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Introduction
Energy intake (i.e. food intake) and energy expenditure are highly correlated to each other
in long term studies [1]. This suggests that energy intake is a highly regulated physiological
pathway. Moreover, humans’ food signaling pathways and thus food regulation evolved with
food scarcity. For instance, our body used to need to store fat in case of lack of food [2].
Nowadays, the abundance of food and the reduction of physical activities has triggered an
increase of body fat storage, and, ultimately, lead to an increase of the prevalence of obesity.
Obesity has reached high levels worldwide, carrying multiple diseases such as diabetes,
cardiovascular diseases, hypertension, stroke and neuropathies [3]. The ingestion of an excess
of nutrient is prevented by a nutrient-sensing pathway, which detects nutrients during a meal
and develops an adequate response to reduce food intake. This balance seems to be
deregulated in obese patients [4], and identification of potential molecules regulating food
intake has developed new target for drug development in the treatment of obesity [5].
However, it has become very clear that the ingestion of a high-fat diet (HFD) did not
necessarily induce obesity in humans and in animal models. Different rodent models of
predisposition and resistance to obesity have been set. Animals with a predisposition for
obesity triggered by a HFD are often described as Obesity Prone animals (OP), while others
do not gain more weight with an obesogenic diet compared to a “control” diet, and are
described as Obesity Resistant animals (OR) [6]. Recently, Even et al. showed that rats could
exhibit different phenotypes on obesity resistance in the case of a high-fat diet and of a highcarbohydrate diet [7]. Enriori et al. showed that after only 3 weeks of consuming a high-fat
diet, OP C57BL6 mice had gained more weight than OR C57BL6 mice [8].
In recent decades, consumption of sugar-sweetened beverages (SSBs) has increased around
the world. Sugar-sweetened beverages are beverages that contain added, naturally derived
caloric sweeteners such as sucrose or high-fructose corn syrup. These beverages are tasty,
available everywhere and inexpensive nowadays. In the United States, from 1989 to 2008,
calories from sugary beverages increased by 60% in children aged 6 to 11, from 130 to 209
calories per day, and the percentage of children consuming them rose from 79% to 91% [9]. If
dentists often advise patients against consumption of carbonated drinks such dietary habits
may above all be linked with wider health problems. Indeed, the consumption of SSB has
been linked to rising rates of obesity. Ludwig & al. (2001) found that the risk of becoming
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obese in childhood was increased 1.6 fold for every sugar-sweetened drink consumed per day
[10]. Moreover, in 2002, Raben & al. showed that the bodyweight of subjects who consumed
large amounts of sucrose, mostly as beverages, increased [11]. This might not be surprising
given the amount of sugar a can of SSB may contain (between 40 and 50 grams of sugar).
To explain how SSBs may promote obesity, different mechanisms have been
suggested, including direct caloric increases, appetite stimulation, decrease of satiety signals,
or adverse metabolic effects.

Sugar-Sweetened Beverages and caloric intake
First of all, SSB consumption would increase total caloric intake. Indeed, a typical 12-oz
can of sugar-sweetened drink contains up to 12 or 15 teaspoons of sugar and upwards of 150
calories. If drinking SSBs leads to a decrease in food energy intake, body composition
wouldn’t be changed. However, people drinking WWBs do not feel as full as if they had eaten
the same amount of calories from solid food and do not compensate by eating less solid food
[12], [13]. A study showed that repeated ingestions of sweetened caloric beverages (1L /day)
did not induce a downward energy adjustment, even after one-month exposure [14].
Moreover, Di Meglio and Mattes, in 2000, gave men and women 450 calories a day of either
soda or jellybeans for a month, then switched them for the next month and kept track of total
consumption. Candy eaters ate less extra food, compensating for the extra calories from the
jellybeans. On the other hand, soda drinkers did not, so they ate more calories than usual [13].

Sugar-Sweetened Beverages and satiety
Satiety is formally defined as the time interval between two meals. As mentioned before,
there is a persistent notion that liquids, as compared to solids, fail to trigger physiological
satiety mechanisms [13], [15], leading to a loss of control over appetite and overeating. Most
studies looking at the satiety induced by beverages have measured the short-term effect of a
caloric preload, ingested in the laboratory, on hunger and satiety ratings and on energy intake
at the next meal. The drawback of these methods is that they may not translate dietary patterns
measured in the long term. Furthermore, in many of those studies, energy adjustments after
ingestion of a preload were influenced by subject characteristics, preload volume, nutrient
composition, and by the interval between the preload and the test meal. These factors were
often more important than whether the preload was liquid or solid [16]. At the same time,
other studies suggest that solids fail to trigger satiety mechanisms, and also
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lead to overeating [17]. As a result, solid fast foods [18] and beverages containing energy
have been blamed, separately and together, for the obesity epidemic.

Sugar-Sweetened Beverages and body weight
However, even if some studies have been made to found the impact of SSBs on weight
gain and body fat mass in mice, their results are conflicting. Some researchers report an
increase in body weight associated with sucrose consumption [11], [19], [20], whereas other
reports no significant impact of soft drinks consumption on body weight and fat mass [21]. In
fact, the effects of sugary drinks seem to be very dependent of their mode of access, the
concentration and type of sugar they contain, the duration of the study, and the complexity of
associations is an emerging question, which is only partially answered yet.
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Objectives
In a previous study, researchers from the lab found that C57BL/6 mice drinking sugarsweetened water (SSW) in a restricted access (2h/day, 5days/week) for 6 weeks lead to
changes in dietary behavior and to weight gain, depending on the type of diet. Mice eating a
normal-fat diet and drinking SSW in a limited access didn’t gained more weight than mice
eating the same diet and drinking only water. However, mice eating a high-fat diet (enriched
in lard) and drinking SSW in a limited access, gained more weight than control high-fat mice
drinking water. C57BL/6 mice have specific characteristic including a natural tendency to
obesity, including hyperglycemia, hyperinsulinemia and hyperlipidemia [22–24]. In the same
strain, Obesity-Prone and Obesity-Resistant mice can be found [8]. A new approach was to
set up a new model of SSW consumption, studying its effects on Obesity Prone and Obesity
Resistant mice, on a longer period of time.

Our objectives were to answer to the following questions:
- Are the effects of a restricted access to SSW consumption different in Obesity Prone and
Obesity Resistant mice?
- Do the mice drinking SSWs with a restricted access eat less to compensate for the liquid
energy intake?
- Would Obesity Resistant mice be able to better compensate for this liquid energy than
Obesity Prone mice?
- What are the effects of SSW consumption 2h/day on food and drink consumption, on body
composition?
- Are the effects of a restricted access to SSW reversible?
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Table 1. Composition of the Western Diet (WD)
Ingredients
Milk
proteins
Starch
Sucrose

g, brut (g/kg)

% of energy

170

13.5

254

40.8

Soy oil

10

Lard

215

Mineral
salts

45

35

Vitamins

10

Cellulose

5

Choline

2.3

Total

1000

0.8

100

Figure 1. Planning of one day of experiment.
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Materials and methods
Animals
120 male C57Bl/6J mice (Harlan, France) aged 7 weeks and weighing 19.2±0.4 g at the
beginning of the experiment, were used. Animals were housed individually in standard
laboratory cages, in a temperature-controlled (22±1°C) room maintained on a reversed 12:12hour light-dark cycle (lights from 9:30pm to 9:30am, dark from 9:30am to 9:30pm).
All animal experiments were approved by the Animal Experimentation Board at INRA
Jouy-en-Josas/AgroParisTech and carried out according to the guidelines of the European
Convention of Vertebrate Animals Used for Experimentation; under European Council
Directive 86/609/EEC dates November 1986.

Selection
During the first week, mice had ad libitum access to standard chow and water. For the next
3 weeks, mice received a Western-Diet (WD) (Proteins: 14%, Carbohydrates: 41%, Lipids:
45%) (Table 1), served in small glass cups that contained approximately 10g of diet in form
of semi-liquid to minimize the spillage. WD and water were only accessible from 9:30am till
5:30pm (Figure 1). Mice were weighed twice a week.
After this 3 weeks period, three groups of mice were defined, according to the weight they
gained during this time. On 120 mice, we selected 30 Obesity Prone (OP) mice, gaining the
more weight and 30 Obesity Resistant (OR) mice, gaining the less weight. The 60 other mice
were used in a different experiment.

Procedure
After the selection, mice were randomly divided into four weight-matched groups: two
groups of 10 mice (one of OP mice and one of OR mice) and two groups of 20 mice (one of
OP mice and one of OR mice) (Figure 2).
Each group of 10 mice had access to only water (OP_Water and OR_Water). Each group
of 20 mice had access to water and sugar-sweetened water (SSW) 2 hours a day during the
feeding period (OP_SSW and OR_SSW). The SSW was a 12.6% weight/volume sucrose
solution in water and was given randomly during the day to avoid a habituation effect.
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Acclimatization

Selection

period

period

1 week

3 week

Phase 1

Phase 2
Groups

8 weeks

4 weeks
SSW

Obesity

Water

(30 mice)
Chow diet and
water

(10 mice)

SSW

Prone (OP)

Water

Western

OP_SSW

Water

OP_SSW_Water
(10 mice)
OP_Water
(10 mice)

Diet (WD)
(120 mice)

SSW
Obesity

OR_SSW
(10 mice)

SSW

Resistant

Water

(OR)
(30 mice)
Water

Water

OR_SSW_Water
(10 mice)
OR_Water
(10 mice)

Figure 2. Planning of the experiment
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After an 8 weeks period, the two SSW groups were again split into two different groups.
10 mice had still access to SSW 2 hours a day. However, the 10 remaining mice were
deprived of SSW and had only access to ad libitum water (OP_SSW_Water and
OR_SSW_Water).

Measurements of food and drink intake, body weight and body composition
Food and beverage intake of all mice were measured twice per week throughout the study.
Body weight of each mouse was measured two times per week. Body composition
(percentage of fat mass, percentage of lean mass) was measured using dual energy X-ray
absorptiometry (DEXA) (Lunar Piximus, GE Medical System, Madison, WI, software version
1.4x Lunar) every 4 weeks. During DEXA measurement, mice were anesthetized with
isoflurane.

Glucose tolerance Tests after 8 weeks of treatment
After an overnight fast (18h), samples were obtained in the morning from the tail. Blood
glucose was measured using a glucometer (ONE TOUCH Vita, Life Scan Europe 6300 Zag
Switzerland) at 0, 15, 30, 60 and 120 min after a glucose gavage (2mg/g). Samples (30µl of
blood) were obtained at each time point to check for insulin levels by ELISA (Mercodia
Mouse Insulin ELISA).

Body composition at the end of the experiment
The morning of the last day 30 mice were given a small meal in the morning (600µL of
SSW). After 90 min, mice were anesthetized with Isoflurane and killed by decapitation.
Another 30 mice were decapitated in a fasted state. Lungs, spleen, heart, brain, kidneys, liver
and annex glands were weighed, along with fat pad and lean tissues. Brains were rapidly
removed to extract hypothalamus, which was conserved and frozen in Trizol, in order to make
further studies of mRNA expression. A small piece of liver was snap frozen in liquid
nitrogen. All samples were stored at -80°C.

Statistical analysis
All values are expressed as mean ± SEM. Data were analyzed by two-way analysis of
variance (ANOVA) for body weight change over time and food and drink intake over time.
One-way ANOVA was used for final body weights, total calorie intake, feeding efficiency,
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followed by Tukey’s Multiple Comparison Test. Body weight change correlation was
analyzed using linear regression test. For glucose tolerance tests, areas under the curve (AUC)
were calculated by trapezoid analysis and were compared by one-way ANOVA. p values
inferior to 0.05 were considered statistically significant. Analyses were performed with
statistical software (R).
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Obesity-Resistant mice
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Drink
SSW

5.0

SSW_Water
Water

2.5

0.0
1 2 3 4 5 6 7 8 9 10 11 12

1 2 3 4 5 6 7 8 9 10 11 12

Week
Figure 3. Effects of SSW access and WD sensitivity on body weight gain over 12 weeks.
Effects of the sensibility to obesity (p<0.05), of the drink (p<0.05) and of the time (p<0.001)

12-weeks weight gain (g)

Weight gain (g)

7.5

12

Obesity-Prone mice

Obesity-Resistant mice

a
a,b

10

a
b

a,b

8

b

6
4
2
0
SSW

SSW_Water

SSW

Water

SSW_Water

Water

Drink
Figure 4. Effects of SSW access and WD sensitivity on body weight gain after 12 weeks.
Effects of the sensibility to obesity (p<0.05) and of the drink (p<0.05).
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Results
Effect of the consumption of SSW for 12 weeks on weight gain
Concerning body weight gain, there was a statistical effect of the sensibility to obesity
(p<0.001), of the drink (p<0.001) and of the time (p<0.001) (Figure 3). All groups of mice
gained weight during the study.
After 12 weeks, the OP mice gained more weight than the OR mice (p<0.05), all drinks
confounded. The results showed a greater weight gain for the SSW group compared to the
two other groups in the two different types of sensibility to obesity (Figure 4). However, there
is only a statistical difference between the SSW and the Water group (p<0.05).
The SSW_Water group had the same weight evolution as the SSW group during the 8 first
weeks of the study. After the 8th week, when the restricted access to SSW was removed, the
weight gain of this group slowed down and got closer to the Water group.
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Figure 5. Effects of SSW access and WD sensitivity on lean mass, fat mass and adiposity.
(A) Effect of time (p<0.001). No effects of the drink and of the sensibility to obesity. (B)
Effects of the drink (p<0.05) of the sensibility to obesity (p<0.05) and of time (p<0.001). (C)
Effects of the drink (p<0.05) of the sensibility to obesity (p<0.05) and of time (p<0.001).
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Effects of the consumption of SSW for 12 weeks on fat gain, lean gain and
adiposity
The whole mice gained lean and fat mass during the experiment, due to the diet.
Concerning body lean gain, there was an overall type effect (p<0.001) and a time effect
(p<0.001). However at the end of the study, no significant differences were observed between
the different groups (Figure 5A).
Concerning body fat gain, there was an overall statistical effect of the sensibility to obesity
(p<0.001) and of the time (p<0.001), but no drink effect was observed. At the end of the
study, drink (p<0.05) and sensibility to obesity (p<0.01) had an effect on fat gain, OP mice
gaining more fat than OR mice and OR mice drinking SSW gaining more fat than OR mice
having access to water (Figure 5B). A tendency is also observed for the OP mice but the
difference was not significant.
Adiposity was calculated as the ratio of body fat mass, to body fat mass plus body lean
mass. It’s a good indicator of obesity and weight gain, representing the percentage of fat in
the body. Time (p<0.001) and sensibility to obesity (p<0.01) had an effect on adiposity. After
12 weeks of WD access, OP mice were fatter than OR mice (p<0.01) and OR mice drinking
SSW were also fatter than the two other OR groups (p<0.05) (Figure 5C). Once more, the
effect of drink was not significant for the OP mice.
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Total energy intake after 12 weeks (kJ)

Obesity-Prone mice

Obesity-Resistant mice

80

60
Energy intake
Diet

40

2h-intake

20

0
Water

SSW_Water

SSW

Water

SSW_Water

SSW

Figure 6. Effects of SSW access and WD sensitivity on total energy intake after 12
weeks. No significant differences were observed.

28

Effect of the access to SSW for 12 weeks on total energy intake
Concerning the total energy intake, there was a statistical effect of the drink (p<0.001) and
of the type (p<0.001) but no effect of time. Mice directly regulated their energy intake from
the beginning of the study and no variation over time was observed.
However, at the end of the study, there were no statistical differences between groups
(Figure 6). This means that all mice tended to eat the same amount of calories no matter the
access to SSW and OP mice did not eat more than OR mice.
Moreover, no differences were observed concerning specifically food intake at the end of
the study. Energy coming from the access to SSW seemed to represent a small part of the
whole energy intake.
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Figure 7. Effects of SSW access and WD sensitivity on glycaemia after a glucose forcefeeding. Effects of drink (p<0.05), sensitivity to obesity (p<0.05) and time (0.001).

Figure 8. Effects of SSW access and WD sensitivity on plasma insulin after a glucose
force-feeding. Effects of drink (p<0.05) and time (p<0.001).

30

Effect of the consumption of SSW on glycaemia and insulinemia
Concerning plasma glucose, there was a significant difference between the OP and the OR
groups, as basal OP mice glycaemia was higher than OR mice. SSW drinking mice had a
significant higher glycaemia all types of mice confounded. A tendency was observed for the
SSW_Water groups but the difference was not significant. All groups had the same reaction
to the oral force-feeding of glucose: glycaemia was two times higher after 15 minutes and
then get back to the basal glycaemia value (Figure 7).
The consumption of SSW 2h a day also had an effect on plasma insulin values (p<0.05).
Basal plasma insulin was significantly higher for the OP_SSW mice group than the two other
OP groups. This difference was not significant for the OR groups. Moreover, plasma insulin
was significantly higher after the force-feeding for the mice groups which had access to SSW
than the two others (Figure 8). 15 minutes after the force-feeding, the plasma insulin rate of
the SSW groups was almost 3 times higher than the rates of the group having only access to
water. Basal plasma insulin is also significantly higher, and 2h after the force-feeding, insulin
did not get back to 0mg/dL for the SSW groups compared to the Water groups.

31

32

Discussion
The goal of this study was to understand the effects of a Western Diet and a restricted
access to Sugar-Sweetened Water on the feeding behavior of Obesity-Prone and ObesityResistant mice.
During this study, all mice gained weight (coming from both lean and fat mass gain). We
did not use a control-diet group in this study (mice that would have had access to a standard
diet and only water), because this study focused on the effect of sugar-drinks in the context of
an obesity already induced by a “western” diet. However, another study done in the same time
in the lab showed that mice eating the WD gained more weight than mice eating a normal-fat
diet. This seems reasonable, as the WD is known to be an obesogenic diet, and this confirms
that our mice were already in an “obesogenic” environment. Despite the obvious effect of the
WD, other factors seemed to have strong effects on weight gain and feeding behaviour.
Indeed we found an effect of both the sensibility to the WD and the access to SSW.

Results of the selection period
This study showed that a selection period of 3 weeks with access to a Western Diet is
sufficient to separate mice into two groups: Obesity-Prone and Obesity-Resistant mice,
regarding to their differences in the evolution of fat and weight gain. This is in accord with a
study from Enriori, who also showed that a period of 3 weeks was long enough to separate
mice having different sensitivity to a high-fat diet [8].
Our selection was not only based on weight gain, but also on fat gain, using DEXA and
MRI results (data not shown). This might explain why some OR mice weighed heavier than
some OP mice (cf. Appendix 1). Indeed, these OP mice took more adipose tissue during the
selection period, which justified that they were considered as sensitive to the WD, even if they
took less weight than some OR mice. However, during the study, some mice that were
considered as resistant to obesity during the selection period took more weight than mice
considered sensitive to the WD, with the same nutritional treatment. Thirty more mice will be
included in the study and some adjustments of the OP/OR groups might be done at the end of
the study.
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Effects on weight gain and body composition
The first observation was that the sensibility to obesity had an impact on body weight gain.
Indeed, OP mice gained more weight and fat than OR mice. Even & al (2011) found that the
difference between weight gain of Obesity Resistant and Obesity Prone rats under a high-fat
diet was greater than the difference between these weight gains under a high-carbohydrate
diet [7]. Thus, we chose to use a high-fat and high-carbohydrate diet to be under strong under
strong obesogenic conditions so that we could see stronger differences between the weight
gains of the two types of mice.
Moreover, the access to SSW had an impact on weight gain. Indeed, mice drinking SSW
gained more weight than mice drinking water. This is consistent with previous results [11],
[25]. Another interesting result is that the effects of SSW seemed reversible. Actually, after
the first period of the study (8 weeks), half of the mice drinking SSW did not have access to
SSW anymore. This seemed to rapidly slow down the weight gain, which got closer to the
mice that have had only access to water since the beginning of the study, but did not
completely get back to it after the end of the second period (4 weeks). Perhaps a longer period
of SSB withdrawal would have shown different results.
Neither the sensibility to obesity, nor the drink access had an effect on lean mass gain.
However, both types and drinks had an effect on fat mass gain and thus on adiposity. This
may explain the differences of weight gain at the end of the study. Indeed the whole OP mice
and the mice drinking SSW (OP_SSW and OR_SSW) might store an excess of calories due to
the diet or the SSW access in the form of adipose tissue. This hypothesis will be confirmed or
countered with the analysis of the energy intake. The type of adipose tissue (subcutaneous or
visceral) will be next analyzed with MRI data.

Effects on energy intake
There was no difference of total energy intake between mice drinking SSW and mice
drinking water, neither in OP nor in OR groups of mice. Thus, additional calories coming
from SSW intake did not lead to a more important energy intake. This result could be
explained by the low caloric intake provided by the drink (only 3% of the total energy intake)
or by the ability of mice drinking SSW to eat less than mice drinking water to “compensate”
these additional calories.
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This result is in contradiction with the results of previous studies. In fact, Pan & al (2011)
found that some energy from liquids may be compensated for at subsequent meals but the
compensation being incomplete, it leads to an increase in total long-term energy intake [12].
The same conclusion was found by DiMeglio and Mattes (2000) who showed that liquid
carbohydrate promotes positive energy balance [13]. It will be interesting to continue this
experiment to see if consumption of SSW will lead, over a longer time, to an increase of total
energy intake in OP and OR mice.
This countered the hypothesis mentioned before. As previously stated, the whole OP mice
and mice drinking SSW (OP_SSW and OR_SSW) gained more weight in the form of fat, but
did not eat more in term of calories. So, SSW consumption and sensibility to obesity might
have some metabolic consequences. Further studies would confirm or counter this hypothesis.

Effects on glycaemia and insulinemia
OP mice had a higher basal glycaemia than OR mice (all drinks confounded). Mice
drinking SSW also had a higher glycaemia (both sensitivity to WD confounded).
Moreover, OP mice drinking SSW had a higher basal rate of plasma insulin. This effect
was not observed for the OR mice. However SSW consumption triggered higher rates of
plasma insulin after glucose gavage. Sensitivity to obesity and SSW consumption might
trigger a sort of insulin resistance. These effects of SSW consumption have also been reported
on previous studies [26]. What is really interesting here is what seems to be a reversibility of
this resistance if the access to SSW in removed.
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Conclusion
The objective of this study was to determine the effects of a combined access to a Western
Diet and to SSW, in a model of Obesity-Prone and Obesity-Resistant mice. A period of
selection of 3 weeks was sufficient to separate mice into these two groups. However, some
adjustments might be done at the very end of the study.
Moreover, total energy intake was not different between all groups. It can be explained by
the ability of mice drinking SSW to eat less than mice drinking water to “compensate” these
additional calories.
However, due to the higher gain of adipose tissue in both SSW groups (OP_SSW and
OR_SSW) and for the whole OP mice, and the small contribution of SSW to the whole
energy intake, we could make the hypothesis that SSW consumption and sensibility to obesity
might have some adverse metabolic consequences.
Sensitivity to obesity (OP mice) and SSW consumption seemed to trigger a small insulin
resistance.
Overall, SSW consumption seemed to have less effects on OP mice than on OR mice. In
that way, the effects of SSW consumption appeared to be more important in the OR group, as
the OP phenotype might reduce the effects of the SSW consumption due to its high weight
gain. At last, the effects of the consumption of SSW seemed to be reversible over time in both
OP and OR groups. Actually, SSW_Water mice were halfway between SSW and Water group
after only 4 weeks of SSW starvation, in terms of weight gain and fat gain, and suppression of
SSW access seemed to undo the insulin resistance. More time could be interested to see if
SSW_Water came back to the control mice feeding behavior.

This experiment will be continued and the global metabolism of all mice will further be
studied with calorimetric measurements. These measurements could show, for example, if
consumption of SSW can lead to a phenomenon of hyperphagia (mice would maybe eat more
after having access to SSW). At last, quantifying the expression of mRNA receptors of some
neurotransmitters in the central nervous system may bring more precise information on how
the chronic ingestion of all 2h-meal had an impact on the feeding central systems.
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Appendix 1: Selection period results

Figure A. Effect of the sensitivity to obesity on the evolution of weight during the
selection period.

Figure B. Comparison of body weight before and after the selection period.

Figure C. Effect of the sensitivity to obesity on the evolution of fat during the selection
period.
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