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INTRODUCTION

When exposed to a diet containing >40% fat by calories, the males of
many strains of mice deposit large amounts of body fat [1-4]. The effects
in females are smaller [5-7]. The underlying mechanism generating the
obesity effect in males is not well understood. There are at least three
contrasting ideas. The first is that the high-fat diets stimulate the hedonic
system in the brain, and this overrides the normal homeostatic mecha-
nisms that link together energy expenditure and intake [8, 9]. This has
been called hedonic eating [10, 11], excessive hedonic drive [12], or
hedonic overdrive [1]. The consequence is that the mice overconsume
calories beyond their needs, and the result is then an accumulation of
body fat because this excess energy needs to be stored somewhere. This
idea is an integral part of the energy balance model of obesity [13]. An
alternative idea has been proposed in the context of the carbohydrate-
insulin model [14-16] and has been called “reverse causality” [16].
Although originally specified as a reason why dietary carbohydrates might
lead to obesity, in the present paper, we are concerned with the obeso-
genic nature of dietary fat, and a similar process might be envisaged. That
is, when the animals consume fat, it gets taken up and locked away into
the adipose tissue, making it unavailable for utilization to fuel metabolism.
The animal then finds itself with insufficient fuel available to support
metabolism, and this leads simultaneously to reduce metabolic rate and
elevate intake in a runaway process in which greater amounts of body fat
drive greater intake, leading to greater accumulation [14, 16, 17].

The contrasting predictions of these two different mechanisms, in
relation to the day-to-day changes in intake and body weight change,
are illustrated in Figure 1A. The hedonic overdrive model predicts that,
upon exposure to the high-fat diet, there would be an immediate
increase in calorie intake relative to baseline, and, over time, this would
lead to an increase in body weight. In contrast, reverse causality posits
that the parameter to change first would be body weight, and, after that
increase, there would be a secondary increase in food intake.

If the pattern matches that predicted by the hedonic overdrive
model, then this might be due to stimulation of the hedonic sys-
tem in the brain [18], but it could also reflect a third potential
explanation. This is called the passive overconsumption model
[19-22]. By this model, the animals overconsume calories, driving
them into positive energy balance and weight gain, but they do so
because the primary mechanism by which food intake is regulated
is by its weight [19, 21, 23-25]. Because high-fat foods have a
greater energy density [26], if an animal simply continued to eat
the same weight of food after being swapped from a low-fat to a
high-fat diet, then it would get fat by passively overconsuming cal-
ories. Consequently, reducing the energy density might be a way
to reduce intake and control body weight [27]. These two alterna-
tives might be distinguished, as illustrated in Figure 1B, in which
the daily weight of food is plotted against the change in body
weight. Under the hedonic overdrive, not only would calories be
overconsumed, but also the weight of the food, dependent on its
composition, whereas, under passive overconsumption, the weight
consumed would remain constant as the animal gained weight,

independent of its composition.

Study Importance
What is already known?

e When male mice are fed high-fat diets (>40% by energy),
they get fat. The reasons for this effect remain uncertain
because, generally, studies have not performed measure-
ments frequently enough or used a sufficient range of dif-
ferent diets to test among alternative ideas.

What does this study add?

e We measured food intake and body weight daily for
12 groups of individually housed 12-week-old male
C57BL/6 mice exposed to 12 different diets (n per
group = 20, total n = 240). We tested among three dif-
ferent ideas for why male mice get fat on these high-fat
diets: hedonic overdrive, reverse causality, and passive
overconsumption. The data were not completely consis-
tent with any single model, but the hedonic overdrive
model provided the best fit.

How might these results change the direction of
research or the focus of clinical practice?

e If these data also pertain in humans, they suggest that
people overeat because hedonic qualities of high-fat diets
override any homeostatic intake regulation. Therefore,
reducing the rewarding qualities of high-fat foods may be

a potential way to curb their intake.

Early work comparing “cafeteria diets” to purified high-fat or
high-carbohydrate diets has found that rats exposed to a cafeteria
diet exhibited accelerated weight and adipose gain, often attributed
to hedonic properties of the foods [28]. However, such studies have
two main issues. First, the details of exactly what the animals ate are
often lacking; therefore, the intake may have increased because of
passive overconsumption. Second, they may be predisposed to sup-
port the hedonic overdrive model because they would likely choose
to eat only foods that they like. In contrast, rodents may get fat,
even when eating foods that they do not choose to, because of pas-
sive overconsumption and, potentially, reverse causality. To separate
these different hypothetical responses, it is necessary to utilize a
range of different macronutrient formulations. This is because, if a
single level of fat was used in the high-fat diet, the hedonic stimulus
of that food might, by chance, generate the same pattern as that
produced by passive overconsumption and thereby would not allow
us to separate the responses. Using a range of fatness levels then
allows us to make variable exact quantitative predictions based on
passive overconsumption against which the actual intake can be
tested. Deviations from these predictions would then support the

hedonic overdrive model.

85U80|7 SUOWLLIOD 3AIea.D 8|qedl|dde ays Aq peusenob ae sapie YO ‘@SN JO S9N 1o A%eiqi8uljuO /8|1 UO (SUORIPUOD-pUe-SWSI W0 A3 1M A1 1 Bul|UO//:SdNY) SUORIPUOD pUe swie 18Ul 8eS *[120z/¥0/80] uo ArigiTauluo Ae|im ‘UsspRqy JO Aisenun Aq T66£Z AG0/Z00T OT/I0p/L00 A8 |1 AreJq iUl UO//SdNY WOy papeouMOa ‘Y *¥202 ‘X6EL0E6T



TESTING THREE MODELS FOR WHY MICE GET FAT

Ol A D - WILEYL ™

(A) A
Hedonic overdrive

(0]
4
) v
c
)
2x
i
c£3
n @©
o
=g=!
[
< 0>-’ .
O = | Reverse causality
>0
©
S
o
L
>
©
[a}

0 >

Day to day Changes in Body weight Relative to baseline (g)

Hedonic overdrive

/

A

_
o
N

Relative to Baseline (g)

| Passive overconsumption

/

0 —>

Day to day Changes in Food intake

Day to day Changes in Body weight Relative to baseline (g)

FIGURE 1 Different models of why male mice get fat on high-fat
diets. (A) The hedonic overdrive model and the reverse causality
model. (B) The hedonic overdrive and passive overconsumption
models.

In this paper, we quantified the day-to-day food intake by both
weight and energy and the day-to-day changes in body weight of
240 male C57BL/6 mice for 7 days prior to and 30 days after expo-
sure to 12 different diets varying in their fat content (by energy),
from 40% to 80% (20 mice per diet). From our previous studies, we
established that there was a strong relationship between body
weight and body fatness in C57BL/6 mice (r? = 0.7618; p < 0.0001;
Figure S1), and, therefore, we used body weight as a surrogate mea-
sure for body fatness because we considered that measuring fatness
daily by EchoMRI would impose stress that would potentially impact
body weight. We did not study females because female mice of this
strain put on relatively little weight when fed high-fat diets [5-7,
29, 30]. These data form part of a larger project, aspects of which
have already been published [1, 7], but the data analysis performed
here is new. We used the patterns observed in relation to the predic-
tive framework established in Figure 1 to test among the different

models.

METHODS
Ethics statement

All procedures were reviewed and approved by the Institutional
Review Board, Institute of Genetics and Developmental Biology, Chi-
nese Academy of Sciences. The approval numbers were AP2014011
and AP2016039.

Mice

Eight-week-old male C57BL/6 mice were purchased from Charles
River Laboratories and acclimated to the animal house for 3 weeks.
Following that, there was a baseline period of 7 days during which all
the mice were fed with a standard low-fat diet that contained 10%
fat, 20% protein, and 70% carbohydrate by energy (D12450B,
Research Diets, Inc.). Mice were individually housed, allowing us to
accurately quantify their intake while also avoiding the issues of social
stress in group-housed male mice [31-35]. After 7 days at baseline,
the mice were exposed to 12 different diets that varied in their fat,
protein, and carbohydrate contents for 30 days. The 12 diets analyzed
here all had more than 40% fat by calories, which, in male mice, results
in elevated body weight and fatness [1]. They had shredded paper,
allowing them to make nests [36], as well as other items for enrich-
ment. Room temperature was controlled at 22 to 24°C, and we used a
12:12 light:dark cycle in specific pathogen-free facility conditions. The
mice were provided with ad-libitum access to food and water. They
were also monitored for health status every day.

Experimental diets

The first six diets were fixed at 60% fat by energy, protein content ran-
ged from 5% to 30%, and carbohydrate content varied reciprocally from
10% to 35% by energy (D14071601, D14071602, D14071603,
D14071604, D14071605, and D14071606). In the remaining six diets,
we fixed the level of protein at 10% or 25% by energy (three diets at
each level), and the fat content of diets was varied. When the protein
level was fixed at 10%, the fat contents were 50%, 70%, and 80%
(D14071616, D14071617, and D14071618). When the protein level
was fixed at 25%, the fat contents were 41.7%, 58.3%, and 66.6%
(D14071622, D14071623, and D14071624). The carbohydrates
included corn starch and maltodextrin, which are high glycemic index
carbohydrates for mice [37]. Casein was used as the protein source in all
diets. Sucrose and cellulose were fixed at 5% level by energy, and stan-
dard vitamins and mineral mix were also added to all diets [1]. A mix of
cocoa butter, menhaden oil, sunflower oil, palm oil, and coconut oil was
used as the fat source, and it was designed to generate a 47.5:36.8:15.8
proportion of saturated, monounsaturated, and polyunsaturated fats and
a 14.7:1 proportion of n-6 and n-3 fatty acids, which aimed to match the

Standard American Diet. The proportions of different fatty acids were
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constant across different fat levels. In these diets, the sucrose, cellulose,
and vitamin and mineral contents were the same as the diets of fixed
60% fat. The full details of all diets are shown in Table S1. For replica-
tion, all of these diets can be ordered direct from Research Diets, Inc.

(https://researchdiets.com/) using the diet codes provided.

Food intake and body weight measurement

Body weight and food intake were measured daily over the 1-week
baseline period and after switching to the experimental diets for
30 days. Food intake was measured from the weight of food that
went missing from the food hopper each day. Mice occasionally pulled
pellets of food through the hopper bars or ground their food; there-
fore, a thorough search of the cage was made to return any uneaten
food to the hopper before weighing. No other procedures (such as

glucose tolerance tests) were performed during these 30 days.

Statistical analysis

Statistics were performed using IBM SPSS 22, GraphPad Prism software
version 9.0, and Microsoft Excel. All values are expressed as mean + SD.
Repeated-measures general linear modeling (GLM) was used to analyze
body weight, food intake, and energy intake over time. After exposure to
the diets, intake rose to a peak and then declined. Regression analysis
was used to analyze the relationship between changes in body weight
and changes in energy intake. Stepwise regression was used to explore
the dietary factors influencing the intercept and gradients of the regres-
sions linking body weight and intake changes. Differences were consid-
ered significant if p < 0.05. Significance levels were adjusted for multiple

testing where appropriate using the Bonferroni adjustment.

RESULTS

Day-to-day changes in body weight and energy intake
relative to baseline

After 30 days of dietary exposure, the body weights of all the mice were
significantly higher than the body weights during baseline. The mice
gained between 7% and 34% of their initial body weight over time among
all groups (Table S2; Figure S2A-D). The energy intake of the mice fed
with the 12 different diets were higher than when they were fed the
baseline diets (Table S2; Figure S3A-D). The energy intake of mice
reached a peak (after 2-10 days of high-fat diet exposure) when they con-
sumed 24% to 63% more energy than at baseline. The time taken to reach
the peak was not significantly related to the height of the peak
(Figure S4). After the peak, there was a significant decrease, but energy
intake always remained above the baseline level (Table S2; Figure S3A-D).

To test between the hedonic overdrive and reverse causality
ideas, we first calculated the mean difference between daily body
weight and baseline body weight, as well as the mean difference
between energy intake and baseline food intake each day averaged

across the 20 mice exposed to each of the 12 different diets. Then,
we plotted the daily difference in body weight to baseline (grams)
against the daily difference in energy intake to baseline (kilojoules,
Figure 1). The energy intake increased rapidly over the first few days
in all 12 diets to a maximum after 2 to 10 days with minimal change in
weight, and the body weight increased gradually only after the energy
intake had increased to this maximum (Figure 2A-L).

We performed regression analysis on the changes in body weight
and energy intake after the maximum, which occurred on days
2 through 10. This showed that there was a significant negative rela-
tionship between changes in body weight and energy intake for 10 of
the 12 diets. The nonsignificant relationships were for 25% and 30%
protein groups under 60% fat (regression data, Table 1). We used the
intercept of the fitted regressions to estimate the predicted energy
intake at zero body weight change, i.e., the fitted intercept value
(Table 1), and called this the zero weight change (ZWC) intake. This
value is the predicted energy intake independent of any change in
body weight. We explored how this ZWC intake was influenced by
the dietary macronutrient content (respectively, fat, protein, and car-
bohydrate content of diets). There was a significant negative relation-
ship between the ZWC intake and dietary protein content (F = 9.03,
p < 0.05; r? = 0.47) and a positive association with carbohydrate con-
tent (F = 19.01, p < 0.01; r2 = 0.66) of the diets. That is, intake rose
higher when protein level was lower but was higher as carbohydrate
increased. There was no significant relationship with the dietary fat
content (F = 1.008, p > 0.05; r2 = 0.09; Figure 3A-C). Using stepwise
regression, the ZWC intake was only dependent on dietary carbohy-
drate (r?2=0.66 for carbohydrate: t = 4.36, p = 0.001). The ZWC
intake was also not significantly related to the energy density of diets
(F =0.68, p > 0.05; r2 = 0.0636; Figure 4A).

We also explored the relationship between the diet composition
and the gradients of the fitted regressions (Table 1). This showed the
gradient of decline in intake as weight increased was significantly
associated with increasing protein content of diets (F = 5.590,
p <0.05; r2=0.359), but not carbohydrate (F=0.392, p > 0.05;
r?=00377) or fat contents (F=1.090, p>0.05; r?=0.098;
Figure 3D-F). This was reflected in the stepwise regression analysis in
which only protein entered as a significant factor (r? = 0.359 for pro-
tein: t = 2.36, p = 0.04). Because the ZWC intake and the rate of
decline were inversely related with each other (Figure 4B: r? = 0.43),
this meant that, by days 25 through 30, when the mice had gained
about 7 g of weight, the excess intake relative to baseline was far less
variable among diets than the ZWC intake. We used the regression
equations to predict the energy intake after the mice had gained 7 g
of body weight. The choice of 7 g was arbitrary and only provided a
reference point to compare across different diets. This was signifi-
cantly associated with dietary fat content (F= 11.08, p < 0.01;
r? = 0.528), carbohydrate content (F = 23.48, p < 0.05; r? = 0.701),
and energy density (F = 13.3, p < 0.01; r? = 0.571), but not protein
content (F=0.66, p >0.05; r2=0.062; Figure 5A-D). Stepwise
regression indicated that the only macronutrient significantly related
to the predicted energy intake after 7 g of weight gain was carbohy-
drate content, which was positively related to the predicted intake
(r2 = 0.701 for carbohydrate: t = 4.846, p = 0.001). Therefore, mice
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FIGURE 2 Trends of day-to-day changes in energy intake (AEI; kilojoules) against changes in body weight (ABW; grams), both calculated as
difference to baseline, for 12 groups of mice fed with diets varying in fat content from 40% to 80%. Each point is the average of 20 mice on a
given day and diet.

with higher carbohydrate levels in the diet were consuming more cal- 5% protein and 60% fat (Figure S5A-D). Repeated-measures GLM analy-
ories at this point. sis showed that, for this diet, the food intake of mice increased over time.

For the diets with 10% protein and 50% fat and those with 25% protein

with 41.7% fat, the food intake of mice was increased for 2 days after
Day-to-day changes in weight of food intake relative switching diets and declined after that. For the remaining nine diets, the
to baseline mice reduced their food intake over time after switching diets. This was

significant for seven of the diets, but, for the 10% protein and 60% fat
All of the food intakes of the mice by weight, rather than energy, were diets and the 10% protein and 80% fat diets, the decreasing trend was
lower than the weight of intake at baseline, except for the diet containing not significant after Bonferroni correction (Figure 6A-L).
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TABLE 1 Regression analysis among changes of energy intake and changes of body weight after changes of energy intake reached a

maximum.
r? F

5%P 60%F 0.40 11.89
10%P 60%F 0.42 18.43
15%P 60%F 0.49 22.12
20%P 60%F 0.39 15.13
25%P 60%F 0.04 0.7413
30%P 60%F 0.08 1.931
10%P 50%F 0.66 48.64
10%P 70%F 0.26 9.189
10%P 80%F 0.77 76.12
25%P 41.7%F 0.40 17.34
25%P 58.3%F 0.37 13.92
25%P 66.6%F 0.40 15.37

df p value Equation

1,18 0.0029 Y =-1.64"X +24.4
1,25 0.0002 Y = —1.45"X + 20.5
1,23 <0.0001 Y =-098"X+19.5
1,24 0.0007 Y =-0.70"X + 13.1
1,19 0.4 Y = -0.30"X + 10.9
1,23 0.178 Y =-0.38"X+ 9.0
1,25 <0.0001 Y =-181"X+29.2
1,26 0.0055 Y=-133X+14.1
1,23 <0.0001 Y =-286"X+20.5
1,26 0.0003 Y=-1.62"X+21.1
1,24 0.001 Y =-098"X + 16.9
1,23 0.0007 Y=-157"X+13.1

Abbreviations: F, fat; P, protein.
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FIGURE 3 Relationships between dietary macronutrient content (percent) and the zero weight change (ZWC) energy intake (El; kilojoules) or
the gradient of the change in body weight relative to baseline in male C57BL/6 mice.

DISCUSSION

We evaluated three ideas regarding why male mice get fat when fed
diets that contain >40% fat. We used 12 different diets and followed
the changes in food intake and body weight daily for 30 days. The first
comparison was between the reverse causality model (fat drives
intake) and the hedonic overdrive model (intake drives fatness), as
illustrated in Figure 1A. The data presented here clearly supported the
hedonic overdrive model better than reverse causality. Within a day
of the diet being switched to a high-fat alternative, the energy intake
increased above the baseline levels (Figure 2). This increased for a few
days until reaching a peak at days 2 through 10. At this point, there
was generally less than 1 g of change in body weight. Therefore, the
pattern of change in this initial phase clearly matched the pattern pre-
dicted by the hedonic overdrive model compared with that by reverse

causality (Figure 1A). The weight increase followed rather than being
simultaneous to or preceding the increase in energy intake. Although
the reverse causality idea was formulated in the context of the
carbohydrate-insulin model [15], mice do not get fat when fed high
levels of carbohydrates in their diet [1, 7, 38]; therefore, it is not pos-
sible to test that mechanism with respect to carbohydrates. Mice (par-
ticularly males) do get fat when fed high-fat diets, and reverse
causality remains a plausible mechanism in this situation. This study,
however, indicates that it is unimportant in this context. That does
not mean that reverse causality is unimportant in other contexts such
as obesity driven by excess carbohydrate consumption in other spe-
cies such as humans, as has been claimed elsewhere [14-16].

The energy intake at ZWC from the fitted regressions was heavily
dependent on the protein and carbohydrate contents of the diet but
less so on the universally high fat content. The relationship to
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carbohydrate content was consistent with the idea that mixing
together carbohydrates and high fat provides the greatest stimulus for
intake [39-41]. Therefore, the highest ZWC intake occurred with
both high fat and high carbohydrates. The hedonic overdrive model
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suggests that intake should remain high after it has increased
(Figure 1A). This was not observed for the majority of diets. After the
energy intake increased for a few days, it then started to decline. The
decline was significant in 10 of 12 diets. Moreover, once the intake
peaked, the rate at which it declined as the animals increased in
weight was more dependent on the protein content of the diet com-
pared with the fat and carbohydrate contents, and, in a stepwise mul-
tiple regression, only protein content was significant. The decline was
steepest when the protein content was lower. This response to pro-
tein is the opposite from that anticipated by the protein leverage
hypothesis, which would predict greater stimulation of intake at lower
protein levels [42]. The reason for this effect is unclear.

Predicted intake when the mice had gained 7 g of body weight
was significantly related to both fat and carbohydrate contents of the
diet, but not protein. Fat and carbohydrate contents were reciprocally
related. Increasing fat above 40% had a negative effect on intake,
whereas increasing carbohydrates from 8% to 40% had a positive
effect. Increasing levels of carbohydrate content, in the context of a
high-fat diet, thereby promoted continued elevated intake, even after
the mice had gained 7 g of body weight (about 30% of their starting
weight). It is important to note that this stimulatory impact of increas-
ing carbohydrates in the diet only happens in the context of a diet
containing >40% fat by calories [1]. These observations are also con-
sistent with the hedonic overdrive model that a mix of about 30% to
40% carbohydrate and 40% to 50% fat (by calories) stimulates intake
the most [41]. Similar work points to this combination as being stimu-
latory in humans [43].

We then compared the hedonic overdrive idea with the passive
overconsumption model. When the diets were switched, the mice
continued to eat roughly the same weight of food for a few days
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(Figure 6A-L); therefore, energy intake increased. This appeared to
match the passive overconsumption model better than hedonic over-
drive. However, if the passive overconsumption model was correct,
then the peak energy intake after the diet was changed should have
been mostly influenced by the energy density of the food in a strong
positive correlation. In other words, the peak only existed because the
energy density of the higher-fat foods was greater. There was, in con-
trast to this expectation, a weak, nonsignificant negative relationship
(r> = 0.06) between energy density and the peak energy intake
(Figure 4B). Furthermore, when we added energy density into the pre-
dictive model along with the macronutrient compositions, it did not
enter as a significant factor. Studies in humans have suggested that
energy density may be a strong driver of intake [44, 45], but only
when the energy density is lower than a threshold of about

7.3 kJ/g [21]. All of the diets used here were dry diets with high fat
content (40%-80% by calories) and thereby had energy densities
greater than 20 kJ/g; therefore, the lack of an impact of energy den-
sity and passive overconsumption may not be surprising.

The passive overconsumption model also predicts that individuals
should continue to eat the same weight of food throughout the time
that they are gaining weight. However, the time tracks of the weight
of intake show that they did not do this. In all but one case (60% fat,
5% protein, and 35% carbohydrate), the weight of food consumed
declined over time. Although energy density was a strong predictor of
the energy intake after the mice had gained 7 g of body weight
(r? = 0.57) the relationship was negative, reflecting the balance of
carbohydrates and fat, and opposite of the direction predicted from
the passive overconsumption model. One interpretation of the decline

85U80|7 SUOWLLIOD 3AIea.D 8|qedl|dde ays Aq peusenob ae sapie YO ‘@SN JO S9N 1o A%eiqi8uljuO /8|1 UO (SUORIPUOD-pUe-SWSI W0 A3 1M A1 1 Bul|UO//:SdNY) SUORIPUOD pUe swie 18Ul 8eS *[120z/¥0/80] uo ArigiTauluo Ae|im ‘UsspRqy JO Aisenun Aq T66£Z AG0/Z00T OT/I0p/L00 A8 |1 AreJq iUl UO//SdNY WOy papeouMOa ‘Y *¥202 ‘X6EL0E6T



TESTING THREE MODELS FOR WHY MICE GET FAT

in intake after the peak is that the animals were attempting to regu-
late their body weight. However, the data are not consistent with this
interpretation. The decline in intake occurred very quickly after the
peak intake, i.e., before there was any appreciable body weight
increase. Moreover, they never reduced their intake to a point at
which body weight started to decline, suggesting that the reduced
intake does not perform a function of body weight regulation.

In conclusion, none of the models provided an exact description
of what happened. The hedonic overdrive model seemed to best fit
the changes in consumption following the diet switch. However, after
the initial peak in intake, the animals continuously adjusted the weight
of food they ate downward, potentially attempting to compensate for
the fact that they were overconsuming calories. This pattern of partial
compensation over time is also observed in long-duration covert
manipulations of energy density in humans [46, 47]. That trend is not
predicted by a simple version of the hedonic model, but other, more
complex models could be envisaged in which reward declines with
time on the diet. On all diets, the mice were still overconsuming after
30 days of exposure, and the level of overconsumption with the dif-
ferent diets still seemed to fit the hedonic model. By day 30, on all
diets, they were consuming substantially less weight of food but still
more calories relative to the baseline intake. This pattern of intake is
replicated in humans consuming high-fat diets [48]. They consume
less weight of food but more calories. Recent work has suggested that
this decrease may be governed by projections from the cerebellum
that dampen the reward value of foods [49]. The fact that the mice
here, and humans in other studies, ate a lower weight of food but a
greater amount of calories and, in doing, so gained weight, is a direct
refutation of the mass balance model of obesity [50, 51].

What remains a mystery is what prevents the male mice studied
here (and both sexes of humans) from lowering their intake a little fur-
ther so that they would be completely in balance and not further accu-
mulating. This could be achieved, on average, across all the diets that
we studied by the mice eating 0.34-g (SD = 0.19 g) less food per day
(about 10% of the baseline intake). This suggests that, if there is a calo-
rie counter modulating intake, it is at best imprecise and susceptible to
error when foods have high fat contents. Alternatively, our interpreta-
tion that the intake decline is because the mice are aiming to compen-
sate for calorie overconsumption may be incorrect. Finally, given that
we now identified hedonic overdrive as a key feature driving male
mouse overconsumption when exposed to high-fat diets, why female
C57BL/6 mice do not have the same magnitude of response as males
would seem a profitable area for future investigation. This is particularly
the case because some studies have suggested that female rats may be
more susceptible to hedonic eating when sated than males [52, 53].
The molecular basis of what happens in the brains of mice during the
different phases of response after high-fat diet exposure would seem a
profitable area of future investigation. We have already shown such
patterns after 3 months of exposure [1], but not during the dynamic
phases immediately following the change in diet identified herein. The
main limitation of this work is that the pattern we observed did not
match exactly any of the models proposed a priori. However, we were

unable to come up with a convincing explanation for the discrepancy
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among the data and the models. More sophisticated models are
required to understand more fully what is happening when mice are
exposed to high-fat diets. Also, it is unclear how closely these findings

translate to food intake patterns in humans.O

AUTHOR CONTRIBUTIONS

John R. Speakman directed the project; conceived and designed the
experiments; contributed to the analysis; and co-wrote the manu-
script. Lin Gao analyzed the data and co-wrote the manuscript. Sumei
Hu, Dengbao Yang, Li Li, Lu Wang, Jacques Togo, Yingga Wu, Baoguo
Li, Min Li, Guanlin Wang, Xueying Zhang, Yanchao Xu, Moshen
Mazidi, Elspeth Couper, Andrew Whittington-Davies, and Chaoqun
Niu were involved in the initial experimental design and performed

body weight and food intake measurements.

CONFLICT OF INTEREST STATEMENT
The authors declared no conflict of interest.

ORCID

Lin Gao " https://orcid.org/0009-0007-1586-7503

John R. Speakman = https://orcid.org/0000-0002-2457-1823

REFERENCES

1. HuS, Wang L, Yang D, et al. Dietary fat, but not protein or carbohy-
drate, regulates energy intake and causes adiposity in mice. Cell
Metab. 2018;28:415-431.e4.

2. Bilal M, Nawaz A, Kado T, et al. Fate of adipocyte progenitors during
adipogenesis in mice fed a high-fat diet. Mol Metab. 2021;54:101328.

3. LiJ, WuH, LiuY, Yang L. High fat diet induced obesity model using
four strainsof mice: Kunming, C57BL/6, BALB/c and ICR. Exp Anim.
2020;69:326-335.

4. Takahashi M, Ikemoto S, Ezaki O. Effect of the fat/carbohydrate ratio
in the diet on obesity and oral glucose tolerance in C57BL/6J mice.
J Nutr Sci Vitaminol (Tokyo). 1999;45:583-593.

5. Hwang LL, Wang CH, Li TL, et al. Sex differences in high-fat diet-
induced obesity, metabolic alterations and learning, and synaptic
plasticity deficits in mice. Obesity (Silver Spring). 2010;18:
463-469.

6. Yang Y, Smith DL Jr, Keating KD, Allison DB, Nagy TR. Variations in
body weight, food intake and body composition after long-term
high-fat diet feeding in C57BL/6J mice. Obesity (Silver Spring). 2014,
22:2147-2155.

7. Huang KP, Ronveaux CC, Knotts TA, Rutkowsky JR, Ramsey JJ,
Raybould HE. Sex differences in response to short-term high fat diet
in mice. Physiol Behav. 2020;221:112894.

8. Egecioglu E, Skibicka KP, Hansson C, et al. Hedonic and incentive sig-
nals for body weight control. Rev Endocr Metab Disord. 2011;12:
141-151.

9. Zhang Q, Tang Q, Purohit NM, et al. Food-induced dopamine signal-
ing in AgRP neurons promotes feeding. Cell Rep. 2022;41:111718.

10. Lowe MR, Butryn ML. Hedonic hunger: a new dimension of appe-
tite? Physiol Behav. 2007;91:432-439.

11. Stroebe W, Papies EK, Aarts H. From homeostatic to hedonic theo-
ries of eating: self-regulatory failure in food-rich environments. Appl
Psychol. 2008;57:172-193.

12. Berthoud HR. Metabolic and hedonic drives in the neural control
of appetite: who is the boss? Curr Opin Neurobiol. 2011;21:
888-896.

13. Speakman JR, Hall KD. Carbohydrates, insulin, and obesity. Science.
2021;372:577-578.

85U80|7 SUOWLLIOD 3AIea.D 8|qedl|dde ays Aq peusenob ae sapie YO ‘@SN JO S9N 1o A%eiqi8uljuO /8|1 UO (SUORIPUOD-pUe-SWSI W0 A3 1M A1 1 Bul|UO//:SdNY) SUORIPUOD pUe swie 18Ul 8eS *[120z/¥0/80] uo ArigiTauluo Ae|im ‘UsspRqy JO Aisenun Aq T66£Z AG0/Z00T OT/I0p/L00 A8 |1 AreJq iUl UO//SdNY WOy papeouMOa ‘Y *¥202 ‘X6EL0E6T


https://orcid.org/0009-0007-1586-7503
https://orcid.org/0009-0007-1586-7503
https://orcid.org/0000-0002-2457-1823
https://orcid.org/0000-0002-2457-1823

LERIBSE Obesity (ol

14.

15.
16.

17.
18.
19.

20.

21.

22.

23.
24,

25.

26.

27.
28.
29.
30.
31
32.
33.
34.

35.

36.

TESTING THREE MODELS FOR WHY MICE GET FAT

Ludwig DS, Friedman M. Increasing adiposity: consequence or cause
of overeating? JAMA. 2014;311:2167-2168.

Ludwig DS, Ebbeling CB. The carbohydrate-insulin model of obesity:
beyond “calories in, calories out”. JAMA Intern Med. 2018;178:1098-
1103.

Ludwig DS, Aronne LJ, Astrup A, et al. The carbohydrate-insulin
model: a physiological perspective on the obesity pandemic.
Am J Clin Nutr. 2021;114:1873-1885.

Fernandez-Quintela A, Churruca |, Portillo MP. The role of dietary fat
in adipose tissue metabolism. Public Health Nutr. 2007;10:1126-1131.
DiFeliceantonio AG, Small DM. Dopamine and diet-induced obesity.
Nat Neurosci. 2019;22:1-2.

Blundell JE, Macdiarmid JI. Passive overconsumption. Fat intake and
short-term energy balance. Ann N Y Acad Sci. 1997;827:392-407.
Tomova GD, Arnold KF, Gilthorpe MS, Tennant PWG. Adjustment
for energy intake in nutritional research: a causal inference perspec-
tive. Am J Clin Nutr. 2022;115:189-198.

Flynn AN, Hall KD, Courville AB, Rogers PJ, Brunstrom JM. Time to
revisit the passive overconsumption hypothesis? Humans show sen-
sitivity to calories in energy-rich meals. Am J Clin Nutr. 2022;116:
581-588.

Swinburn BA, Sacks G, Hall KD, et al. The global obesity pandemic:
shaped by global drivers and local environments. Lancet. 2011;378:
804-814.

Bellissimo N, Akhavan T. Effect of macronutrient composition on
short-term food intake and weight loss. Adv Nutr. 2015;6:302S5-308S.
Woods SC, Schwartz MW, Baskin DG, Seeley RJ. Food intake and
the regulation of body weight. Annu Rev Psychol. 2000;51:255-277.
Xiang X, Zhu Y, Pan X, et al. ER stress aggravates diaphragm weak-
ness through activating PERK/JNK signaling in obesity hypoventila-
tion syndrome. Obesity (Silver Spring). 2023;31:2076-2089.

Rolls BJ. The relationship between dietary energy density and energy
intake. Physiol Behav. 2009;97:609-615.

Rolls BJ, Drewnowski A, Ledikwe JH. Changing the energy density of
the diet as a strategy for weight management. J Am Diet Assoc. 2005;
105:598-5103.

Sclafani A, Springer D. Dietary obesity in adult rats: similarities to
hypothalamic and human obesity syndromes. Physiol Behav. 1976;17:
461-471.

Gallou-Kabani C, Vige A, Gross MS, et al. C57BL/6J and a/J mice fed
a high-fat diet delineate components of metabolic syndrome. Obesity
(Silver Spring). 2007;15:1996-2005.

Nishikawa S, Yasoshima A, Doi K, Nakayama H, Uetsuka K. Involve-
ment of sex, strain and age factors in high fat diet-induced obesity in
C57BL/6J and BALB/cA mice. Exp Anim. 2007;56:263-272.

Weber EM, Dallaire JA, Gaskill BN, Pritchett-Corning KR, Garner JP.
Aggression in group-housed laboratory mice: why can’t we solve the
problem? Lab Anim (NY). 2017;46:157-161.

Brown KJ, Grunberg NE. Effects of housing on male and female rats:
crowding stresses male but calm females. Physiol Behav. 1995;58:
1085-1089.

Bartolomucci A, Palanza P, Sacerdote P, et al. Individual housing
induces altered immuno-endocrine responses to psychological stress
in male mice. Psychoneuroendocrinology. 2003;28:540-558.

Hunt C, Hambly C. Faecal corticosterone concentrations indicate
that separately housed male mice are not more stressed than group
housed males. Physiol Behav. 2006;87:519-526.

Kamakura R, Kovalainen M, Leppaluoto J, Herzig KH, Makela KA.
The effects of group and single housing and automated animal moni-
toring on urinary corticosterone levels in male C57BL/6 mice. Physiol
Rep. 2016;4:4.

Van de Weerd HA, Van Loo PL, Van Zutphen LF, Koolhaas JM,
Baumans V. Nesting material as environmental enrichment has no
adverse effects on behavior and physiology of laboratory mice. Phy-
siol Behav. 1997;62:1019-1028.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

Speakman JR, Hu S, Togo J. Testing the carbohydrate insulin model
in mice: erroneous critique does not alter previous conclusion. Mol
Metab. 2020;35:100961.

Togo J, Hu S, Li M, Niu C, Speakman JR. Impact of dietary sucrose on
adiposity and glucose homeostasis in C57BL/6J mice depends
on mode of ingestion: liquid or solid. Mol Metab. 2019;27:22-32.
Thanarajah SE, Backes H, DiFeliceantonio AG, et al. Food intake
recruits Orosensory and post-ingestive dopaminergic circuits to
affect eating desire in humans. Cell Metab. 2019;29:695-706.e4.
Erlanson-Albertsson C. Appetite regulation and energy balance. Acta
Paediatr Suppl. 2005;94:40-41.

Speakman JR. The roles of different macronutrients in regulation of
appetite, energy intake and adiposity. Curr Opin Endocr Metab Res.
2022;22:100297. doi:10.1016/j.coemr.2021.100297

Simpson SJ, Raubenheimer D. Obesity: the protein leverage hypoth-
esis. Obes Rev. 2005;6:133-142.

Rogers PJ, Vural Y, Berridge-Burley N, et al. Evidence that
carbohydrate-to-fat ratio and taste, but not energy density or NOVA
level of processing, are determinants of food liking and food reward.
Appetite. 2023;193:107124.

Flynn EA, Barker KN, Gibson JT, Pearson RE, Berger BA, Smith LA.
Impact of interruptions and distractions on dispensing errors in an
ambulatory care pharmacy. Am J Health Syst Pharm. 1999;56:1319-
1325.

Rolling F, Shen WY, Barnett NL, et al. Long-term real-time monitor-
ing of adeno-associated virus-mediated gene expression in the rat
retina. Clin Exp Ophthalmol. 2000;28:382-386.

Porikos KP, Hesser MF, van ltallie TB. Caloric regulation in normal-
weight men maintained on a palatable diet of conventional foods.
Physiol Behav. 1982;29:293-300.

Stubbs RJ, Johnstone AM, O'Reilly LM, Barton K, Reid C. The effect
of covertly manipulating the energy density of mixed diets on ad libi-
tum food intake in ‘pseudo free-living’ humans. Int J Obes Relat
Metab Disord. 1998;22:980-987.

Robinson E, Horgan G, Stubbs J. Convincing experimental data is
required to revisit the passive overconsumption hypothesis.
Am J Clin Nutr. 2023;117:635-636.

Low AYT, Goldstein N, Gaunt JR, et al. Reverse-translational identifi-
cation of a cerebellar satiation network. Nature. 2021;600:269-273.
Arencibia-Albite F, Manninen AH. The mass balance model perfectly
fits both Hall et al. underfeeding data and Horton et al. overfeeding
data. Preprint. Posted online March 3, 2021. medRxiv
2021.02.22.21252026. doi:10.1101/2021.02.22.21252026
Manninen AH. Chronic positive mass balance is the actual etiology
of obesity: a living review. Glob Transl Med. 2023;2:222. doi:10.
36922/gtm.222

Buczek L, Migliaccio J, Petrovich GD. Hedonic eating: sex differences
and characterization of orexin activation and signaling. Neuroscience.
2020;436:34-45.

Parsons W, Greiner E, Buczek L, et al. Sex differences in activation of
extra-hypothalamic forebrain areas during hedonic eating. Brain
Struct Funct. 2022;227:2857-2878.

SUPPORTING INFORMATION
Additional supporting information can be found online in the Support-

ing Information section at the end of this article.

How to cite this article: Gao L, Hu S, Yang D, et al. The
hedonic overdrive model best explains high-fat diet-induced
obesity in C57BL/6 mice. Obesity (Silver Spring). 2024;32(4):
733-742. doi:10.1002/0by.23991

85U80|7 SUOWLLIOD 3AIea.D 8|qedl|dde ays Aq peusenob ae sapie YO ‘@SN JO S9N 1o A%eiqi8uljuO /8|1 UO (SUORIPUOD-pUe-SWSI W0 A3 1M A1 1 Bul|UO//:SdNY) SUORIPUOD pUe swie 18Ul 8eS *[120z/¥0/80] uo ArigiTauluo Ae|im ‘UsspRqy JO Aisenun Aq T66£Z AG0/Z00T OT/I0p/L00 A8 |1 AreJq iUl UO//SdNY WOy papeouMOa ‘Y *¥202 ‘X6EL0E6T


info:doi/10.1016/j.coemr.2021.100297
info:doi/10.1101/2021.02.22.21252026
info:doi/10.36922/gtm.222
info:doi/10.36922/gtm.222
info:doi/10.1002/oby.23991

	The hedonic overdrive model best explains high-fat diet-induced obesity in C57BL/6 mice
	INTRODUCTION
	What is already known?
	What does this study add?
	How might these results change the direction of research or the focus of clinical practice?
	METHODS
	Ethics statement
	Mice
	Experimental diets
	Food intake and body weight measurement
	Statistical analysis

	RESULTS
	Day-to-day changes in body weight and energy intake relative to baseline
	Day-to-day changes in weight of food intake relative to baseline

	DISCUSSION
	AUTHOR CONTRIBUTIONS
	CONFLICT OF INTEREST STATEMENT
	REFERENCES


