and
biological features of drug abuse [15]. This suggests that BED and substance use disorder
(SUD) may share a common etiology, although this contention remains controversial [103,
104].
Regardless of the interpretation, commonalities in maladaptive feeding and drug intake help
to explain the high comorbidity between eating disorders and SUDs [6, 105]. Although it is
difficult to untangle the causal relationship between the two, animal studies suggest that
maladaptive eating precedes drug use in that rats that binge on fat later exhibit increased
intake and motivation to consume alcohol [106]. Moreover, epidemiological studies in
humans reveal that binge eating is associated, prospectively, with alcohol-related problems
[107]. That is, individuals who met criteria for eating disorders were more likely to report
negative consequences of alcohol use even if they did not drink more than non-eating
disordered counterparts. Interestingly, the relationship between binge eating and drinking in a
student population was stronger in males [108], which could explain the higher comorbidity

of SUD with BED in men than women [109].
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In humans who binge eat, intake of sweet foods is a significant predictor of the
frequency of binge episodes [9]. Responses to sweet tastes, therefore, may play an important
role in the emergence and acceleration of food of drug intake. This could explain why sucrose
bingeing in rats alters subsequent responses to drugs, manifested as increased locomotor
sensitization to psychostimulants, such as cocaine or amphetamine [110, 111]. There is some
evidence that non-nutritive sweeteners produce similar effects. Rats bred for high saccharin
intake show more rapid acquisition of cocaine self-administration, slower rates of extinction,
and increased reinstatement to cocaine seeking [101]. The relationship could be bidirectional
as rats bred for high intake of alcohol show increased saccharin consumption [112].

7. Conclusions

Binge eating is a common element of many eating disorders and one of the primary
factors in growing rates of obesity. Both binge eating and obesity are driven by
overconsumption of highly palatable food that is high in sugar and/or fat. This intake reflects
hedonic, rather than metabolic, processing suggesting that sweet tasting food that contains
minimal calories should help to reduce both binge eating and obesity. Neither clinical nor
preclinical studies confirm this idea, although the data across experiments is often
contradictory. Further work is required to unravel the relationship between behavioral and
biological mechanisms mediating the rewarding effects of natural versus artificial sweeteners.
Animal models are an important tool in this endeavor, particularly in terms of understanding

sex differences in responses to palatable food.

Funding: Université de Strasbourg, Investissements d’Avenir Idex, Centre National de la
Recherche Scientifique (CNRS), Projet International de Coopération Scientifique (PICS), and
Natural Sciences and Engineering Research Council of Canada (NSERC)

19



References

Guerdjikova, A.l., et al., Binge Eating Disorder. Psychiatr Clin North Am, 2017. 40(2): p. 255-
266.
Association, A.P., Diagnostic and statitical Manual of Mental Disorders. Fifth ed. 2013,
Arlington, VA.
Kessler, R.C., et al., The prevalence and correlates of binge eating disorder in the World
Health Organization World Mental Health Surveys. Biol Psychiatry, 2013. 73(9): p. 904-14.
Javaras, K.N., et al., Familiality and heritability of binge eating disorder: results of a case-
control family study and a twin study. Int J Eat Disord, 2008. 41(2): p. 174-9.
Rieger, E., et al., A comparison of quality of life in obese individuals with and without binge
eating disorder. Int J Eat Disord, 2005. 37(3): p. 234-40.
Hudson, J.l,, et al., The prevalence and correlates of eating disorders in the National
Comorbidity Survey Replication. Biol Psychiatry, 2007. 61(3): p. 348-58.
Kessler, R.C., et al., Twelve-month and lifetime prevalence and lifetime morbid risk of anxiety
and mood disorders in the United States. Int ] Methods Psychiatr Res, 2012. 21(3): p. 169-84.
Fairburn, C.G., et al., Risk factors for binge eating disorder: a community-based, case-control
study. Arch Gen Psychiatry, 1998. 55(5): p. 425-32.
Allison, S. and G.M. Timmerman, Anatomy of a binge: food environment and characteristics
of nonpurge binge episodes. Eat Behav, 2007. 8(1): p. 31-8.
Novelle, M.G. and C. Dieguez, Food Addiction and Binge Eating: Lessons Learned from Animal
Models. Nutrients, 2018. 10(1).

Stojek, M.M.K. and J. MacKillop, Relative reinforcing value of food and delayed reward
discounting in obesity and disordered eating: A systematic review. Clin Psychol Rev, 2017. 55:
p. 1-11.

Hudson, J.l., et al., Longitudinal study of the diagnosis of components of the metabolic
syndrome in individuals with binge-eating disorder. Am J Clin Nutr, 2010. 91(6): p. 1568-73.
Hutson, P.H., I.M. Balodis, and M.N. Potenza, Binge-eating disorder: Clinical and therapeutic
advances. Pharmacol Ther, 2018. 182: p. 15-27.

Corwin, R.L., N.M. Avena, and M.M. Boggiano, Feeding and reward: perspectives from three

rat models of binge eating. Physiol Behav, 2011. 104(1): p. 87-97.
Avena, N.M., P. Rada, and B.G. Hoebel, Evidence for sugar addiction: behavioral and
neurochemical effects of intermittent, excessive sugar intake. Neurosci Biobehav Rev, 2008.
32(1): p. 20-39.
Colantuoni, C., et al., Evidence that intermittent, excessive sugar intake causes endogenous
opioid dependence. Obes Res, 2002. 10(6): p. 478-88.
Raymond, N.C., et al., Energy intake patterns in obese women with binge eating disorder.
Obes Res, 2003. 11(7): p. 869-79.

Maracle, A.C., et al., Dopamine in the oval bed nucleus of the stria terminalis contributes to
compulsive responding for sucrose in rats. Neuropsychopharmacology, 2019. 44(2): p. 381-
389.

Corwin, R.L., Binge-type eating induced by limited access in rats does not require energy
restriction on the previous day. Appetite, 2004. 42(2): p. 139-42.

Cifani, C,, et al., A preclinical model of binge eating elicited by yo-yo dieting and stressful
exposure to food: effect of sibutramine, fluoxetine, topiramate, and midazolam.
Psychopharmacology (Berl), 2009. 204(1): p. 113-25.

Hagan, M.M., et al., A new animal model of binge eating: key synergistic role of past caloric
restriction and stress. Physiol Behav, 2002. 77(1): p. 45-54.

Rowland, N.E. and S.M. Antelman, Stress-induced hyperphagia and obesity in rats: a possible
model for understanding human obesity. Science, 1976. 191(4224): p. 310-12.

2.

3.

4.

5.

8.

9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

20



23. Levine, A.S. and J.E. Morley, Tail pinch-induced eating: is it the tail or the pinch? Physiol

Behav, 1982. 28(3): p. 565-7.
Zylan, K.D. and S.D. Brown, Effect of stress and food variety on food intake in male and
female rats. Physiol Behav, 1996. 59(1): p. 165-9.

Hancock, S.D., J.L. Menard, and M.C. Olmstead, Variations in maternal care influence
vulnerability to stress-induced binge eating in female rats. Physiol Behav, 2005. 85(4): p. 430-
9.

Awad, G., et al., Deletion of mu opioid receptors reduces palatable solution intake in a mouse
model of binge eating. Behav Pharmacol, 2019.

Hoebel, B.G., et al., Natural addiction: a behavioral and circuit model based on sugar
addiction in rats. ) Addict Med, 2009. 3(1): p. 33-41.

Smail-Crevier, R.L., et al., Binge-like intake of sucrose reduces the rewarding value of sucrose
in adult rats. Physiol Behav, 2018. 194: p. 420-429.

Yasoshima, Y. and T. Shimura, A mouse model for binge-like sucrose overconsumption:
Contribution of enhanced motivation for sweetener consumption. Physiol Behav, 2015. 138:
p. 154-64.

Rehn, S. and R.A. Boakes, Bingeing in rats: Persistence of high intakes of palatable solutions
induced by 1-day-in-4 intermittent access. Physiol Behav, 2019. 207: p. 15-27.
Agriculture, U.D.o. and U.D.o.H.a.H. Services. Dietary Guidelines for Americans. 2016
November, 8 2019]; 8th:[Available from:
https://health.gov/dietaryguidelines/2015/guidelines/?linkld=20169028#subnav-4.
Glinsmann, W.H., H. Irausquin, and Y.K. Park, Evaluation of health aspects of sugars
contained in carbohydrate sweeteners. Report of Sugars Task Force, 1986. ) Nutr, 1986.
116(11 Suppl): p. S1-216.

Azais-Braesco, V., et al., A review of total & added sugar intakes and dietary sources in
Europe. Nutr J,2017. 16(1): p. 6.

Choo, V.L,, et al., Food sources of fructose-containing sugars and glycaemic control:
systematic review and meta-analysis of controlled intervention studies. BMJ, 2018. 363: p.
k4644.

Basciano, H., L. Federico, and K. Adeli, Fructose, insulin resistance, and metabolic
dyslipidemia. Nutr Metab (Lond), 2005. 2(1): p. 5.

Mooradian, A.D., M. Smith, and M. Tokuda, The role of artificial and natural sweeteners in
reducing the consumption of table sugar: A narrative review. Clin Nutr ESPEN, 2017. 18: p. 1-
8.

Pearlman, M., J. Obert, and L. Casey, The Association Between Artificial Sweeteners and
Obesity. Curr Gastroenterol Rep, 2017. 19(12): p. 64.

Fowler, S.P., et al., Fueling the obesity epidemic? Artificially sweetened beverage use and
long-term weight gain. Obesity (Silver Spring), 2008. 16(8): p. 1894-900.
Stellman, S.D. and L. Garfinkel, Patterns of artificial sweetener use and weight change in an
American Cancer Society prospective study. Appetite, 1988. 11 Suppl 1: p. 85-91.
Yang, Q., Gain weight by "going diet?" Artificial sweeteners and the neurobiology of sugar
cravings: Neuroscience 2010. Yale J Biol Med, 2010. 83(2): p. 101-8.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41. Peters, J.C., et al., The effects of water and non-nutritive sweetened beverages on weight loss
and weight maintenance: A randomized clinical trial. Obesity (Silver Spring), 2016. 24(2): p.
297-304.

42. Blum, J.W., Nutritional physiology of neonatal calves. ) Anim Physiol Anim Nutr (Berl), 2006.
90(1-2): p. 1-11.

43. Berkey, C.S., et al., Sugar-added beverages and adolescent weight change. Obes Res, 2004.
12(5): p. 778-88.

44.

de Ruyter, J.C., et al., A trial of sugar-free or sugar-sweetened beverages and body weight in
children. N Engl J Med, 2012. 367(15): p. 1397-406.

21


https://health.gov/dietaryguidelines/2015/guidelines/?linkId=20169028#subnav-4

45. Birch, L.L., et al., Clean Up Your Plate”: Effects of Child Feeding Practices on the Conditioning
of Meal Size. Learning and Motivation, 1987. 18: p. 301-317.
46. Brown, R.J., M.A. de Banate, and K.I. Rother, Artificial sweeteners: a systematic review of
metabolic effects in youth. Int J Pediatr Obes, 2010. 5(4): p. 305-12.
47. Porikos, K.P., G. Booth, and T.B. Van ltallie, Effect of covert nutritive dilution on the
spontaneous food intake of obese individuals: a pilot study. Am J Clin Nutr, 1977. 30(10): p.

1638-44.
48. Mattes, R., Hunger ratings are not a valid proxy measure of reported food intake in humans.
Appetite, 1990. 15(2): p. 103-13.
49. Bes-Rastrollo, M., et al., Financial conflicts of interest and reporting bias regarding the

association between sugar-sweetened beverages and weight gain: a systematic review of
systematic reviews. PLoS Med, 2013. 10(12): p. e1001578; dicsussion e1001578.
50. Swithers, S.E. and T.L. Davidson, A role for sweet taste: calorie predictive relations in energy
regulation by rats. Behav Neurosci, 2008. 122(1): p. 161-73.
51. Davidson, T.L. and S.E. Swithers, A Pavlovian approach to the problem of obesity. Int J Obes
Relat Metab Disord, 2004. 28(7): p. 933-5.
52. Feijo, F.M., et al., Saccharin and aspartame, compared with sucrose, induce greater weight
gain in adult Wistar rats, at similar total caloric intake levels. Appetite, 2013. 60(1): p. 203-
207.
53. Mitsutomi, K., et al., Effects of a nonnutritive sweetener on body adiposity and energy
metabolism in mice with diet-induced obesity. Metabolism, 2014. 63(1): p. 69-78.
54. Swithers, S.E., et al., Experience with the high-intensity sweetener saccharin impairs glucose
homeostasis and GLP-1 release in rats. Behav Brain Res, 2012. 233(1): p. 1-14.
55. Swithers, S.E., Artificial sweeteners produce the counterintuitive effect of inducing metabolic
derangements. Trends Endocrinol Metab, 2013. 24(9): p. 431-41.
56. Pepino, M.Y., Metabolic effects of non-nutritive sweeteners. Physiol Behav, 2015. 152(Pt B):

p. 450-5.
57. Simon, B.R,, et al., Artificial sweeteners stimulate adipogenesis and suppress lipolysis
independently of sweet taste receptors. ) Biol Chem, 2013. 288(45): p. 32475-89.
58. Nakagawa, Y., et al., Sweet taste receptor expressed in pancreatic beta-cells activates the

calcium and cyclic AMP signaling systems and stimulates insulin secretion. PLoS One, 2009.
4(4): p. e5106.

59. Pandurangan, M., J. Park, and E. Kim, Aspartame downregulates 3T3-L1 differentiation. In
Vitro Cell Dev Biol Anim, 2014. 50(9): p. 851-7.
60. Anton, S.D., et al., Effects of stevia, aspartame, and sucrose on food intake, satiety, and
postprandial glucose and insulin levels. Appetite, 2010. 55(1): p. 37-43.
61. Rolls, B.J., M. Hetherington, and L.J. Laster, Comparison of the effects of aspartame and
sucrose on appetite and food intake. Appetite, 1988. 11 Suppl 1: p. 62-7.
62. Blundell, J.E., P.J. Rogers, and A.J. Hill, Uncoupling sweetness and calories: methodological

aspects of laboratory studies on appetite control. Appetite, 1988. 11 Suppl 1: p. 54-61.
63. Rogers, P.J. and J.E. Blundell, Meal patterns and food selection during the development of
obesity in rats fed a cafeteria diet. Neurosci Biobehav Rev, 1984. 8(4): p. 441-53.
64. Tordoff, M.G., How do non-nutritive sweeteners increase food intake? Appetite, 1988. 11
Suppl 1: p. 5-11.
65. Pierce, W.D,, et al., Overeating by young obesity-prone and lean rats caused by tastes
associated with low energy foods. Obesity (Silver Spring), 2007. 15(8): p. 1969-79.
66. Wang, Q.P., et al., Sucralose Promotes Food Intake through NPY and a Neuronal Fasting
Response. Cell Metab, 2016. 24(1): p. 75-90.
67. Aoyama, K., J. Barnes, and J.W. Grimm, Incubation of saccharin craving and within-session
changes in responding for a cue previously associated with saccharin. Appetite, 2014. 72: p.
114-22.

22



68. Wayner, M.J,, et al., A new factor affecting the consumption of ethyl alcohol and other sapid
fluids. Physiol Behav, 1972. 8(2): p. 345-62.
69. Lenoir, M., et al., Intense sweetness surpasses cocaine reward. PLoS One, 2007. 2(8): p. e698.
70. Frank, G.K., et al., Sucrose activates human taste pathways differently from artificial
sweetener. Neuroimage, 2008. 39(4): p. 1559-69.
71. Anderson, R.l., et al., Orexin-1 and orexin-2 receptor antagonists reduce ethanol self-
administration in high-drinking rodent models. Front Neurosci, 2014. 8: p. 33.
72. Olney, J.J., M. Navarro, and T.E. Thiele, Binge-like consumption of ethanol and other salient
reinforcers is blocked by orexin-1 receptor inhibition and leads to a reduction of hypothalamic
orexin immunoreactivity. Alcohol Clin Exp Res, 2015. 39(1): p. 21-9.
73. Alcaraz-lborra, M., et al., Binge-like consumption of caloric and non-caloric palatable
substances in ad libitum-fed C57BL/6J mice: pharmacological and molecular evidence of
orexin involvement. Behav Brain Res, 2014. 272: p. 93-9.
74. Fukushima, A., et al., Sex differences in feeding behavior in rats: the relationship with
neuronal activation in the hypothalamus. Front Neurosci, 2015. 9: p. 88.
75. Goforth, P.B. and M.G. Myers, Roles for Orexin/Hypocretin in the Control of Energy Balance
and Metabolism. Curr Top Behav Neurosci, 2017. 33: p. 137-156.
76. Yu, W.Z,, et al., Role of D(1) and D(2) dopamine receptors in the acquisition and expression of
flavor-preference conditioning in sham-feeding rats. Pharmacol Biochem Behav, 2000. 67(3):

p. 537-44.
77. McCutcheon, J.E., J.A. Beeler, and M.F. Roitman, Sucrose-predictive cues evoke greater phasic
dopamine release than saccharin-predictive cues. Synapse, 2012. 66(4): p. 346-51.
78. Furudono, Y., et al., Involvement of specific orexigenic neuropeptides in sweetener-induced

overconsumption in rats. Behav Brain Res, 2006. 175(2): p. 241-8.
79. Gaysinskaya, V.A., et al., Hyperphagia induced by sucrose: relation to circulating and CSF
glucose and corticosterone and orexigenic peptides in the arcuate nucleus. Pharmacol
Biochem Behav, 2011. 97(3): p. 521-30.
80. Pandit, R., et al., Central melanocortins reqgulate the motivation for sucrose reward. PLoS
One, 2015. 10(3): p. e0121768.
81. Baird, J.P., N.E. Gray, and S.G. Fischer, Effects of neuropeptide Y on feeding microstructure:
dissociation of appetitive and consummatory actions. Behav Neurosci, 2006. 120(4): p. 937-
51.
82. Robinson, T.E. and K.C. Berridge, The neural basis of drug craving: an incentive-sensitization
theory of addiction. Brain Res Brain Res Rev, 1993. 18(3): p. 247-91.
83. Dutta Banik, D., et al., TRPM4 and TRPM5 are both required for normal signaling in taste
receptor cells. Proc Natl Acad Sci U S A, 2018. 115(4): p. E772-E781.
84. Cottone, P., et al., Opioid-dependent anticipatory negative contrast and binge-like eating in
rats with limited access to highly preferred food. Neuropsychopharmacology, 2008. 33(3): p.
524-35.
85. Lynch, W.C., Opiate blockade inhibits saccharin intake and blocks normal preference
acquisition. Pharmacol Biochem Behav, 1986. 24(4): p. 833-6.
86. Ostlund, S.B., et al., Decreased consumption of sweet fluids in mu opioid receptor knockout
mice: a microstructural analysis of licking behavior. Psychopharmacology (Berl), 2013. 229(1):
p. 105-13.
87. Zhang, M., B.A. Gosnell, and A.E. Kelley, Intake of high-fat food is selectively enhanced by mu
opioid receptor stimulation within the nucleus accumbens. ) Pharmacol Exp Ther, 1998.
285(2): p. 908-14.
88. Zhang, M. and A.E. Kelley, Intake of saccharin, salt, and ethanol solutions is increased by
infusion of a mu opioid agonist into the nucleus accumbens. Psychopharmacology (Berl),
2002. 159(4): p. 415-23.
89. McCarthy, G.M.,, et al., Chronic ethanol consumption: role of TLR3/TRIF-dependent signaling.
Addict Biol, 2018. 23(3): p. 889-903.

23



90. Becker, J.B. and E. Chartoff, Sex differences in neural mechanisms mediating reward and
addiction. Neuropsychopharmacology, 2019. 44(1): p. 166-183.

91. Lynch, W.J. and M.E. Carroll, Sex differences in the acquisition of intravenously self-
administered cocaine and heroin in rats. Psychopharmacology (Berl), 1999. 144(1): p. 77-82.
92. Everitt, B.J., et al., Review. Neural mechanisms underlying the vulnerability to develop

compulsive drug-seeking habits and addiction. Philos Trans R Soc Lond B Biol Sci, 2008.
363(1507): p. 3125-35.
93. Orendain-Jaime, E.N., J.M. Ortega-lbarra, and S.J. Lopez-Perez, Evidence of sexual
dimorphism in D1 and D2 dopaminergic receptors expression in frontal cortex and striatum of
young rats. Neurochem Int, 2016. 100: p. 62-66.
94. Goldstein, R.Z. and N.D. Volkow, Dysfunction of the prefrontal cortex in addiction:
neuroimaging findings and clinical implications. Nat Rev Neurosci, 2011. 12(11): p. 652-69.

95. Bennett, E., S.A.E. Peters, and M. Woodward, Sex differences in macronutrient intake and
adherence to dietary recommendations: findings from the UK Biobank. BMJ Open, 2018. 8(4):
p. e020017.
96. Barragan, R., et al., Bitter, Sweet, Salty, Sour and Umami Taste Perception Decreases with

Age: Sex-Specific Analysis, Modulation by Genetic Variants and Taste-Preference Associations
in 18 to 80 Year-Old Subjects. Nutrients, 2018. 10(10).
Valenstein, E.S., J.W. Kakolewski, and V.C. Cox, Sex differences in taste preference for glucose
and saccharin solutions. Science, 1967. 156(3777): p. 942-3.
Di Lorenzo, P.M. and S. Monroe, Taste responses in the parabrachial pons of male, female
and pregnant rats. Brain Res Bull, 1989. 23(3): p. 219-27.
99. Di Lorenzo, P.M. and S. Monroe, Taste responses in the parabrachial pons of ovariectomized
rats. Brain Res Bull, 1990. 25(5): p. 741-8.

100. Contini, A., et al., Comparison between male and female rats in a model of self-
administration of a chocolate-flavored beverage: Behavioral and neurochemical studies.
Behav Brain Res, 2018. 344: p. 28-41.

Perry, J.L., et al., Escalation of i.v. cocaine self-administration and reinstatement of cocaine-
seeking behavior in rats bred for high and low saccharin intake. Psychopharmacology (Berl),
2006. 186(2): p. 235-45.
102. Klump, K.L,, et al., Sex differences in binge eating patterns in male and female adult rats. Int J
Eat Disord, 2013. 46(7): p. 729-36.
103.  Corwin, R.L. and J.E. Hayes, Are Sugars Addictive? Perspectives for Practitioners. . Nutrition
and Health, ed. H.F.C.S. Fructose, Sucrose and Health. 2014, New-York, NY: Humana Press.
104.  Ziauddeen, H., |.S. Farooqi, and P.C. Fletcher, Obesity and the brain: how convincing is the
addiction model? Nat Rev Neurosci, 2012. 13(4): p. 279-86.
Grilo, C.M., M.A. White, and R.M. Masheb, DSM-1V psychiatric disorder comorbidity and its
correlates in binge eating disorder. Int J Eat Disord, 2009. 42(3): p. 228-34.
106. Blanco-Gandia, M.C,, et al., Increased ethanol consumption after interruption of fat bingeing.
PLoS One, 2018. 13(3): p. e0194431.
107. Dunn, E.C, et al., A cross-lagged evaluation of eating disorder symptomatology and
substance-use problems. ) Stud Alcohol Drugs, 2009. 70(1): p. 106-16.

Rolland, B., et al., Binge Eating, But Not Other Disordered Eating Symptoms, Is a Significant
Contributor of Binge Drinking Severity: Findings from a Cross-Sectional Study among French
Students. Front Psychol, 2017. 8: p. 1878.

109. Wilfley, D.E., et al., Comorbid psychopathology in binge eating disorder: relation to eating
disorder severity at baseline and following treatment. ) Consult Clin Psychol, 2000. 68(4): p.
641-9.

110. Avena, N.M. and B.G. Hoebel, A diet promoting sugar dependency causes behavioral cross-
sensitization to a low dose of amphetamine. Neuroscience, 2003. 122(1): p. 17-20.
Gosnell, B.A., Sucrose intake enhances behavioral sensitization produced by cocaine. Brain
Res, 2005. 1031(2): p. 194-201.

97.

98.

101.

105.

108.

111.

24



112.  Overstreet, D.H., et al., Behavioral similarities and differences among alcohol-preferring and -
nonpreferring rats: confirmation by factor analysis and extension to additional groups.
Alcohol Clin Exp Res, 1997. 21(5): p. 840-8.

25



Saccharin discovered Acesulfam K discovered Neotame derived from

accidently by accidently by aspartame
Constantine Fahlberg Karl Clauss working on approved by FDA
working on coal tar acetoacetic acid 1
derivatives

Sucralose discovered

First sugar cane Saccharin and cyclamate used by Leslie Hough and

Sugar crystallised plantation in to counter Shashikant Phadnis
(Romans and Greeks) America sugar shortage working on sucrose
0-100 15th 1879 WW2 1967 1976 1998
century
11th 18th
century century 1937 1965 1967 1969 1996

Europeans discover Sugar beetis Cyclamate discovered Cyclamate patent

1 o

| Aspartame gains
sugar cane discovered by Michael Sveda : on enzyme to

:

1

1

approval by FDA

(crusades) produce fructose
1
Aspartame discovered Cyclamate banned
by Searle Drug in the US

Company while working
on ulcer drug



Non-nutritive sweetener Sweetening strength compared to sugar

Aspartame 200x

Neotame 8000x

Sucralose 600x

Table 1 Relative sweetening strength of non-nutritive sweeteners

Note: In animal studies, the concentration of a sugar solution is usually 4% - 20%.



