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Abstract
The use of high-intensity sweeteners has been proposed as a method to combat increasing rates of
overweight and obesity in the human population. However, previous work with male rats suggests
that consumption of such sweeteners might contribute to, rather than ameliorate, weight gain. The
goals of the present experiments were to assess whether intake of high-intensity sweeteners is
associated with increased food intake and body weight gain in female rats; to evaluate whether this
effect depends on composition of the maintenance diet (i.e., standard chow compared to diets high
in energy, fat and sugar [HE diets]); and to determine whether the phenotype of the rats with
regard to propensity to gain weight on HE diets affects the consequences of consuming high-
intensity sweeteners. The data demonstrated that female rats fed a low-fat, standard laboratory
chow diet did not gain extra weight when fed yogurt dietary supplements sweetened with
saccharin compared to those fed glucose-sweetened dietary supplements. However, female rats
maintained on a “Westernized” diet high in fat and sugar (HE diet) showed significant increases in
energy intake, weight gain and adiposity when given saccharin-sweetened compared to glucose-
sweetened yogurt supplements. These differences were most pronounced in female rats known to
be prone to obesity prior to the introduction of the yogurt diets. Both selectively-bred Crl:OP[CD]
rats, and outbred Sprague-Dawley rats fed an HE diet showing high levels of weight gain (DIO
rats) had increased weight gain in response to consuming saccharin-sweetened compared to
glucose-sweetened supplements. However, in male rats fed an HE diet, saccharin-sweetened
supplements produced extra weight gain regardless of obesity phenotype. These results suggest
that the most negative consequences of consuming high-intensity sweeteners may occur in those
most likely to use them for weight control, females consuming a “Westernized” diet and already
prone to excess weight gain.
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Introduction
Obesity and its co-morbidities (e.g., Type II diabetes, hypertension, cardiovascular and
pulmonary diseases) are serious threats to the health and well-being of both men and women
across a wide variety of demographic subdivisions (e.g., Mokdad et al., 2003; Ogden,
Carroll, Kit, & Flegal, 2012; Ogden, Yanovski, Carroll, & Flegal, 2007). However, neither
the degree of risk nor the origins of these afflictions need be the same for both sexes. In both
human and nonhuman animals, males and females are known to differ with respect to a
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number of processes implicated in energy balance and body weight regulation. For example,
consuming a high energy (HE) or “western” diet (i.e., a diet high in saturated fat and refined
sugar) produces less severe peripheral insulin resistance and dyslipidemia, and later onset of
these conditions, in female rats and humans compared to male rats and humans, respectively
(Meyer, Clegg, Prossnitz, & Barton, 2011). Moreover, rates of obesity in women are higher
compared to men at all income levels except the highest (Ogden, Lamb, Carroll, & Flegal,
2010), and rates of severe obesity (BMI>35) are greater in women compared to men (Ogden
et al., 2012).

Further, relative to male rats, female rats have been reported to show increased preferences
for sweet solutions, differences that may relate to levels of ovarian hormones (e.g., Asarian
& Geary, 2006; Atchley, Weaver, & Eckel, 2005; Curtis, Stratford, & Contreras, 2005;
Kenney & Redick, 1980; Valenstein, Kakolewski, & Cox, 1967; Wade & Zucker, 1969).
There have also been reports that women show some variation in sweet-taste thresholds,
sweet preference, and intake of sweet-tasting foods associated with changes in ovarian
hormones, for example across the menstrual cycle and during pregnancy (Bowen, 1992;
Bowen & Grunberg, 1990; Tepper & Seldner, 1999; Than, Delay, & Maier, 1994). Such
findings make it clear that different factors could promote weight gain and excess energy
intake for females compared to males.

Previously we reported that male rats given high intensity sweeteners exhibit increased
energy intake and body weight gain (for review, see Swithers, Martin, & Davidson, 2010)
compared to those given the caloric sweetener glucose. We have provided evidence that
these deficits in regulating energy balance are based on the disruption of a learned signaling
relationship between sweet tastes and caloric or energetic outcomes (Davidson, Martin,
Clark, & Swithers, 2011). Our experiment showed that the ability of the sweet taste of
glucose to compete with a novel flavor for association with a nutritive postingestive US was
weakened by prior experience consuming saccharin. This effect was specific to sweet taste,
since prior experience with saccharin did not interfere with ability of the nonsweet taste of
polycose to compete for association with the US. A second study showed that similar
exposure to saccharin was followed by increased food intake and body weight gain for rats
maintained on a high-fat diet that was sweetened with glucose, but not for rats maintained
on an equicaloric diet with polycose added or for rats that received the plain high-fat diet.
Thus, a manipulation that weakened the association between sweet taste and an energetic
outcome also selectively promoted excessive intake and body weight gain by rats
maintained on a sweetened high-energy diet.

To date, research examining the negative consequences of disrupting these types of sweet
taste-calorie associations on long-term food intake and body weight gain has focused on
effects in lean male rats. As described above, factors that determine energy balance in lean
male rats may not fully represent the factors that affect energy balance in females. The goals
of the present experiments were therefore to (a) assess whether intake of high-intensity
sweeteners is associated with increased food intake and body weight gain in female rats; (b)
evaluate whether this effect depends on composition of the maintenance diet (HE vs.
standard chow) and (c) determine whether the phenotype of the rats with regard to
propensity to gain weight on HE diets affects the consequences of consuming high-intensity
sweeteners.

It is important to pursue these goals for several reasons. First, in addition to the male-female
differences noted above, the available data indicate that the most likely consumers of “diet”
foods and beverages are women, many of whom are overweight or obese (Duffey & Popkin,
2006; Fowler et al., 2008). Thus, women may be more likely to be exposed to the adverse
effects of consuming high-intensity sweeteners. Second, while low-fat diets are frequently
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employed in laboratory studies, they are not representative of the HE diets most typically
consumed in the U.S. The negative consequences of high-intensity sweeteners appear to be
exacerbated when male rats are fed HE diets compared to standard low-fat, low energy chow
(e.g., Davidson et al., 2011; Swithers, Laboy, Clark, Cooper, & Davidson, 2012); it is
unknown whether or not the effects of consuming high intensity sweeteners will also be
worsened by HE diets in female rats. Finally, it is well-known that Sprague-Dawley rats
given access to HE diets show large variations in weight gain; animals termed DIO (diet-
induced obese) gain large amounts of excess weight when given HE diets relative to both
weight gain on a standard low-fat chow diet and to animals termed DR (diet resistant),
whose body weight gain on HE diets remains low and similar to that observed when
maintained on a low-fat chow diet (Levin & Dunn-Meynell, 2006; Levin, Dunn-Meynell,
Balkan, & Keesey, 1997; Levin, Magnan, Migrenne, Chua, & Dunn-Meynell, 2005; Madsen
et al., 2010; Paulsen et al., 2010).

It has been argued that these rodent DIO and DR phenotypes represent a useful model of
human energy regulation because while many people have responded to the current
obesogenic environment with significant increases in weight, some people remain resistant
to these effects. In addition, through selective breeding of rats identified as DIO and DR,
commercially-available lines of rats have been developed that are known to have consistent
tendencies to exhibit diet-induced obesity when given HE diets. The line Crl:OP-CD (OP
rats) is prone to obesity on HE diets, while the control line, Crl:OR-CD (OR rats) is resistant
(Levin et al., 1997). Given data indicating that consumption of high-intensity sweeteners is
the greatest in women with the highest tendency towards overweight and obesity, it is also
important to determine if differences in the effects of consuming high intensity sweeteners
on weight gain are related to pre-existing phenotypic differences toward weight gain in a
female rat model.

Using procedures similar to those previously demonstrated to produce significant effects on
body weight gain and food intake in male rats, Experiment 1 examined whether consuming a
yogurt dietary supplement sweetened with non-caloric saccharin resulted in increased body
weight gain compared to a yogurt supplement sweetened with the caloric sweetener glucose
in female rats maintained on a standard low-fat laboratory chow diet. Experiments 2 and 3
employed diets high in energy, fat and sugar along with sweetened yogurt dietary
supplements to determine whether consumption of “Westernized diets” in addition to
sweetened yogurt dietary supplements exacerbated body weight gain in female rats and
whether phenotypic differences in propensity to obesity on a HE diet interacted with the
effects of exposure to diets which disrupt the predictive relation between sweet taste and
calories. In Experiments 2 and 3, outbred Sprague-Dawley female rats were given exposure
to an HE diet prior to the introduction of the yogurt supplements, and weight gain during
this exposure period was used to identify animals as DIO or DR prior to the introduction of
the sweetened yogurt supplements. Experiment 2 employed a diet high in sugar in which the
fat source was lard, while Experiment 3 employed a different HE diet high in sugar in which
the fat source was peanut oil. In Experiment 4, outbred Sprague-Dawley male rats were
given exposure to the HE diet employed in Experiment 3 and identified as DIO or DR prior
to the introduction of the yogurt supplements. Finally, in Experiment 5, subjects were
females from selectively-bred OP and OR lines, and the effects of consuming sweetened
yogurt supplements were determined both prior to the introduction of the HE diet employed
in Experiments 3 and 4 and after HE diet was available.

Methods
In all experiments, animals were given daily access to 30 g plain or sweetened yogurt
(Dannon low-fat plain yogurt; ∼0.6 kcal/g) along with ad lib access to their assigned
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maintenance diet and water. On half of the days in each experiment, yogurt was provided in
unsweetened form (∼0.6kcal/g). On the other half of the days, yogurt was sweetened with
20% glucose (w/w; ∼1.2 kcal/g), or 0.3% saccharin (∼0.6 kcal/g). For the glucose group,
sweet taste was associated with an increase in energetic content. For the saccharin group,
sweet taste did not predict an increase in caloric content. The order of presentation of yogurt
was semi-randomized with animals receiving no more than 2 days of the same yogurt
(sweetened or plain) in a row; yogurts were presented in enamel camping cups fastened to
the front of the cage. Because the interest was in comparing the consequences of equal
exposure to the diets, animals that failed to consume at least 70% of the yogurts provided
were excluded from analysis as described below. In all experiments including females, rats
were gonadally-intact adult females; estrus status during experiments was not assessed to
avoid potential stress associated with collecting vaginal cytology. This study was carried out
in strict accordance with the recommendations in the Guide for the Care and Use of
Laboratory Animals of the National Institutes of Health and was approved by the Animal
Care and Use Committee at Purdue University.

Experiment 1
Subjects were 20 female Sprague-Dawley (Harlan, Indianapolis) rats weighing 200-225 g
and given ad lib access to a standard low-fat laboratory chow (Harlan 2018) for 19 days in
the laboratory after arrival. Animals were then assigned to one of two yogurt groups
(Saccharin or Glucose), matched on body weight, and were then given yogurt dietary
supplements 6 days per week for 4 weeks (12 days plain, 12 days sweetened), with a single
day of chow and water alone provided each week.

Body weight gain was analyzed with a 2-Way (Sweetener X Day) repeated-measures
ANOVA, with Day as a within-subjects factor and Sweetener as a between-subjects factor.
Two animals were excluded from analysis due to tumor growth and consistent food spillage.
After excluding these animals, body weights across the two groups at the start of yogurt
exposure did not differ (253.6 + 2.8 g for Glucose and 255.5 + 3.2 g for Saccharin).

Experiment 2
Subjects were 36 adult female Sprague-Dawley rats purchased from Harlan. Following 1
week in the laboratory, on a standard chow diet (Harlan 2018), all animals were given ad lib
access to a diet (Harlan, TD.04489) high in both saturated fat (17% lard by weight) and
sugar (22 % glucose by weight) for 12 days. Body composition was then assessed using
NMR (EchoMRI-900). A median split based on body weight gain during exposure to the HE
diet was used to assign animals to DIO and DR phenotype groups based on weight. Within
each phenotype, half of the animals were assigned to receive glucose-sweetened yogurt
supplements while the remaining animals were assigned to receive saccharin-sweetened
yogurt supplements. Yogurt supplements were provided 6 days per week for 4 weeks (12
days plain, 12 days sweetened), with one day of HE diet and water alone per week. Body
composition was then assessed again using NMR. Body weight, yogurt intake, and chow
intake were measured daily by weighing (corrected for spillage).

Three animals (2 DIO and 1 DR) failed to consume at least 70% of the yogurt offered and
were excluded from analyses. After excluding these animals, body weight at the start of
yogurt consumption was higher in DIO compared to DR animals, but did not differ within
phenotype across the two sweeteners (Mean starting body weight +SEM = 270.1 + 2.5 g
[n=9] and 271.9 + 2.8 g [n=7], for DIO Glucose and DIO Saccharin groups, respectively;
and 259.3 + 2.6 g [n=8] and 256.7 + 2.5 g [n-9] for DR Glucose and DR Saccharin groups,
respectively).
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Body weight gain was analyzed with a 3-Way (Phenotype X Sweetener X Day) repeated
measures ANOVA, with Phenotype and Sweetener as between-subjects factors and Day as a
within-subjects factor, followed by 2-Way (Sweetener X Day) repeated measures ANOVAs
as indicated. Total caloric intake, caloric intake from chow, total grams of yogurt and caloric
intake from yogurt were analyzed with separate 2-Way (Phenotype X Sweetener) ANOVAs.
To analyze changes in body composition, separate ANCOVAs for Fat mass and Lean Mass
were conducted, using starting Fat mass and starting Lean mass as the covariates,
respectively. Post-hoc tests were conducted with Newman-Keuls tests where indicated.

Experiment 3
Subjects were 48 adult female rats purchased from Harlan (Indianapolis) who were given ad
lib access to a standard laboratory chow (Harlan 2018) for one week in the lab. All animals
were then given ad lib access to an HE powdered chow diet (testdiet.com cat #25312) that
was high in fat (16% peanut oil by weight) for 7 days and body composition was then
assessed using NMR. A median split was performed on body weight gain during HE diet
access and animals were then grouped into DIO and DR phenotypes. Half of the animals in
each phenotype (matched for body weight within phenotype) were assigned to receive
yogurt supplements sweetened with Glucose, while the remaining animals in each
phenotype received yogurt supplements sweetened with Saccharin. At the same time, the
maintenance diet was sweetened by the addition of 20% glucose by weight. Yogurt
supplements were provided daily for a total of 16 days (8 days plain, 8 days sweetened),
with two days of chow and water alone intervening. Yogurt intake and body weight were
recorded daily and body composition was assessed using NMR at the end of the yogurt
exposure. Due to excessive spillage of the powdered chow, chow intake was not measured.

Six animals (3 DIO and 3 DR) failed to consume at least 70% of the yogurt provided, and
were excluded from the analyses. After excluding these animals, body weights at the start
yogurt consumption were higher in DIO animals (Means + SEM = 257.8 + 3.3 g [n=11] and
253.5 + 3.5 g [n=11] for DIO Glucose and DIO Saccharin, respectively) than DR animals
(Means + SEM = 242.1 + 3.1 [n=10] and 244.7 + 3.4 [n=10] for DR Glucose and DR
Saccharin, respectively), but were matched within phenotype across the two sweeteners.

Body weight gain was analyzed with a 3-Way (Phenotype X Sweetener X Day) repeated
measures ANOVA, with Phenotype and Sweetener as between-subjects factors and Day as a
within-subjects factor, followed by 2-Way (Sweetener X Day) repeated measures ANOVAs
as indicated. To analyze changes in body composition, separate ANCOVAs for Fat mass and
Lean Mass were conducted, using starting Fat mass and starting Lean mass as the covariates,
respectively. Post-hoc tests were conducted with Newman-Keuls tests where indicated.

Experiment 4
Subjects were 50 male Sprague-Dawley rats (Harlan, Indianapolis) weighing 300-325 g on
arrival. Animals were placed on standard chow diet (Harlan 2018) for one week, then given
ad lib access to the same high fat diet sweetened with 20% glucose used in Experiment 3 for
3 weeks. A median split based on body weight gain was then used to assign animals to DIO
and DR phenotype groups. Within each phenotype, half of the animals were assigned to
receive glucose-sweetened yogurt supplements while the remaining animals were assigned
to receive saccharin-sweetened yogurt supplements. Yogurt supplements were provided
daily for a total of 16 days (8 days plain, 8 days sweetened), with two days of chow and
water alone intervening. Yogurt intake and body weight were recorded daily, and animals
that failed to consume at least 70% of the yogurt provided were excluded from analysis. Due
to large amounts of spillage of the powdered diet, chow intake was not measured.
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Eight animals (4 DIO and 4 DR) failed to consume at least 70% of the yogurt After
excluding these animals, body weights at the start yogurt presentation were higher in DIO
animals (Means + SEM = 406.3 + 3.1 g [n=10] and 404.6 + 3.0 g [n=11] for DIO Glucose
and DIO Saccharin, respectively) than in DR animals (Means + SEM = 388.2 + 2.9 [n=12]
and 389.5 + 3.3 [n=9] for DR Glucose and DR Saccharin, respectively), but were matched
within phenotype across the two sweeteners.

Body weight gain was analyzed with a 3-Way (Phenotype X Sweetener X Day) repeated
measures ANOVA, with Phenotype and Sweetener as between-subjects factors and Day as a
within-subjects factor, followed by 2-Way (Sweetener X Day) repeated measures ANOVAs
as indicated. Post-hoc tests were conducted with Newman-Keuls tests where indicated.

Experiment 5
Subjects were 44 female offspring of adult Obesity Prone Crl:OP[CD] and Obesity Resistant
Crl:OR[CD] male and female rats purchased from Charles River, and subsequently bred in
our lab. Dams, sires and litters were maintained on a standard laboratory chow (Harlan
2018) throughout gestation, lactation and weaning. Litters were weaned at 23 days of age,
and housed with same-sex littermates until approximately 90 days of age. Body composition
was assessed with NMR, then half of the animals within each phenotype were assigned to
receive saccharin- or glucose-sweetened yogurt. Sweetener groups were matched on body
weight within each phenotype. Yogurt supplements were provided for 6 days (3 sweetened
and 3 plain) along with one day of chow alone while animals remained on the standard chow
diet (Harlan 2018). Animals were then given ad lib access to the sweetened HE powdered
chow diet used in Experiments 3 and 4 while they continued to receive their assigned yogurt
for 6 days (3 sweetened and 3 plain) per week for an additional 2 weeks. Body composition
was assessed with NMR at the end of this 3-week yogurt exposure. Body weight and yogurt
intake were measured daily; due to large amounts of spillage of the powdered diet, chow
intake was not measured.

One animal was excluded from analysis for failing to consume at least 70% of the yogurt
diet provided. Starting body weights were greater in OP than OR animals but did not differ
between sweetener groups within each phenotype (Mean + SEM = 254.1 + 4.8 g [n=8] and
259.8 + 4.5 g [n=9] for OP Glucose and OP Saccharin groups, respectively; 198.8 + 3.7 g
[n=13] and 199.2 + 3.7 g [n=13] for OR Glucose and OR Saccharin groups).

Body weight gain was analyzed using a 3-Way repeated-measures ANOVA (Phenotype X
Sweetener X Day) with Phenotype and Sweetener as between-subjects factors and Day as a
within-subjects factor. Lean mass and fat mass following yogurt exposure were analyzed
with 2-Way ANCOVA (Phenotype X Sweetener), with starting lean mass and starting fat
mass used as the covariates, respectively.

Results
Experiment 1

Weight gain in adult female rats on a standard powdered low-fat laboratory chow diet was
not affected by the sweetener to which the animal was exposed for 28 days (Figure 1; Main
effect of Day, F16, 416 = 43.5, p< .0000001; other F's =0.31 – 1.1, p's = .34 - .59).

Experiment 2
Prior to the introduction of the yogurt, weight gain on the HE diet was significantly greater
for rats classified as DIO compared to DR animals (Main effect of Phenotype, F 1, 29 =
56.06, p < .000001; Means = 29.41 + 1.4 for DIO and 14.4 + 1.4 for DR).
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After the introduction of the yogurt supplements, body weight gain was affected by the
sweetener used, phenotype and the day of testing (Figure 2A and 2B; Main effect of
Phenotype, F1, 29 = 4.4, p =.046; Main effect of Sweetener, F1, 29 = 4.7, p =.038; Phenotype
X Sweetener interaction, F1, 29 = 7.1, p = .012; Main effect of day, F26, 754 = 53.2, p < .
0000001; Sweetener X Day interaction, F26, 754 = 1.9, p = .0042; Sweetener X Phenotype X
Day interaction, F26, 754 = 1.71, p = .016). In DIO females, body weight gain was
significantly greater in animals consuming the saccharin-sweetened yogurt compared to
those consuming the glucose-sweetened yogurt beginning on Day 10 (Figure 2A; Main
effect of Sweetener, F1, 14 = 5.12, p = .04; Main effect of Day, F 26, 364 = 19.7, p < .
0000001). In contrast, weight gain was unaffected by the sweetener provided in the yogurt
in DR animals (Figure 2B; Main effect of Day, F1, 15 =48.8, p < .0000001).

Fat mass was affected by the sweetener consumed, the phenotype of the animals and the
animal's starting fat mass (Figure 2C; Main effect of Starting Fat mass, F1, 28 = 77.8, p < .
0000001; Phenotype X Sweetener interaction, F1, 28 = 8.7, p= .00065). Post-hoc ANCOVAs
indicated that in DIO animals, fat mass was significantly greater in animals given the
saccharin- compared to glucose-sweetened yogurt (Main effect of Sweetener, F1, 13 = 4.85, p
= .046), while in DR animals, there were no significant differences between animals given
saccharin- versus glucose-sweetened yogurt. Lean mass was affected by the sweetener
consumed and the starting lean mass, but not the phenotype (Figure 2D; Main effect of
Starting lean mass, F1, 28 = 35.7, p = .00002; Main effect of Sweetener, F1, 28 = 4.38, p = .
046), with post-hoc analyses indicating that females given saccharin-sweetened yogurt had
significantly greater lean mass than females given glucose-sweetened yogurt.

Total energy intake (chow plus yogurt) was affected by the Phenotype and the Sweetener
(Main effect of Phenotype, F1, 29 = 5.06, p = .032; Main effect of Sweetener, F1, 29 = 6.4, p
= .017; Phenotype X Sweetener interaction, F1, 29 = 5.16, p = .031). Post-hoc tests indicated
that in DIO animals (Figure 3A), total caloric intake was significantly higher in animals
receiving the saccharin-sweetened yogurt compared to the glucose-sweetened yogurt, while
there were no differences in total caloric intake in DR animals receiving saccharin-
sweetened versus glucose-sweetened yogurt (Figure 3B). There were no significant
differences in total grams of yogurt consumed across sweeteners or phenotype (Means = 635
+ 23 g and 598 + 27 g for DIO glucose and saccharin groups, respectively; 632 + 25 g and
627 + 23 g for DR glucose and saccharin groups; all Fs < 1). Since there were no differences
in the quantity of yogurt consumed, the number of calories consumed from yogurt was
significantly higher in animals given the glucose-sweetened yogurt, but there were no effects
of phenotype (Main effect of Sweetener, F1, 29 = 147.02, p < .0000001, other Fs < 1). Since
energy intake from the yogurt was lower in the DIO Saccharin group compared to the DIO
Glucose group, but total energy intake was higher in the DIO Saccharin group compared to
the DIO Glucose group, the difference in total energy was higher accounted for by increased
intake of the HE diet DIO Saccharin group compared to the DIO Glucose group. This was
confirmed by statistical analysis, with energy consumed from the HE diet affected by the
sweetener as well as the phenotype (Main effect of Sweetener, F1, 29 = 4.6, p = .024; Main
effect of Phenotype, F1, 29 = 43.4, p < .0000001; Sweetener X Phenotype interaction, F1, 29
= 5.1, p=.03). Post-hoc analysis revealed that in both DIO (Figure 3A) and DR (Figure 3B)
groups, animals given the saccharin-sweetened yogurt consumed greater number of calories
from the HE diet than animals given the glucose-sweetened yogurt. In addition, while there
were no differences in calories consumed from the HE diet in DIO Glucose animals
compared to DR Gucose animals, DIO Saccharin animals consumed significantly more than
DR Saccharin animals.
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Experiment 3
Prior to introduction of the yogurt supplements, weight gain on the HE diet was significantly
greater in the DIO than DR females (Main effect of Phenotype, F1, 38 = 98.5, p < .0000001;
Means = 14.8 + 1.5 for DIO and -5.8 + 1.5 for DR).

After the introduction of the yogurt supplements, weight gain was affected by the sweetener
provided in the yogurt supplements, as well as by the phenotype of the animal (Figure 5;
Main effect of Day, F16, 608 = 84.2, p < .0000001; Sweetener X Phenotype X Day
interaction, F16, 608 = 1.85 p = .023). DIO females given the Saccharin-sweetened yogurt
gained more weight than DIO females given Glucose-sweetened yogurt (Figure 4A; Main
effect of Sweetener, F1, 19 = 5.65, p = 0.028; Main effect of Day, F16,304 = 38.9, p < .
0000001; Sweetener X Day interaction, F16, 304 =2.60, p = .00083) with post-hoc tests
revealing significant differences on the last 3 days of yogurt exposure. In contrast, there
were no differences in body weight gain in DR animals given Saccharin-sweetened versus
Glucose-sweetened yogurt (Figure 4B; Main effect of Day, F16, 304 = 46.9, p < .0000001; all
other Fs < 1).

Analysis of body fat mass indicated that fat mass at the end of yogurt exposure was affected
by the starting fat mass and by the phenotype, but not by the type of sweetener consumed
(Main effect of Starting Fat mass, F1, 37 = 9.7, p = .0035; Main effect of Phenotype, F1, 37 =
4.17, p = .048). Post-hoc analysis revealed that DIO animals had significantly higher fat
mass than DR animals at the end of yogurt exposure (Figure 4C). Lean mass at the end of
yogurt was affected by Starting Lean mass and the Sweetener consumed but not by
Phenotype, with animals given saccharin-sweetened yogurt having greater lean mass than
animals given glucose-sweetened yogurt (Figure 4D; Main effect of Starting Lean mass,
F1, 37 = 31.1, p = .000002; Main effect of Sweetener, F1, 37 = 5.29, p = .029).

Experiment 4
Body weight gain on the HE diet prior to the introduction of the yogurt supplements was
significantly higher in DIO male than DR males (Main effect of Phenotype, F1, 38 = 68.2, p
< .0000001; Means + SEM = 77.8 + 1.4 for DIO and 61.3 + 1.4 for DR) but did not differ
across sweeteners within each phenotype.

After the introduction of the yogurt, body weight gain in male rats was significantly affected
by the sweetener provided but not the phenotype (Figure 5; Main effect of Sweetener, F1, 38
= 20.7, p = .000054; Main effect of Day, F16, 608 = 534.7, p < .0000001; Day X Sweetener
interaction, F16, 608 = 5.4, p < .0000001; other F's < 1). Post-hoc analyses indicated that
male rats given the saccharin-sweetened yogurt gained significantly more weight on days
4-16 of the yogurt exposure, with no significant differences between DIO and DR animals.

Experiment 5
Body weight gain was affected by the sweetener, phenotype of the animal, and the day of
testing (Figure 6; Main effect of Sweetener, F1, 39 = 9.7, p = .0035; Main effect of day,
F19, 741 = 254.6, p < .0000001; Sweetener X Day interaction, F19, 741 = 7.1, p < .0000001;
Phenotype X Day interaction, F19, 741 = 22.1, p < .0000001; Sweetener X Phenotype X Day
interaction, F19, 665 = 2.30, p = .0013). Post-hoc analyses indicated that in OP animals,
weight gain was affected by the sweetener provided, as well as by the day of testing (Figure
6A; Main effect of Sweetener, F1, 14 = 11.5, p = .0044; Main effect of Day, F19, 266 = 143.3,
p < .0000001; Sweetener X Day interaction, F19, 266 = 6.44, p < .0000001), with female OP
rats given saccharin-sweetened yogurt showing significantly greater body weight gain
compared to OP rats given glucose-sweetened yogurt beginning on Day 11. In female OR
animals, body weight gain was not significantly affected by the sweetener provided,
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although a trend for increased weight gain in OR females given saccharin-sweetened yogurt
was observed (Figure 6B; Main effect of Day, F19, 399 = 87.3, p < .0000001; Sweetener X
Day interaction, F19, 399 = 1.59, p = .055).

Fat mass at the end of yogurt exposure was significantly affected by the starting body fat
mass and the sweetener to which animals had been exposed (Figure 6C; Main effect of
Starting fat mass, F1, 38 = 105.91, p < .0000001; Main effect of Sweetener, F1, 38 = 11.3, p
= .0018). Animals given the saccharin-sweetened yogurt had significantly greater fat mass
than animals given the glucose-sweetened yogurt. Lean mass was affected by starting lean
mass, but there were no significant effects of sweetener or phenotype on lean mass at the
end of yogurt exposure (Figure 6D; Main effect of Starting lean mass, F1, 38 = 143.2, p < .
0000001; trend for Main effect of Phenotype, F1, 38 = 2.89, p =.097).

Discussion
Our previous results with male rats provided evidence that, compared to consuming caloric
sweeteners, consuming non-caloric sweeteners produces excess energy intake and weight
gain, not reduced energy intake and weight loss (e.g., Davidson et al., 2011; Davidson &
Swithers, 2004; Swithers, Baker, & Davidson, 2009; Swithers & Davidson, 2008; Swithers
et al., 2012; Swithers, Martin, Clark, Laboy, & Davidson, 2010; Swithers, Martin, &
Davidson, 2010). Our previous data also provided evidence for a physiologically-relevant
mechanism that describes how consumption of non-caloric sweeteners can interfere with the
normal controls of energy regulation by interfering with a typically predictive relation
between sweet taste and calories (Davidson et al., 2011; Davidson & Swithers, 2004;
Swithers & Davidson, 2008; Swithers et al., 2012; Swithers, Martin, Clark, et al., 2010;
Swithers, Martin, & Davidson, 2010). The results of the present experiments with female
rats indicate that the negative effects of consuming noncaloric sweeteners on intake and
body weight may be the most severe for females that are most prone to developing high
body weight and adiposity.

For example, female rats maintained on a standard, low-fat laboratory chow diet
(Experiment 1) are relatively resistant to the negative consequences dissociating sweet taste
from energetic consequences. However, when female rats eat a high fat, sweetened diet
similar to that presently consumed by large segments of the U.S. population, saccharin-
sweetened yogurts in fact stimulate food intake (Experiment 2), promote excess weight gain
(Experiments 2, 3 and 5) and may result in increased adiposity (Experiments 2 and 5)
compared to glucose-sweetened yogurts. Most strikingly, these negative effects of
consuming a HE diet along with saccharin-sweetened yogurt were noted in animals already
prone to excess weight gain prior to the introduction of the yogurt diets (i.e., the DIO and
OP phenotypes). In female rats with a phenotype already resistant to HE diet-induced weight
gain, the addition of a saccharin-sweetened yogurt to the HE diet had minimal effects on
energy balance.

The design employed here provided animals with a fixed amount (30 g) of a dietary
supplement (low-fat yogurt) in plain, unsweetened form on some days, and a form to which
a sweetener has been added on other days. For one set of animals, the sweetener provides
additional calories; for example, addition of 20% glucose by weight results in the sweetened
yogurt providing approximately twice as many calories per gram as the unsweetened yogurt
(1.2 kcal/g compared to 0.6 kcal/g). These animals are therefore provided with explicit
exposure to a typical relation in which sweet taste consistently predicts the delivery of
energy. For the second group, the addition of 0.3% saccharin increased the sweetness of the
yogurt without changing the energy. This group was therefore provided with explicit
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exposure to a relation in which sweet taste no longer served as a reliable predictor of the
delivery of energy.

Two features of this design approach merit discussion. First, animals in the two groups
consume identical, fixed amounts of yogurt. That is, increases in food intake, body weight
gain and adiposity in animals given the saccharin-sweetened yogurt do not result from one
group of animals over-consuming the sweetened yogurt supplements. Instead, they appear to
result from overconsumption of the maintenance chow provided along with the yogurt in
animals given the saccharin-sweetened yogurt (Experiment 2 and Swithers & Davidson,
2008; Swithers, Martin, Clark, et al., 2010; Swithers, Martin, & Davidson, 2010). Second,
the design does not require that the saccharin-sweetened yogurt and the glucose-sweetened
yogurt be identical to one another in terms of sweetness per se. Determining which
sweetener, saccharin or glucose, at the concentrations provided in these studies, actually
tastes sweeter when provided in yogurt is not a simple matter. For example, some data
suggest that rats may prefer solutions of glucose to solutions of saccharin at these
concentrations (e.g., Fernstrom et al., 2012; Sclafani & Nissenbaum, 1985), suggesting that
the glucose-sweetened yogurt might be perceived as sweeter than the saccharin-sweetened
yogurt. However, preferences are affected not just by taste properties but also by post-
ingestive effects, so a preference for glucose does not necessarily indicate that the glucose-
sweetened yogurt tastes sweeter. In addition, other data suggest that saccharin solutions can
produce stronger electrophysiological responses in the chorda tympani than glucose
(Miyasaka & Imoto, 1995), suggesting that the saccharin-sweetened yogurt might in fact be
sweeter than the glucose-sweetened yogurt. In either case, it is not immediately clear how
differences in the intensity of the two sweeteners could produce the pattern of results
observed.

The results of this study support a number of significant differences in the responses of
female rats compared to male rats when high-intensity sweeteners are consumed. For
example, male rats tested with a standard laboratory chow diet, like the one used in the
present Experiment 1, show increased weight gain when given saccharin-sweetened
compared to glucose-sweetened yogurt supplement (Swithers et al., 2009; Swithers &
Davidson, 2008; Swithers et al., 2012; Swithers, Martin, & Davidson, 2010), while female
rats failed to demonstrate such effects. Further, the consequences of a predisposition to gain
excess weight appeared limited to female rats, as male rats in Experiment 4 showed similar
tendencies to gain excess weight when given saccharin-sweetened diets compared to
glucose-sweetened diets whether they were prone to diet-induced obesity or resistant to it
prior to the introduction of the sweetener. While slightly different procedures were used to
phenotype males compared to females in these experiments, taken together the results are
consistent with significant sexual diergism in responding to disruption of the relation
between sweet tastes and calories.

Mechanisms that underlie such sexually divergent and phenotypic responses are not known,
but might include differences in the perception of the sweet tastes (e.g., Asarian & Geary,
2006; Atchley et al., 2005; Curtis et al., 2005; Kenney & Redick, 1980; Valenstein et al.,
1967; Wade & Zucker, 1969); differences in Pavlovian conditioning (e.g., Ackroff &
Sclafani, 2004; Andreano & Cahill, 2009; Chambers, 1985; de Beun et al., 1991); and/or
basic metabolic systems underlying energy balance (e.g., Asarian & Geary, 2006; Clegg,
Brown, Woods, & Benoit, 2006; Eckel, 2011; Flanagan-Cato, Grigson, & King, 2001; Shi,
Seeley, & Clegg, 2009; Wade, 1972; Wade & Gray, 1979; Woods, Gotoh, & Clegg, 2003).
Elucidating these mechanisms will require additional study.

Our previous research showed that in addition to increased weight gain, male rats that
previously consumed saccharin exhibited higher levels of blood glucose, lower levels of
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GLP-1, and a weakened thermogenic response following intake of sweet caloric foods or
fluids (Swithers & Davidson, 2008; Swithers et al., 2012). Whether these changes are causes
or effects of weight gain is the subject of continued research interest. However, our findings
and conceptual framework suggest that both weight gain and changes in hormonal or
metabolic profiles may be based, at least in part, on the operation of a different set of
factors.

Specifically, we showed that consuming saccharin selectively weakens the ability of sweet
taste to signal caloric outcomes and selectively reduces the ability of rats to regulate their
intake of sweetened high-energy food (Davidson et al., 2011). These data suggest that, in
addition to investigating the potential metabolic or hormonal processes that may contribute
to obesity, research attention should also be directed at elucidating the neural mechanisms
that underlie the effects of high-intensity sweeteners on learning and memory. Recent
research on “taste memory” and the processing of taste information has produced results that
are consistent with our general Pavlovian model (Nunez-Jaramillo, Ramirez-Lugo, Herrera-
Morales, & Miranda, 2010). For example, a variety of evidence shows that for animals as
diverse as fruit flies and rodents, the taste and nutritive consequences of consuming sweet
food are encoded independently (Wright, 2011).

Furthermore, other findings indicate that little may be learned or remembered about sweet
tastes that are not paired with nutritive outcomes (Burke & Waddell, 2011). It has been
proposed that the function of sweet taste is to enable animals to identify substances in the
environment that are sources of energy (e.g., Small, 2010). Findings that this signaling
ability is not an inherent property of sweet taste but depends on experiencing both sweet
taste and caloric consequences concurrently is at the core of our model and makes more
plausible our notion that separating sweet taste from nutritive consequences reduces the
ability for animals to use sweet taste to help regulate intake.

This analysis suggests that to advance understanding of energy and body weight regulation
greater research attention should be directed toward determining how and where sweet tastes
are associated with calories in the brain. In the rodent, there is evidence that the nucleus
accumbens contains neural populations that encode information independently about taste
and about changes in metabolic status that may arise from detection of nutrients in the
gastrointestinal tract (de Araujo et al., 2008). In humans, the insula is thought to be a brain
region where orosensory information, including taste, is represented (Small, 2010). One
imaging study (Rudenga, Green, Nachtigal, & Small, 2010) reported that oral stimulation
regardless of modality (chemesthetic or gustatory) or physiological relevance (nutritive or
harmful) evoked a response in the anterior ventral insula. However, connectivity between
this area and hypothalamic and striatal circuits involved with feeding was observed when
subjects sampled potentially nutritive sweet or salty tastes. The authors suggested that the
anterior ventral insula preferentially interacts with brain systems that underlie feeding
behaviors and homeostasis when the oral stimulus is potentially nutritive.

Another neuroimaging study (Rudenga & Small, 2012) compared responses to sweet,
caloric, sucrose solutions by humans that differed in their self-reported use of noncaloric
sweeteners. This study found significant negative correlations between frequency of
artificial sweetener use and response in the insula and amygdala. A further imaging study in
humans also documented altered activation in the amygdala, as well as the ventral tegmental
area, in self-reported diet soda drinkers compared to those that did not consume diet sodas
(Green & Murphy, 2012). Previous studies with rats indicate that different areas of
amygdala may be involved with the acquisition and extinction of learning about tastes. For
example, lesions of the central nucleus of the amygdala impaired acquisition, but not
extinction, of a taste aversion, whereas lesions of the basolateral amygdala (BLA) had the
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opposite effect (Bahar, Samuel, Hazvi, & Dudai, 2003). Impaired extinction of responding
to a visual cue associated with food following BLA lesions has also been reported (e.g.,
Lindgren, Gallagher, & Holland, 2003). If intake of high-intensity sweeteners involves at
least partial extinction of an association between tastes and a nutritive outcome, it would be
of interest to determine if interference with BLA function would retard or block the effect of
experience with those sweeteners on food intake and weight gain. One important implication
of the present findings is that identification of psychological and physiological substrates
involved with the formation and modification of sweet taste-calorie relations will need to
consider potential sex differences.

The use of high-intensity sweeteners has been considered to be a useful tool to control body
weight, body adiposity and metabolic disorders because it is expected to allow individuals to
limit caloric intake without sacrificing the pleasure of consuming sweet foods and
beverages. Indeed, many nutrition and health authorities have condoned, and even
encouraged, the immense rise in the availability and consumption of artificially-sweetened
products (American Dietetic Association, 2004; Bellisle & Drewnowski, 2007; Duffey,
Steffen, Van Horn, Jacobs, & Popkin, 2012; Mattes & Popkin, 2009; Tate et al., 2012). This
enthusiasm is based in large part on two assumptions; first, that holding energy expenditure
constant, weight loss will result as a consequence of reduced caloric intake and second that
replacing caloric sugars with non-caloric sweeteners will reduce caloric intake. The first
assumption appears to be undeniably correct. We believe that the second assumption may be
dangerously flawed. In fact, an important implication of our findings for humans is that the
potential adverse effects of consuming high intensity sweeteners on energy and body weight
regulation may be exacerbated in females who are most likely to consume those products;
namely, women who are obese or prone to obesity and who are consuming a westernized
diet high in fat and sugar.

Generalizing from these laboratory data to results from correlational or interventional
studies in humans can be complicated by a number of factors, not least the variability in
results from human studies attempting to understand the relationship between consuming
high-intensity sweeteners and energy balance. For example, while some epidemiological
studies indicate that consuming artificially-sweetened products is associated with increased
risk of negative outcomes, including weight gain, diabetes, heart disease and metabolic
syndrome (e.g., Dhingra et al., 2007; Fowler et al., 2008; Gardener et al., 2012; Laska,
Murray, Lytle, & Harnack, 2012; Ludwig, 2009; Lutsey, Steffen, & Stevens, 2008;
Nettleton, Polak, Tracy, Burke, & Jacobs, 2009; Yang, 2010), other data suggest that no
such association exists, or that consumption of sweeteners is associated with decreased risk
(e.g., Berkey, Rockett, Field, Gillman, & Colditz, 2004; de Koning, Malik, Rimm, Willett,
& Hu, 2011; Fung et al., 2009; Ludwig, Peterson, & Gortmaker, 2001; Schulze et al., 2004).
Further, while some interventional studies demonstrate that consumption of high-intensity
sweeteners is associated with reduced weight gain, weight loss or improved metabolic
parameters (de Ruyter, Olthof, Seidell, & Katan, 2012; Raben et al., 2011; Raben, Vasilaras,
Moller, & Astrup, 2002), other studies show no benefit from consumption of high-intensity
sweeteners (Blackburn, Kanders, Lavin, Keller, & Whatley, 1997; Duffey et al., 2012; Tate
et al., 2012). One advantage of animal studies such as those reported here is that they may
identify factors contributing to the variability observed in human studies. Based on the
results of the present data, among the factors that may demand special attention are the
composition of the diet consumed along with the high-intensity sweeteners, the sex of the
individual consuming the sweetener and phenotypic differences related to propensity to gain
weight before sweeteners are introduced. Thus, to the extent that women are more prone to
overweight and obesity (e.g., Ogden et al., 2010) and may be more likely to consume non-
caloric sweeteners (e.g., Duffey & Popkin, 2006; Fowler et al., 2008), data such as those
obtained in our rat experiments suggest that the biggest negative impact of high-intensity
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sweeteners may actually occur in those individuals most likely to use them as a means of
weight reduction, weight maintenance or improving metabolic health.
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Figure 1.
Body weight gain in female rats consuming low-fat standard laboratory chow diet was not
affected by the type of sweetener provided in a daily yogurt dietary supplement.
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Figure 2.
Body weight gain in DIO female rats (panel A) was significantly greater when consuming
Saccharin-sweetened yogurt along with a chow diet high in sugar and fat compared to those
given Glucose-sweetened yogurt. In contrast, DR females (B) showed no differences in
body weight gain based on the type of sweetener consumed. Filled circles = saccharin-
sweetened yogurt; white squares = glucose-sweetened yogurt. Fat mass (C) was significantly
higher in DIO animals given Saccharin-sweetened yogurt compared to DIO animals given
Glucose-sweetened yogurt. Lean mass (D) was higher in females given Saccharin-sweetened
yogurt compared to females given Glucose-sweetened yogurt across both phenotypes.
* p < .05 compared to DIO Glucose
# p < .05 between Glucose and Saccharin
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Figure 3.
A) In DIO animals fed a diet high in saturated fat and sugar across 4 weeks of yogurt
exposure, caloric intake from yogurt was significantly higher in female rats consuming
glucose-sweetened yogurt compared to DIO rats consuming saccharin-sweetened yogurt,
while both caloric intake from the HE diet and total caloric intake (from HE diet plus
yogurt) was significantly greater in animals consuming the saccharin-sweetened yogurt. B)
In DR females, energy intake from yogurt was higher in females given the glucose-
sweetened yogurt and intake from the HE diet was significantly higher in females given the
saccharin-sweetened yogurt. However, total caloric intake in DR female rats did not differ
between saccharin and glucose groups.
* p < .05 compared to glucose group

Swithers et al. Page 19

Behav Neurosci. Author manuscript; available in PMC 2014 April 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
Body weight gain in DIO female rats (panel A) was significantly greater when consuming
Saccharin-sweetened yogurt along with a chow diet high in sugar and fat compared to those
given Glucose-sweetened yogurt. In contrast, DR females (B) showed no differences in
body weight gain based on the type of sweetener consumed. Fat mass (C) was significantly
greater in female DIO rats compared to female DR rats, while lean mass (D) was
significantly greater in females that consumed Saccharin-sweetened yogurt compared to
females that consumed Glucose-sweetened yogurt.
# p < .05 compared to DR
* p < .05 compared to Glucose
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Figure 5.
Body weight gain in male rats was significantly greater when consuming Saccharin-
sweetened yogurt along with a chow diet high in sugar and fat compared to those given
Glucose-sweetened yogurt in both DIO (A) and DR (B) phenotypes.
*p < .05 compared to glucose-sweetened group
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Figure 6.
Body weight gain in offspring of selectively bred OP rats (A) and OR rats (B) given
saccharin-sweetened yogurt did not differ from same-phenotype females during the first
week of yogurt exposure when a standard low-fat laboratory chow was provided along with
the sweetened yogurt. However, body weight gain was significantly higher during the last 2
weeks of yogurt when OP rats were given Saccharin-sweetened yogurt and an HE diet
compared to glucose-sweetened yogurt and the HE diet. These effects were more
pronounced in OP females compared to OR females, where only a trend towards increased
weight gain in the animals consuming the saccharin-sweetened diet was observed. C) Fat
mass was significantly greater in female OP and OR rats that consumed Saccharin-
sweetened yogurt compared to females that consumed Glucose-sweetened yogurt, while lean
mass (D) did not differ significantly based on sweetener or phenotype.
* p < .05 compared to Glucose-sweetened yogurt
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