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Abstract: Diet-induced obesity models are widely used to investigate dietary interventions for
treating obesity. This study was aimed to test whether a dietary intervention based on a calorie-
restricted cafeteria diet (CAF-R) and a polyphenolic compound (Oleuropein, OLE) supplementation
modified sucrose intake, preference, and taste reactivity in cafeteria diet (CAF)-induced obese
rats. CAF diet consists of high-energy, highly palatable human foods. Male rats fed standard
chow (STD) or CAF diet were compared with obese rats fed CAF-R diet, alone or supplemented
with an olive tree leaves extract (25 mg/kg*day) containing a 20.1% of OLE (CAF-RO). Biometric,
food consumption, and serum parameters were measured. CAF diet increased body weight, food
and energy consumption and obesity-associated metabolic parameters. CAF-R and CAF-RO diets
significantly attenuated body weight gain and BMI, diminished food and energy intake and improved
biochemical parameters such as triacylglycerides and insulin resistance which did not differ between
CAF-RO and STD groups. The three cafeteria groups diminished sucrose intake and preference
compared to STD group. CAF-RO also diminished the hedonic responses for the high sucrose
concentrations compared with the other groups. These results indicate that CAF-R diet may be an
efficient strategy to restore obesity-associated alterations, whilst OLE supplementation seems to have
an additional beneficial effect on sweet taste function.

Keywords: diet-induced obesity; energy restriction; food intake; hedonic response; leptin; polyphe-
nols; sucrose preference; sweet taste

1. Introduction

The prevalence of overweight and obesity are escalating worldwide, along with
Metabolic Syndrome (MetS) and the development of type-2 diabetes and cardiovascular
diseases (CVD) [1,2]. Among the alterations associated with obesity, changes in taste
function are supported by a robust body of evidence. Psychophysical studies have demon-
strated that sensory and hedonic properties of sweet and fat vary with body mass index in
humans, in a manner such that obese people experience reduced sweetness and intensified
fat sensations, liking both sweet and fat more than the non-obese do [3]. Moreover, sensory
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taste (including sweetness, saltiness, sourness, umaminess, bitterness, and oleic acid, a
fatty stimulus), olfactory function, and eating behavior have been shown to improve after
bariatric surgery [4]. In a recent meta-analysis investigating how physiological factors,
pathologies and acquired habits influence taste sensitivity, the only factor increasing the
sucrose detection threshold was a high body mass index (BMI), while aging and type 2 dia-
betes mellitus patients were found to exhibit an increased sucrose recognition threshold [5].
However, whether these changes are associated with the metabolic consequences of obesity
or are the consequence of the sucrose consumption per se remain unclear [6]. The possi-
bility that the taste system can increase or decrease its sensitivity with diet composition
and influence food preference, choice, and overall energy intake, through diet-dependent
chemosensory mechanisms of plasticity has been proposed [7].

The hormone leptin has been associated with the transmission of sweet taste and with
the mechanisms of satiety and neural reinforcement. In humans and rodents with normal
body weight, the behavioral response to sweet solutions of different concentrations changes
with diurnal variations of plasma leptin levels, while in obese humans and rodents, those
diurnal leptin variations were not found [8]. Leptin selectively suppressed sweet taste via
the leptin receptor Ob-Rb in sweet taste cells [9]. In humans, it has been also proved that
leptin selectively modulates sweet taste neuronal responses and taste perception through
activation of oral leptin receptors in taste receptor cells [6].

The most widely used interventions to counteract the impact of overweight and
obesity in humans are based on the administration of hypocaloric diets and lifestyle modi-
fications (moderate exercise programs) often combined with bioactive dietary compound
supplementation [10,11].

Konstantinidi and Koutelidakis [12] reviewed the contribution of functional foods such
as coffee, green tea, berries, nuts, or olive oil, among others, and their bioactive compounds
such as caffeine, catechins, gallic acid, anthocyanins, ascorbic acid or oleuropein, among
others, to weight management, obesity prevention, and obesity’s metabolism along with
their possible mechanisms. They concluded that functional foods, as part of a balanced diet,
can be useful for weight management and can decrease obesity’s metabolic consequences,
although scientific evidence remains unclear and controversial.

The fruits and oil of the olive tree (Olea europaea) are essential components of the
Mediterranean diet. Oleuropein (OLE) is a phenolic constituent of olives consisting of three
structural subunits: hydroxytyrosol, elenolic acid, and a glucose molecule. OLE and its
related compounds have shown to be beneficial against dyslipidemia and to have antiobe-
sity, antidiabetic, antihypertensive, and hepatoprotective actions [13]. The antioxidant,
anti-inflammatory, and immunomodulatory properties of secoiridoids from the olive tree
such as OLE have potential applications in many inflammatory and reactive oxygen species
(ROS)-mediated diseases [14].

Among the animal models developed to study human obesity, the rodent diet-induced
obesity (DIO) models have considerable face validity with human obesity and are widely
used. More specifically, the cafeteria diet (CAF) better mimics the hedonic hyperphagia
that is observed in obese humans and promotes more severe diabetic symptoms than other
high fat diets [15]. CAF diet consisting of exposing the rodents to high-energy, highly
palatable human foods like cakes, savory snacks, cheese, and sugared milk, induces a
rapid weight gain [16–19] and metabolic disorders associated with obesity and MetS in
humans (hyperleptinemia, hypertension, hypertriglyceridemia, hyperglycemia, and insulin
resistance) [20,21].

OLE administration prevented body weight gain, body fat accumulation, hyperinsu-
linemia, and hyperleptinemia in obese mice fed with CAF diet [22] and attenuated visceral
adiposity in high-fat DIO mice [23]. OLE also improved the cardiovascular, hepatic, and
metabolic signs in high-carbohydrate high-fat fed rats [24] and enhanced fat-oxidation and
optimized cardiac energy metabolism in obese rats [25]. In humans, olive leaf tea decreased
serum levels of triacylglycerides and low-density lipoprotein cholesterol in prediabetic
individuals between 40 and 70 years of age with a body mass index of 23.0–29.9 kg/m2 and



Nutrients 2021, 13, 4474 3 of 17

changed body weight, waist circumference, and insulin levels after a 12-week intervention
consisting of consuming 330 mL of the test beverage (consisting of tea leaves steeped in
boiled water) three times daily during mealtimes [26].

The current study was aimed to evaluate whether a dietary intervention based on
a previously characterized calorie-restricted cafeteria diet (CAF-R) [27], alone or supple-
mented with OLE, modified sucrose preference, and sweet taste reactivity in cafeteria
diet-induced obese rats. We also analyzed the effects on biometric, food and energy intake,
and metabolic parameters including leptin levels.

2. Materials and Methods
2.1. Animals and General Procedures

Forty male Sprague–Dawley rats (23–25 days old) were used (Harlan Laboratories,
Barcelona, Spain). The animals were housed 2 per cage at 22 ◦C under 12 h/12 h light/dark
cycle (lights on at 08:00 a.m.) in standard conditions of temperature (21 ± 1 ◦C) and
humidity (50 ± 10%) for the duration of the experiment with free access to food and water.
After one week of habituation to the animal facility, the animals were assigned to two
treatment groups with equivalent averages of initial body weight: the control group, fed
with standard chow ad libitum (STD, n = 10), and the CAF group, fed with cafeteria diet ad
libitum (CAF, n = 30) to induce obesity. After 8 weeks, all animals were housed individually.
The STD group was maintained on an ad libitum chow diet, whereas CAF-fed animals
were subdivided into three subgroups depending on the dietary treatment received: the
remaining cafeteria diet ad libitum group (CAF, n = 10); the CAF-R group (n = 10), fed
with calorie-restricted cafeteria diet; and the CAF-RO group (n = 10), fed with CAF-R
diet supplemented with olive tree leaves extract (25 mg/kg*day). Once a week, cages
were changed and after the cleaning, body weight and food consumption were recorded.
Nose:anal length (NAL) was measured once a week from the end of the obesity induction
period (week 9) to the end of the experiment.

Two blood samples were collected, one immediately before the dietary treatments
started (week 9) and the second one immediately before the behavioral tests (week 19).
Serum was obtained by centrifugation at 2000× g for 15 min at 4 ◦C and stored at −80 ◦C
until further analyses. After 22 weeks of dietary treatments, the animals were sacrificed by
decapitation after 8 h of fasting.

All animals received human care under an institutionally approved experimental
animal protocol, following the legislation applicable in Spain. The experimental protocol
was approved by the Generalitat de Catalunya (DAAM 9978), following the ‘Principles
of laboratory animal care’, and was carried out in accordance with the EU Directive
2010/63/EU for animal experiments.

2.2. Diets

The animals were fed with the corresponding diets daily for 22 weeks, from weaning
until the end of the study. Food consumption was calculated as the difference between the
weight of each dietary component provided and the amount unconsumed after 24 h.

During the obesity-induction period, the CAF diet daily included (average quantity
administered per cage/day) all the following items: bacon (10 g), biscuit with pâté (12 g),
biscuit with cheese (13 g), muffins (16 g), carrots (10 g), jellied sugared milk (72 g, 18%
sucrose w/w), and standard chow (25 g). CAF items were placed in a clay pot inside the
cage and prepared fresh each day. Mean daily total food and energy administered per
cage/day were 158 g/day and 367 kcal/day respectively. The caloric distribution of the
CAF diet was 10% protein, 36% fat, and 54% carbohydrates.

During the dietary treatments period, the CAF diet included (average quantity ad-
ministered per rat/day): bacon (6 g), biscuit with pâté (7 g), biscuit with cheese (7 g),
muffins (11 g), carrots (5 g), jellied sugared milk (45 g, 18% w/w), and standard chow
(25 g). Mean daily total food and energy administered per rat/day were 106 g/day and
256 kcal/day, respectively. The caloric distribution of the CAF diet was 11% protein, 34%
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fat, and 55% carbohydrates. Both CAF-R and CAF-RO diets were based on the same items
and had a very similar qualitative composition to the CAF diet, but the amount of each
food item administered was readjusted every week with a 30% calorie restriction relative
to the energy intake consumed by the CAF group. Averaged over the 14 weeks, CAF-R
and CAF-RO diets included (average quantity administered per rat/day): bacon (3.2 g),
biscuit with pâté (3.4 g), biscuit with cheese (6.4 g), muffins (3.2 g), carrots (3.8 g), jellied
sugared milk (12.1 g, 18% w/w), and standard chow (13.2 g). Mean daily total food and
energy administered per rat/day were 45.3 g/day and 115 kcal/day, respectively. The
caloric distribution of this diet was 12% protein, 35% fat, and 53% carbohydrates.

The STD group was fed with standard chow (Teklad Global 14% Protein Rodent Diet
2014, Harlan) ad libitum during the entire experiment. Mean daily total food and energy
administered per rat/day were 25 g/day and 72.5 kcal/day. The caloric distribution of the
STD diet was 20% protein, 13% fat, and 67% carbohydrates.

2.3. Oleuropein Supplementation

A 25 mg/kg daily dose of an Olea europaea leaf extract (Benolea®, Frutarom Health BU,
Switzerland), containing a 20.1% of OLE, was administered to the CAF-RO-fed animals.
The extract was diluted with sugared (0.7% w/w) strawberry gelatin to a concentration
of 3 mg/mL gelatin and was prepared and administered daily for the 14 weeks of the
dietary treatments to the CAF-RO group. Simultaneously, a placebo strawberry gelatin
without OLE was prepared and administered daily for the rest of the groups (STD, CAF
and CAF-R) as a control procedure. During the 14 weeks of OLE/placebo sugared gelatin
supplementation the animals were fed with their corresponding diets.

2.4. Body Mass Index

Body length was measured as the NAL in order to estimate the BMI using the following
formula: weight (g)/body length (cm)2.

2.5. Serum Analyses

An enzymatic colorimetric kit was used to assay serum triacylglycerides (QCA,
Barcelona, Spain). Serum insulin and leptin levels were measured using a mouse/rat
insulin ELISA kit (Millipore, Barcelona, Spain) and a rat leptin ELISA kit (Millipore),
respectively. Insulin resistance was estimated using the homeostatic model assessment
(HOMA-IR), following the formula: HOMA-IR = Glucose × Insulin/22.5 [28].

2.6. Behavioural Procedures
2.6.1. Two-Bottle Preference Test

To determine the preference for sucrose solutions, a two-bottle preference test was
performed from weeks 19 to 21. It consisted of placing two bottles at the opposing sides of
the food container cover of the animals’ cage, one containing a sucrose solution and the
other one containing tap water. First, the animals were presented with tap water from two
bottles to habituate them to the procedure and as a control to measure water intake for
48 h. After the habituation period seven concentrations of sucrose solutions were tested
(0.01 M, 0.03 M, 0.06 M, 0.1 M, 0.3 M, 0.6 M, 1 M), presented in ascending order. Sucrose
solutions were prepared daily using tap water. Each sucrose solution was presented for
2 days/48 h for a total of 14 days together with a bottle of water. Water and sucrose intakes
were recorded daily and bottle positions were switched every 24 h to avoid laterality
preference [29]. Sucrose preference ratio was calculated according to the formula: sucrose
solution intake (g)/water + sucrose solution intake (g). All animals were fed with their
corresponding diets throughout the behavioral test.

2.6.2. Taste Reactivity Test

To evaluate hedonic responses to different sucrose solutions, we performed the taste
reactivity test for 4 days at week 22 of the experiment. On the first day of the test, the
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animal was placed in a cylindrical cage for 5 min without solution to habituate it to the test
conditions. The next day the animal was placed in the cylindrical cage and after 2.5 min of
habituation to the testing place, 1 mL of tap water was deposited on the floor to habituate
it to the presence of a drop of solution. After these acclimation days, the third and the
fourth day 1 mL of sucrose solution (0.1 M and 1 M) was deposited on a corner of the
transparent floor after an acclimation period of 2.5 min. The orofacial expressions were
recorded from below using a video camera (JVC, HD Everio GZ-HD10) during and after
voluntary sucrose intake for 2.5 min. Sucrose solutions were prepared daily using tap
water. Positive hedonic responses were measured as number of episodes (n), and tongue
protrusion (TP), paw licking (PL) and mouthing (M) were measured. Aversive responses
were measured as the number of episodes, and included head shaking (HS), forelimb
flailing (FF), snout cleaning (SC) and gagging (G). Both types of responses were considered
by examination of slow-motion recorded videos [30]. This test was performed similarly as
described by Shin et al. 2011 [31].

2.7. Statistical Analyses

Statistical analyses were performed using SPSS Statistics 22 (SPSS, Inc., Chicago, IL,
USA). The homoscedasticity among groups was measured using Levene’s test. The normal
distribution of the values was measured using the Kolmogorov-Smirnov test. A Mann-
Whitney U test was performed to evaluate differences between groups on biometric, food
intake and serum parameters at the end of the obesity-induction period due to the different
sample size of STD and CAF groups. One-way analysis of variance (ANOVA) followed by
Tukey post-hoc or Student’s t tests were performed to evaluate differences among groups
on biometric, food intake and serum parameters at the end of the dietary treatments period.
Triacylglycerides and leptin data were log transformed to homogenize variances. The
intake data for sucrose solution, total fluid and total sucrose were analyzed by a Repeated
Measures ANOVA, with the sucrose solution concentration as the within-subjects factor
and the diet as the between-subjects factor. Wilks’ Lambda of Multivariate tests was
used to detect significant sucrose solution effects and significant ‘sucrose solution × diet’
interactions. Sucrose preference was analyzed with a Kruskal-Wallis test followed by a
Mann-Whitney U test. Data from taste reactivity test was analyzed using Student’s t-test
for comparisons between groups. Spearman’s rho correlation was performed to determine
the relationship between serum leptin levels and sucrose preference and total sucrose
consumption. All the results were expressed as mean ± SEM. The level of statistical
significance was set at bilateral 5%.

3. Results
3.1. Effects of Diets on the Biometric, Food Intake, and Serum Parameters

Biometric, average daily intake of food, energy and simple sugars, and serum parame-
ters (Table 1) were measured at the end of the obesity-induction period and after 10 weeks
of dietary treatments (weeks 9 and 19, respectively). At week 9 the CAF animals showed a
higher increase of body weight and BMI (p < 0.01) than the STD animals. The CAF group
also showed higher values of daily food and energy intake than the STD group during that
period (p < 0.001). Only the CAF group consumed simple sugars due to the presence of
high-sugar food components in this diet. As for the serum metabolic parameters, the CAF
diet induced an increase in circulating levels of triacylglycerides, insulin, insulin resistance
indicated by the HOMA-IR (p < 0.05), and leptin (p < 0.001), compared to the STD group.

At week 19 the results showed that CAF-fed animals had a greater body weight gain
than the other three groups (p < 0.001). CAF-R and CAF-RO groups showed a significantly
lower weight gain compared with the CAF group, whereas no differences were observed
with the STD group or between them. Similarly, the CAF group showed a significantly
increased BMI compared to the other three groups at this time, while no differences were
observed between the STD and CAF-R or CAF-RO groups (p < 0.001). In addition, the
CAF-fed animals showed the highest values of food and energy intake, the STD the lowest



Nutrients 2021, 13, 4474 6 of 17

values, and CAF-R and CAF-RO animals intermediate values (p < 0.001). Both CAF-R and
CAF-RO-fed animals consumed less than half the amount of simple sugars consumed by
CAF-fed animals (p < 0.001).

Table 1. Biometric, food intake and serum parameters.

CAF Diet-Induced Obesity Period Dietary Treatments Period

STD CAF STD CAF CAF-R CAF-RO

Biometric parameters Weeks 1–8 Weeks 9–19

Body weight gain (g) 255 ± 6 313 ± 5 +++ 121 ± 5 158 ± 9 ** 124 ± 5 $$ 132 ± 6 $$
BMI (g/cm2) 1 0.64 ± 0.01 0.70 ± 0.01 ++ 0.74 ± 0.01 0.83 ± 0.01 *** 0.78 ± 0.01 $ 0.78 ± 0.02 $

Daily food intake
parameters

Food intake (g/kg) 101 ± 1 309 ± 2 +++ 46.3 ± 0.6 140 ± 4 *** 77.2 ± 2.1 *** $$$ 75.9 ± 1.3 *** $$$
Energy intake (kcal/kg) 292 ± 3 667 ± 5 +++ 134 ± 2 289 ± 6 *** 183 ± 4 *** $$$ 177 ± 4 *** $$$
Chow intake (kcal/kg) 292 ± 3 123 ± 3 +++ 134 ± 2 44.1 ± 2.9 *** 58.8 ± 4.2 *** $ 53.8 ± 4.5 ***

Simple sugars (kcal/kg) 196 ± 2 93.7 ± 3.6 36.8 ± 1.3 $$$ 36.7 ± 1.1 $$$

Serum parameters Week 9 Week 19

Triacylglycerides
(mmol/L) 0.93 ± 0.06 1.31 ± 0.09 + 1.07 ± 0.08 1.79 ± 0.22 ** 1.58 ± 0.14 * 1.54 ± 0.13

Insulin (ng/mL) 0.51 ± 0.07 0.70 ± 0.05 + 0.61 ± 0.08 1.03 ± 0.17 * 0.82 ± 0.06 0.83 ± 0.10
HOMA-IR 3.20 ± 0.54 4.73 ± 0.37 + 3.68 ± 0.57 6.92 ± 1.31 * 5.65 ± 0.58 * 5.36 ± 0.76

Leptin (ng/mL) 4.23 ± 0.40 12.5 ± 1.0 +++ 7.05 ± 0.78 23.7 ± 4.3 *** 19.1 ± 1.9 *** 17.0 ± 2.0 ***

Average daily food, energy and simple sugars intakes are relativized to the body weight (BW, kg). 1 BMI was calculated at week 9 and
at week 19. STD, standard group; CAF, cafeteria diet group; CAF-R, calorie-restricted cafeteria diet group; CAF-RO, calorie-restricted
cafeteria diet with OLE; HOMA-IR, homeostatic model assessment of insulin resistance. Data are expressed as the mean ± SEM. + p < 0.05,
++ p < 0.01, +++ p < 0.001 vs. STD group (obesity-induction period). * p < 0.05, ** p < 0.01, *** p < 0.001 vs. STD group; $ p < 0.05, $$ p < 0.01,
$$$ p < 0.001 vs. CAF group (dietary treatments period).

Regarding the serum parameters, the CAF and CAF-R groups showed higher levels
of circulating triacylglycerides compared with the STD group (p < 0.001 and p < 0.05,
respectively), whereas CAF-RO showed no differences from STD. The CAF group also
showed a significant increase in insulin levels (p < 0.05), whereas no differences appeared
in CAF-R and CAF-RO groups, compared to the STD group. Both CAF and CAF-R diets
increased insulin resistance compared to STD diet (p < 0.05), whereas the CAF-RO diet
did not change the HOMA-IR compared with the STD diet. Finally, the CAF, CAF-R and
CAF-RO diets increased leptin levels compared to the STD diet (p < 0.001).

3.2. Two-Bottle Preference Test
3.2.1. Sucrose Solution Intake and Preference

To determine the preference for different sucrose solutions, a two-bottle preference
test using several concentrations of sucrose (0.01 M, 0.03 M, 0.06 M, 0.1 M, 0.3 M, 0.6 M,
1 M) was performed (Figure 1). Results revealed a significant effect of concentration on
the sucrose solution intake (p < 0.001), and that this effect was dependent on the dietary
treatment received (‘sucrose concentration × diet’, p < 0.05). The sucrose solution intake
followed an inverted-U pattern in all experimental groups. They gradually increased the
intake over 0.01 M–0.3 M solutions, reaching the maximum of the inverted curve at 0.3 M.
From that point on, all groups gradually decreased the intake over the 0.6 M and 1 M
solutions with a steep or gentle slope depending on the group. The STD group showed the
highest intakes at all sucrose solution concentrations. In fact, the sucrose solution intake of
the STD rats almost doubled the intake shown by the cafeteria rats, not showing differences
among them at any of the sucrose concentrations.
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The preference ratios for sucrose solutions are represented in Figure 2. The STD
group showed a greater preference for 0.03 M sucrose than the CAF and CAF-R groups,
but not than the CAF-RO group (p < 0.05), which indicates a higher preference of CAF-
RO group for low sucrose solutions compared with CAF and CAF-R groups. At higher
concentrations (0.6 M and 1 M), the preference ratios of the STD group were also the highest
and significantly different from all the other groups, whereas no differences were observed
between CAF, CAF-R and CAF-RO groups (0.6 M p < 0.01; 1 M p < 0.05). There were
no differences on preferences of the other sucrose concentrations among groups (0.01 M,
0.06 M, 0.1 M and 0.3 M).
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3.2.2. Total Fluid and Total Sucrose Intakes

To check if the water and sugar consumed through the diets might have influenced
the sucrose and water intakes in the two-bottle preference test, we analyzed two more
variables: (i) the total fluid intake (in mL), as the sum of intakes from the two bottles of the
test plus the water intake from the CAF items consumed; and (ii) the total sucrose intake
(in g), as the sum of sucrose consumption from sucrose bottle and the sugar intake from
the CAF diet. The STD chow did not contain simple sugars.

The analysis of the total fluid intake (Figure 3) revealed a significant effect of concen-
tration (p < 0.001), and that this effect was dependent on the dietary treatment (‘sucrose
concentration × diet’, p < 0.05). The results revealed an overall inverted-U pattern similar
to the one shown in Figure 1. Thus, STD and CAF animals consumed higher amounts of
total fluid whereas the CAF-R and the CAF-RO groups showed lower consumptions and a
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similar pattern. Especially notable is the CAF-RO group, which significantly diminished
the total fluid consumption at 0.6 M compared with the CAF group (p < 0.05), and at 1 M
compared with both CAF (p < 0.01) and STD groups (p < 0.05). The CAF-R group also
significantly diminished the total fluid intake at 1 M sucrose compared with the CAF group
(p < 0.05).
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Regarding the total sucrose intake (Figure 4), the results revealed a significant effect
of concentration (p < 0.001), and that this effect was different depending on the dietary
treatment (‘sucrose concentration × diet’, p < 0.001). The CAF-fed animals consumed the
highest total amount of sugar over all sucrose concentrations. The STD group showed the
lowest consumption values for the low sucrose concentrations although this increased to
similar values to the CAF group at higher concentrations (0.6 M and 1 M). In contrast, both
CAF-R and CAF-RO groups displayed intermediate values at low sucrose concentrations
(0.01 M to 0.1 M) and the lowest intakes at higher concentrations (0.6 M and 1 M). Thus, at
0.6 M the CAF-R and CAF-RO groups showed lower values than the CAF group (p < 0.05),
and at 1 M the CAF-RO group displayed lower intakes compared with both the CAF and
STD groups (p < 0.05).

3.3. Taste Reactivity Test

The analysis of the hedonic and aversive responses is shown in the Figure 5. The
results revealed that the CAF-RO group exhibited a diminished number of total hedonic
responses at the 1 M sucrose concentration compared with the STD and CAF-R groups
(p < 0.05), whereas there were no differences on aversive responses among groups at
this concentration. The analysis of hedonic and aversive responses to 0.1 M sucrose
concentration showed no significant differences among groups (data not shown).
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Figure 5. Total hedonic (a) and aversive (b) responses at the 1 M sucrose concentration in the taste
reactivity test. The total number of hedonic responses was calculated as the sum of tongue protrusion,
paw licking and mouthing responses. The total number of aversive was calculated as the sum of
head shaking, forelimb flailing, snout cleaning and gagging responses. Data are expressed as the
mean ± SEM. * p < 0.05 STD vs. CAF-RO group; # p < 0.05 CAF-R vs. CAF-RO group.

3.4. Correlations between Serum Leptin Levels and Sucrose Preference and Total Sucrose Intake

To study the relationship between serum leptin levels and sucrose preference we
performed a Spearman’s rank correlation test (Table 2). The results showed that leptin
levels were negatively correlated with sucrose preference for low (0.03 M, p < 0.01) and
high sucrose concentrations (0.6 M and 1 M, p < 0.01).

Table 2. Correlation between leptin levels and sucrose preference (n = 40).

0.01 M 0.03 M 0.06 M 0.1 M 0.3 M 0.6 M 1 M

rs value −0.12 −0.38 * −0.26 −0.13 −0.13 −0.44 ** −0.45 **
p value 0.45 0.02 0.10 0.44 0.43 0.01 0.01

* p < 0.05, ** p < 0.01 leptin vs. sucrose preference.

The correlation between leptin and the total sucrose intake was analyzed for each
group (Figure 6). We found that at the highest concentration (1 M), the STD and CAF-RO
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groups showed a negative correlation between both parameters (rs = −0.636, p < 0.05, and
rs = −0.636, p < 0.05, respectively), whereas the CAF and CAF-R showed no correlation.
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4. Discussion

In this study, the administration of the CAF diet for two months after weaning induced
in the animals a greater increase in body weight and BMI, a higher food consumption,
and metabolic alterations associated with obesity and MetS such as hypertriglyceridemia,
insulin resistance and hyperleptinemia, compared with the STD diet. These results are in
accordance with the obtained in our previous studies [16,27] and by other authors [17–19],
confirming the validity of CAF diet as a preclinical model of DIO.

Once obesity was induced, we carried out two dietary interventions consisting of a
calorie-restricted cafeteria diet and this same diet supplemented with an OLE polyphenolic
extract. Three months after the dietary treatments, the group that continued CAF feeding
showed similar alterations in biometric and metabolic parameters to those observed after
the obesity induction period, whereas the CAF-R- and CAF-RO-fed groups reached similar
body weights and BMIs to those of the STD chow-fed group. The food and energy intakes
also decreased with these two dietary regimens, being intermediate between those of the
CAF and STD groups. Thus, whereas the average energy intake of the CAF group was
216% of the STD group, those corresponding to the CAF-R and CAF-RO groups were
136% and 132%, respectively, of the STD group. As for the metabolic profile, only the
CAF-RO diet restored serum levels of triacylglycerides and insulin resistance similar to
the ones of the STD diet, which instead persisted at a higher level in the CAF-R group
compared with the STD. Leptin levels remained higher in both cases compared with the
STD group, although the differences between CAF-RO and STD were lesser than the
differences between CAF-R and STD groups. Importantly, all the changes induced by the
CAF-R and CAF-RO diets were achieved after 10 weeks of intervention. Further studies
are needed to test the possibility of achieving better improvements with longer lasting
dietary interventions.

One of our interests in the CAF-R diet was to simulate, at least in part, the human
behavior of eating small portions of high-fat/high-sugar food or cafeteria food items from
time to time while following dietary treatments to reduce body weight. In addition, a
wide number of dietary obesity treatments are based on increasing the amount of healthy
food eaten by the patient. In the same way, our CAF-R-fed rats increased their intake of
the standard chow, here considered as the healthy food, and had limited access to small
portions of the unhealthy cafeteria foods that were eaten ad libitum before the start of the
dietary treatment. Thus, the CAF-R diet would be a useful animal model to investigate
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obesity reduction in obese subjects that commonly eat fast food, comfort food or cafeteria
food. Additionally, the CAF-R diet provides the possibility to be supplemented with
bioactive compounds such as OLE.

Other studies have reported a body weight reduction in rodents fed high-fat diets
(HFD) supplemented with OLE. For example, Kuem et al. [23] administered the OLE with
a HFD in the form of pellets during 10 weeks at a dose of 30 mg/kg*day and observed
a reduction in body weight and an attenuated increase in body fat stores in mice. Our
results showed that OLE did not enhance the effects of CAF-R diet alone on body weight
gain and BMI, but it improved the metabolic profile. Interestingly, we found that the
CAF-RO group showed diminished triglyceridemia and insulin resistance (HOMA-IR)
compared with the CAF-R group and recovered normal levels showing no differences with
respect to the STD group. These results are in line with other studies. Vezza et al. [32]
have shown that oral gavage of different OLE doses (1, 10 and 25 mg/kg*day) for 5 weeks
ameliorated body weight increase, decreased basal glycemia and insulin resistance, and
improved endothelial dysfunction in mice fed a HFD. Notably, most of the beneficial effects
of OLE were observed in the animals receiving the same dose administered in our study (25
mg/kg*day). Lepore et al. [22] also reported less weight gain and reduced HOMA-IR and
serum lipids levels in mice fed a cafeteria diet after OLE supplementation at 20 mg/kg*day
for 15 weeks. In addition, the nutraceutical supplementation of a HFD with OLE infused
via syringe pump (758 mg/kg*day) for 10 weeks caused an important reduction of body
weight increase, as well as normal serum glucose and leptin levels in mice [33]. The
discrepancy between our results and these studies could be related to the fact that in the
current study, OLE was added to a calorie-restricted cafeteria diet which improved obesity-
associated biometric and metabolic parameters, in contrast with other studies where OLE
was supplemented to HFD or cafeteria diets, which induce obesity and MetS in rodents.
Thus, it cannot be discarded that higher doses and/or a longer-term intervention would
be needed to further improve upon the CAF-R benefits per se. Additionally, other factors
such as the administration route or the strain of rodents used may explain the different
OLE effects reported among studies.

In this study, we also aimed to evaluate the effects of CAF diet and dietary interven-
tions on sucrose intake and preference, as well as the possible changes in the sucrose-elicited
hedonic reactions. The results of the two-bottle preference test indicated that CAF, CAF-R-,
and CAF-RO-fed animals diminished sucrose intake compared with STD-fed animals over
all sucrose concentrations tested. Consequently, the STD-fed animals consistently showed
an increased sucrose preference, specifically for the concentrations 0.03 M, 0.6 M, and
1 M, compared to the cafeteria-fed groups. This would indicate a decreased sweet taste
sensitivity induced by cafeteria feeding.

These results are consistent with previous studies evaluating taste functions associ-
ated with obesity. For example, rats fed high-energy diet for 4 weeks diminished sucrose
(0.01 M–1 M) intake and preference compared with chow-fed rats [34]. Moreover, obesity-
prone CAF-fed mice decreased sucrose preference relative to obesity-resistant CAF-fed
mice [35]. Mice fed an obesogenic HFD for 12 weeks showed lower intake and prefer-
ence for 1% sucrose solution compared with the chow-fed lean mice [36]. Rats and mice
chronically subjected to an obesogenic high-fat diet become unable to detect properly low
concentrations of sweet solutions during behavioral tests minimizing post-ingestive cues
(e.g., neuro-endocrine regulations) [31]. Such a decrease of both peripheral detection and
central perception to sweet stimuli might explain this relative loss of taste sensitivity, since
sucrose-evoked calcium signaling has been shown to decrease in taste bud cells freshly
isolated from DIO mice [37]. Concurrently, another study testing the intake and preference
of the non-caloric sweetener saccharin reported that high-fat DIO rats diminished con-
sumption and preference ratios for 0.01 M and 0.04 M saccharin solutions compared with
normal diet rats [38]. Moreover, reductions of sweet solution intake and preference have
been associated with diminished lingual gene expression level of the sweet taste receptor
T1R3 in obesity-prone chow-fed rats compared with obesity-resistant chow-fed rats [34]



Nutrients 2021, 13, 4474 12 of 17

and in high-fat-fed obese rats compared with chow-fed lean rats [38], which suggests that
reduction of sweet solution intake and preference may be a consequence of altered sweet
taste receptors.

In the aforementioned studies, rodents became obese because of the consumption
of high-fat/high-sugar or cafeteria diets. Increased food intake and decreased taste or
smell sensitivity in obesity appear to have parallel patterns in both animal [39] and human
studies [40]. Obese patients have a greater predilection for sweet gustatory stimuli when
compared with healthy controls [41] and a reduced hedonic response to sucrose or non-
nutrient sweetener drinks in obese women compared with lean women [42]. However,
whether this reduction in sweet perception is a metabolic consequence of obesity or the
effect of drinking sucrose per se remains unclear [6].

As mentioned, the STD group displayed the highest sucrose preference. Ad libitum
access to sucrose solutions could have induced an enhanced drive for consuming sweet
solutions in STD fed rats compared to the animals from the other experimental groups
since the former had their first experience with sweet taste during the two-bottle preference
test that lasted 2 weeks. By contrast, the CAF and CAF-R fed rats already had daily
sweet food experience from muffins, biscuits, and sugared jelly milk components of the
cafeteria diet from a young age. Evidence from different animal models suggests that
sensitivity and intensity of taste sensations changes with diet composition, thus involving
a diet-dependent chemosensory plasticity that would result in changes to taste perceptions,
their elicited responses and diet-related behavior (see May and Dus 2021 [7]). Evidence of
dopamine (DA) neurotransmission changes associated with sugar consumption in sweet-
naïve rats comes from Hajnal and Norgren 2001 [43] who, using microdialysis, reported
that rats licking a 0.3 M sucrose solution showed a 305% increase in extracellular levels of
DA and monoamine metabolites in the nucleus accumbens (NAcc) compared with water
intake. Prolonged continuous consumption of a low concentration sucrose solution over
3 weeks also altered dopaminergic in addition to opioidergic systems of the NAcc [44].
Apparently, the changes in DA neurotransmission are related to the caloric value of sugar,
since D2 antagonist raclopride increased the intake of the higher preferred sucrose solution
in a two-bottle preference test but did not increase the intake of the higher preferred
saccharin (non-caloric) solution [45]. Moreover, sweet taste is not the only driver of sucrose
consumption, since sweet-blind trpm5-/- mice, lacking the cellular machinery required
for sweet taste transduction, developed a robust preference for sucrose solutions based
on caloric content and showed DA release in the ventral striatum in response to sucrose
intake suggesting that calorie-rich nutrients can directly influence brain reward circuits
that control food intake independently of palatability [46].

Other investigations pointed out that the changes in metabolic state also modulated the
sensory pleasure of sweetness [47–49], and hedonic reactions of rats to sweeteners [50,51].
CAF-fed rats needed higher levels of brain stimulation to obtain the same hedonic re-
sponses as the STD chow-fed group; and chronic HFD elicits a down-regulation of DA
and opioid receptors [52,53] in the mesolimbic area leading to a progressive devaluation
of the reward value of oral stimuli, as found with abuse drugs [54]. Such a diet-acquired
sensory deficiency might explain the tendency of DIO rodents to overeat highly rewarding
foods [31], probably to gain the desired hedonic satisfaction [52].

An interesting recent study demonstrated that rats fed chronic HFD (42% fat) for
10 weeks post weaning showed a motivational impairment for sweet palatable foods,
in terms of increased latency to start eating and diminished amount of ingested sweet
palatable cereals or chocolate tablets [55]. In line with this, rats fed a HFD (60% fat) for
16 weeks showed diminished sucrose preference, increased anxiety and anhedonia [56],
supporting that obese animals presenting anhedonia may lose their natural preference for
sweet solutions [57].

To better understand the different pattern of responses obtained in the two-bottle
preference test, we analyzed the total fluid and total sucrose intakes during the test, on the
basis that the water and sugar consumed through the CAF diet may have played a role
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(no water and sugar are present in the STD chow). Our results revealed that during the
preference test, the CAF group increased total fluid intake at the low 0.01 M and 0.03 M
sucrose solutions whereas calorie-restricted cafeteria groups decreased total fluid intake at
the high 0.6 M and 1 M sucrose solutions. Interestingly, this latter effect was even higher in
the CAF-RO group which was the most significantly diminished and different from the
standard chow group at 1 M. CAF-RO diet diminished the total fluid (water plus sucrose
solution) intake compared to the CAF-fed animals across all concentrations. This result was
also related to the one that emerged from the analysis of the total sucrose intake, referring to
sucrose intake from the sucrose solution bottle plus sucrose from the diet. Thus, ad libitum
cafeteria and calorie-restricted cafeteria feeding clearly increased total sucrose intake at low
0.01 M–0.1 M sucrose solutions, with the highest intake in the CAF-fed animals relative
to all others, intermediate in the CAF-R- and CAF-RO-fed animals and the lowest in the
STD group. This can be explained in accordance with the amount of sucrose diluted in the
solutions and the dietary condition by itself, since CAF feeding included ad libitum sweet
food; CAF-R and CAF-RO included a restricted amount, and no sucrose was present in the
STD. We observed that the sucrose intake pattern varied among the dietary conditions and
across the tested sucrose solutions. STD-fed animals progressively increased their intake
from 0 to 70 g with the 1 M sucrose solution, which was very close to the 75 g consumed
by the CAF-fed animals, whereas the CAF-R and CAF-RO groups progressively slowed
down their consumption reaching an intake of 60 g and 50 g, respectively, with the 1 M
solution, the CAF-RO group showing the smallest intake and lower than the STD group.
Moreover, it is important to emphasize that even though the CAF-R and CAF-RO rats had
the sucrose solution bottle available in their home cages to further increase sucrose intake,
they did not, and their consumptions of 0.6 M and 1 M solutions were lower compared to
the ones of the CAF and STD groups. All of this suggests that CAF-R and CAF-RO dietary
treatments may have modified sweet taste and/or glucose regulation pathways. These
effects could also be associated to the fact that these animals shifted from a CAF diet and
its related metabolic alterations to the corresponding CAF-R or CAF-RO dietary treatment.

In accordance with these results, CAF-RO feeding reduced the number of hedonic
responses to the 1 M sucrose solution in comparison to the STD and CAF-R groups,
suggesting that this diet decreased its rewarding properties. This effect was not associated
with an increase in the number of aversive responses. The lower preference and hedonic
responses to the highest sucrose concentration due to the OLE supplementation could be
related to the reported bitter taste of OLE and polyphenols in general [58]. However, in
order to counteract this potential effect on taste, we diluted the OLE in 0.7% sugared fruit
jelly, without compromising the quantity of sugars in the diet. We also took into account
studies showing that functional polyphenols can be efficiently concentrated using gelatin,
maintaining their functionality while absorbed [59], and that OLE can be added to the diet
without modifying the hedonic taste of junk foods [60]. Moreover, polyphenols have been
reported to be able to cross the blood–brain barrier and to localize in the whole central
nervous system in a non-region-specific manner. OLE has also been shown to protect
against oxidative stress in anesthetic-treated rats and to improve cognitive function [61].
Its antioxidant effect could account for a neuroprotective effect, which would promote the
survival of DA neurons in the ventral tegmental area and therefore increase the availability
of DA in the NAcc, improving sensitivity of the reward system [62].

Finally, our results showed that overall sucrose preference was negatively associated
with serum leptin levels at 0.03 M, 0.6 M, and 1 M. Moreover, a negative association between
total sucrose intake and serum leptin levels was specifically seen in the STD and CAF-RO
groups but not in the CAF and CAF-R groups. There is evidence that leptin suppresses
taste cell responses to sweet compounds [9] and that this action occurs by activation of
the Ob-Rb leptin receptor in T1R3-positive taste cells [63]. Metabolic factors including
high blood insulin or leptin resistance have been shown to enhance taste response to sweet
stimuli orally administered [64,65]. All of this suggest that leptin may act as a modulator
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of sweet taste responses in mammals. Further studies are needed to elucidate the role of
leptin in the changes in neural transduction of sweet taste in obesity.

5. Conclusions and Final Remarks

The administration of a 30% calorie-restricted diet (CAF-R) alone or supplemented
with OLE attenuated body weight gain and BMI and diminished food and energy intake
induced by CAF-feeding. As a new finding, OLE supplementation to a calorie-restricted
diet improved some of the alterations in metabolic parameters, specifically triglyceridemia
and insulin resistance. Additionally, it also partially restored sweet taste responses in obese
animals such as the sucrose intake and its relationship with serum leptin levels, as well as
the sucrose hedonic responses to the highest sucrose concentration. Although we must be
cautious in extrapolating results from experimental models to humans, these results make
us hypothesize that OLE may rescue the altered sweet taste alterations associated with
the CAF diet-induced obesity, thus improving the function of the mesolimbic pathway of
pleasure and reward and increasing sensitivity to sweet taste.

The main strengths of this study are the experimental design in terms of using a rodent
model having considerable face validity with human obesity, the characterization of the
effects of the CAF-R diet alone and supplemented with OLE, and the analysis of the intakes
of the two-bottle sucrose vs. water preference test as well as the total sucrose intake and
the taste reactivity responses. However, the use of only one OLE dose and the fact that the
dietary intervention was not interrupted during the behavioral testing or that we did not
include the sex female as an independent variable are limitations that would be of great
interest to address in future studies.

Author Contributions: Conceptualization, N.B., A.C., M.S. and R.M.E.; methodology, N.B., A.C.,
M.S. and R.M.E.; formal analysis, A.S.-G., A.Á.-M., M.S. and R.M.E.; investigation, A.S.-G., A.Á.-M.,
N.B., A.C., J.M.D.B., R.M.-C., M.S. and R.M.E.; writing—original draft preparation, A.S.-G., M.S. and
R.M.E.; writing—review and editing, A.S.-G., N.B., A.C., R.M.-C., M.S. and R.M.E.; visualization,
A.S.-G.; supervision, A.C., M.S. and R.M.E. All authors have read and agreed to the published version
of the manuscript.

Funding: This research was funded by the Spanish Ministerio de Economía, Industria y Competitivi-
dad, grant numbers PSI2016-77234-R and PID2020-119391GB-I00. A.S.-G. is granted by the Ministerio
de Ciencia e Innovación, grant number BES-2017-081939. A.A-M. is granted by the Universitat
Autònoma de Barcelona, grant PIF-UAB2018. This work was also financially supported by the
Catalan Government through the funding grant ACCIÓ-EURECAT.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the Ethics Committee of Generalitat de Catalunya (DAAM
9978, 20-09-2019).

Acknowledgments: We gratefully acknowledge the help of Eva Álvarez and laboratory technicians
at the Technological Unit of Nutrition and Health.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References
1. Leitner, D.R.; Frühbeck, G.; Yumuk, V.; Schindler, K.; Micic, D.; Woodward, E.; Toplak, H. Obesity and type 2 diabetes: Two

diseases with a need for combined treatment strategies—EASO can lead the way. Obes. Facts 2017, 10, 483–492. [CrossRef]
2. World Health Organization. Obesity and Overweight. Key Facts. Available online: www.who.int/news-room/fact-sheets/

detail/obesity-and-overweight (accessed on 25 October 2021).
3. Bartoshuk, L.M.; Duffy, V.B.; Hayes, J.E.; Moskowitz, H.R.; Snyder, D.J. Psychophysics of sweet and fat perception in obesity:

Problems, solutions and new perspectives. Philos. Trans. R. Soc. B Biol. Sci. 2006, 361, 1137–1148. [CrossRef]
4. Melis, M.; Pintus, S.; Mastinu, M.; Fantola, G.; Moroni, R.; Pepino, M.Y.; Tomassini Barbarossa, I. Changes of Taste, Smell and

Eating Behavior in Patients Undergoing Bariatric Surgery: Associations with PROP Phenotypes and Polymorphisms in the
Odorant-Binding Protein OBPIIa and CD36 Receptor Genes. Nutrients 2021, 13, 250. [CrossRef]

http://doi.org/10.1159/000480525
www.who.int/news-room/fact-sheets/detail/obesity-and-overweight
www.who.int/news-room/fact-sheets/detail/obesity-and-overweight
http://doi.org/10.1098/rstb.2006.1853
http://doi.org/10.3390/nu13010250


Nutrients 2021, 13, 4474 15 of 17

5. Trius-Soler, M.; Santillán-Alarcón, D.A.; Martínez-Huélamo, M.; Lamuela-Raventós, R.M.; Moreno, J.J. Effect of physiological
factors, pathologies, and acquired habits on the sweet taste threshold: A systematic review and meta-analysis. Compr. Rev. Food
Sci. Food Saf. 2020, 19, 3755–3773. [CrossRef]

6. Gutierrez, R.; Fonseca, E.; Simon, S.A. The neuroscience of sugars in taste, gut-reward, feeding circuits, and obesity. Cell. Mol. Life
Sci. 2020, 77, 3469–3502. [CrossRef]

7. May, C.E.; Dus, M. Confection Confusion: Interplay Between Diet, Taste, and Nutrition. Trends Endocrinol. Metab. 2021, 32, 95–105.
[CrossRef]

8. Horio, N.; Jyotaki, M.; Yoshida, R.; Sanematsu, K.; Shigemura, N.; Ninomiya, Y. New Frontiers in Gut Nutrient Sensor Research:
Nutrient Sensors in the Gastrointestinal Tract: Modulation of Sweet Taste Sensitivity by Leptin. J. Pharmacol. Sci. 2010, 112, 8–12.
[CrossRef]

9. Yoshida, R.; Niki, M.; Jyotaki, M.; Sanematsu, K.; Shigemura, N.; Ninomiya, Y. Modulation of sweet responses of taste receptor
cells. Semin. Cell Dev. Biol. 2013, 24, 226–231. [CrossRef]

10. Belza, A.; Frandsen, E.; Kondrup, J. Body fat loss achieved by stimulation of thermogenesis by a combination of bioactive food
ingredients: A placebo-controlled, double-blind 8-week intervention in obese subjects. Int. J. Obes. 2007, 31, 121–130. [CrossRef]

11. Llaha, F.; Zamora-Ros, R. The Effects of Polyphenol Supplementation in Addition to Calorie Restricted Diets and/or Physical
Activity on Body Composition Parameters: A Systematic Review of Randomized Trials. Front. Nutr. 2020, 7, 84. [CrossRef]
[PubMed]

12. Konstantinidi, M.; Koutelidakis, A.E. Functional Foods and Bioactive Compounds: A Review of Its Possible Role on Weight
Management and Obesity’s Metabolic Consequences. Medicines 2019, 6, 94. [CrossRef]

13. Ahamad, J.; Toufeeq, I.; Khan, M.A.; Ameen, M.S.M.; Anwer, E.T.; Uthirapathy, S.; Mir, S.R.; Ahmad, J. Oleuropein: A natural
antioxidant molecule in the treatment of metabolic syndrome. Phyther. Res. 2019, 33, 3112–3128. [CrossRef]

14. Castejón, M.L.; Montoya, T.; Alarcón-de-la-Lastra, C.; Sánchez-Hidalgo, M. Potential Protective Role Exerted by Secoiridoids from
Olea europaea L. in Cancer, Cardiovascular, Neurodegenerative, Aging-Related, and Immunoinflammatory Diseases. Antioxidants
2020, 9, 149. [CrossRef]

15. Kleinert, M.; Clemmensen, C.; Hofmann, S.M.; Moore, M.C.; Renner, S.; Woods, S.C.; Huypens, P.; Beckers, J.; de Angelis, M.H.;
Schürmann, A.; et al. Animal models of obesity and diabetes mellitus. Nat. Rev. Endocrinol. 2018, 14, 140–162. [CrossRef]

16. Lalanza, J.F.; Caimari, A.; del Bas, J.M.; Torregrosa, D.; Cigarroa, I.; Pallàs, M.; Capdevila, L.; Arola, L.; Escorihuela, R.M. Effects
of a post-weaning cafeteria diet in young rats: Metabolic syndrome, reduced activity and low anxiety-like behaviour. PLoS ONE
2014, 9, e85049. [CrossRef]

17. Lalanza, J.F.; Snoeren, E.M.S. The cafeteria diet: A standardized protocol and its effects on behavior. Neurosci. Biobehav. Rev. 2021,
122, 92–119. [CrossRef]

18. Leigh, S.-J.; Kendig, M.D.; Morris, M.J. Palatable Western-style Cafeteria Diet as a Reliable Method for Modeling Diet-induced
Obesity in Rodents. J. Vis. Exp. 2019, 153, e60262. [CrossRef]

19. Sampey, B.P.; Vanhoose, A.M.; Winfield, H.M.; Freemerman, A.J.; Muehlbauer, M.J.; Fueger, P.T.; Newgard, C.B.; Makowski, L.
Cafeteria Diet Is a Robust Model of Human Metabolic Syndrome with Liver and Adipose Inflammation: Comparison to High-Fat
Diet. Obesity 2011, 19, 1109–1117. [CrossRef] [PubMed]

20. Caimari, A.; del Bas, J.M.; Boqué, N.; Crescenti, A.; Puiggròs, F.; Chenoll, E.; Martorell, P.; Ramón, D.; Genovés, S.; Arola,
L. Heat-killed Bifidobacterium animalis subsp. Lactis CECT 8145 increases lean mass and ameliorates metabolic syndrome in
cafeteria-fed obese rats. J. Funct. Foods 2017, 38, 251–263. [CrossRef]

21. Mayneris-Perxachs, J.; Alcaide-Hidalgo, J.M.; de la Hera, E.; del Bas, J.M.; Arola, L.; Caimari, A. Supplementation with biscuits
enriched with hesperidin and naringenin is associated with an improvement of the Metabolic Syndrome induced by a cafeteria
diet in rats. J. Funct. Foods 2019, 61, 103504. [CrossRef]

22. Lepore, S.M.; Morittu, V.M.; Celano, M.; Trimboli, F.; Oliverio, M.; Procopio, A.; Di Loreto, C.; Damante, G.; Britti, D.; Bu-
lotta, S.; et al. Oral Administration of Oleuropein and Its Semisynthetic Peracetylated Derivative Prevents Hepatic Steatosis,
Hyperinsulinemia, and Weight Gain in Mice Fed with High Fat Cafeteria Diet. Int. J. Endocrinol. 2015, 2015, 431453. [CrossRef]

23. Kuem, N.; Song, S.J.; Yu, R.; Yun, J.W.; Park, T. Oleuropein attenuates visceral adiposity in high-fat diet-induced obese mice
through the modulation of WNT10b- and galanin-mediated signalings. Mol. Nutr. Food Res. 2014, 58, 2166–2176. [CrossRef]

24. Poudyal, H.; Campbell, F.; Brown, L. Olive leaf extract attenuates cardiac, hepatic, and metabolic changes in high carbohydrate-,
high fat-fed rats. J. Nutr. 2010, 140, 946–953. [CrossRef]

25. Ebaid, G.M.X.; Seiva, F.R.F.; Rocha, K.K.H.R.; Souza, G.A.; Novelli, E.L.B. Effects of olive oil and its minor phenolic constituents
on obesity-induced cardiac metabolic changes. Nutr. J. 2010, 9, 46. [CrossRef]

26. Araki, R.; Fujie, K.; Yuine, N.; Watabe, Y.; Nakata, Y.; Suzuki, H.; Isoda, H.; Hashimoto, K. Olive leaf tea is beneficial for lipid
metabolism in adults with prediabetes: An exploratory randomized controlled trial. Nutr. Res. 2019, 67, 60–66. [CrossRef]

27. Subias-Gusils, A.; Boqué, N.; Caimari, A.; Del Bas, J.M.; Mariné-Casadó, R.; Solanas, M.; Escorihuela, R.M. A restricted cafeteria
diet ameliorates biometric and metabolic profile in a rat diet-induced obesity model. Int. J. Food Sci. Nutr. 2021, 71, 767–780.
[CrossRef]

28. Matthews, D.R.; Hosker, J.P.; Rudenski, A.S.; Naylor, B.A.; Treacher, D.F.; Turner, R.C. Homeostasis model assessment: Insulin
resistance and β-cell function from fasting plasma glucose and insulin concentrations in man. Diabetologia 1985, 28, 412–419.
[CrossRef]

http://doi.org/10.1111/1541-4337.12643
http://doi.org/10.1007/s00018-020-03458-2
http://doi.org/10.1016/j.tem.2020.11.011
http://doi.org/10.1254/jphs.09R07FM
http://doi.org/10.1016/j.semcdb.2012.08.004
http://doi.org/10.1038/sj.ijo.0803351
http://doi.org/10.3389/fnut.2020.00084
http://www.ncbi.nlm.nih.gov/pubmed/32582757
http://doi.org/10.3390/medicines6030094
http://doi.org/10.1002/ptr.6511
http://doi.org/10.3390/antiox9020149
http://doi.org/10.1038/nrendo.2017.161
http://doi.org/10.1371/journal.pone.0085049
http://doi.org/10.1016/j.neubiorev.2020.11.003
http://doi.org/10.3791/60262
http://doi.org/10.1038/oby.2011.18
http://www.ncbi.nlm.nih.gov/pubmed/21331068
http://doi.org/10.1016/j.jff.2017.09.029
http://doi.org/10.1016/j.jff.2019.103504
http://doi.org/10.1155/2015/431453
http://doi.org/10.1002/mnfr.201400159
http://doi.org/10.3945/jn.109.117812
http://doi.org/10.1186/1475-2891-9-46
http://doi.org/10.1016/j.nutres.2019.05.003
http://doi.org/10.1080/09637486.2020.1870037
http://doi.org/10.1007/BF00280883


Nutrients 2021, 13, 4474 16 of 17

29. Loney, G.C.; Torregrossa, A.M.; Smith, J.C.; Sclafani, A.; Eckel, L.A. Rats display a robust bimodal preference profile for sucralose.
Chem. Senses 2011, 36, 733–745. [CrossRef]

30. Berridge, K.C. Measuring hedonic impact in animals and infants: Microstructure of affective taste reactivity patterns. Neurosci.
Biobehav. Rev. 2000, 24, 173–198. [CrossRef]

31. Shin, A.C.; Townsend, R.L.; Patterson, L.M.; Berthoud, H.-R. “Liking” and “wanting” of sweet and oily food stimuli as affected
by high-fat diet-induced obesity, weight loss, leptin, and genetic predisposition. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2011,
301, R1267–R1280. [CrossRef]

32. Vezza, T.; Rodríguez-Nogales, A.; Algieri, F.; Garrido-Mesa, J.; Romero, M.; Sánchez, M.; Toral, M.; Martín-García, B.; Gómez-
Caravaca, A.M.; Arráez-Román, D.; et al. The metabolic and vascular protective effects of olive (Olea europaea L.) leaf extract in
diet-induced obesity in mice are related to the amelioration of gut microbiota dysbiosis and to its immunomodulatory properties.
Pharmacol. Res. 2019, 150, 104487. [CrossRef] [PubMed]

33. van der Stelt, I.; Hoek-van den Hil, E.F.; Swarts, H.J.M.; Vervoort, J.J.M.; Hoving, L.; Skaltsounis, L.; Lemonakis, N.; Andreadou,
I.; van Schothorst, E.M.; Keijer, J. Nutraceutical oleuropein supplementation prevents high fat diet-induced adiposity in mice.
J. Funct. Foods 2015, 14, 702–715. [CrossRef]

34. Duca, F.A.; Swartz, T.D.; Covasa, M. Effect of Diet on Preference and Intake of Sucrose in Obese Prone and Resistant Rats. PLoS
ONE 2014, 9, e111232. [CrossRef]

35. Gac, L.; Kanaly, V.; Ramirez, V.; Teske, J.A.; Pinto, M.P.; Perez-Leighton, C.E. Behavioral characterization of a model of differential
susceptibility to obesity induced by standard and personalized cafeteria diet feeding. Physiol. Behav. 2015, 152, 315–322. [CrossRef]

36. Bernard, A.; Ancel, D.; Neyrinck, A.M.; Dastugue, A.; Bindels, L.B.; Delzenne, N.M.; Besnard, P. A preventive prebiotic
supplementation improves the sweet taste perception in diet-induced obese mice. Nutrients 2019, 11, 549. [CrossRef]

37. Maliphol, A.B.; Garth, D.J.; Medler, K.F. Diet-induced obesity reduces the responsiveness of the peripheral taste receptor cells.
PLoS ONE 2013, 8, e79403. [CrossRef]

38. Chen, K.; Yan, J.; Suo, Y.; Li, J.; Wang, Q.; Lv, B. Nutritional status alters saccharin intake and sweet receptor mRNA expression in
rat taste buds. Brain Res. 2010, 1325, 53–62. [CrossRef]

39. Casper, R.C.; Sullivan, E.L.; Tecott, L. Relevance of animal models to human eating disorders and obesity. Psychopharmacology
2008, 199, 313–329. [CrossRef] [PubMed]

40. Goldschmidt, A.B.; Jones, M.; Manwaring, J.L.; Luce, K.H.; Osborne, M.I.; Cunning, D.; Taylor, K.L.; Doyle, A.C.; Wilfley, D.E.;
Taylor, C.B. The clinical significance of loss of control over eating in overweight adolescents. Int. J. Eat. Disord. 2008, 41, 153–158.
[CrossRef]

41. Stafford, L.D.; Whittle, A. Obese individuals have higher preference and sensitivity to odor of chocolate. Chem. Senses 2015, 40,
279–284. [CrossRef]

42. Connolly, L.; Coveleskie, K.; Kilpatrick, L.A.; Labus, J.S.; Ebrat, B.; Stains, J.; Jiang, Z.; Tillisch, K.; Raybould, H.E.; Mayer, E.A.
Differences in brain responses between lean and obese women to a sweetened drink. Neurogastroenterol. Motil. 2013, 25, 579-e460.
[CrossRef]

43. Hajnal, A.; Norgren, R. Accumbens dopamine mechanisms in sucrose intake. Brain Res. 2001, 904, 76–84. [CrossRef]
44. Hakim, J.D.; Keay, K.A. Prolonged ad libitum access to low-concentration sucrose changes the neurochemistry of the nucleus

accumbens in male Sprague-Dawley rats. Physiol. Behav. 2019, 201, 95–103. [CrossRef]
45. Muscat, R.; Kyprianou, T.; Osman, M.; Phillips, G.; Willner, P. Sweetness-dependent facilitation of sucrose drinking by raclopride

is unrelated to calorie content. Pharmacol. Biochem. Behav. 1991, 40, 209–213. [CrossRef]
46. de Araujo, I.E.; Oliveira-Maia, A.J.; Sotnikova, T.D.; Gainetdinov, R.R.; Caron, M.G.; Nicolelis, M.A.L.; Simon, S.A. Food Reward

in the Absence of Taste Receptor Signaling. Neuron 2008, 57, 930–941. [CrossRef]
47. Cabanac, M. Physiological Role of Pleasure. Science 1971, 173, 1103–1107. [CrossRef]
48. Cabanac, M. Sensory Pleasure. Q. Rev. Biol. 1979, 54, 1–29. [CrossRef]
49. Laeng, B.; Berridge, K.C.; Butter, C.M. Pleasantness of a Sweet Taste during Hunger and Satiety: Effects of Gender and “Sweet

Tooth”. Appetite 1993, 21, 247–254. [CrossRef]
50. Berridge, K.C. Modulation of taste affect by hunger, caloric satiety, and sensory-specific satiety in the rat. Appetite 1991, 16,

103–120. [CrossRef]
51. Grill, H.J.; Roitman, M.F.; Kaplan, J.M. A new taste reactivity analysis of the integration of taste and physiological state information.

Am. J. Physiol. Integr. Comp. Physiol. 1996, 271, R677–R687. [CrossRef]
52. Johnson, P.M.; Kenny, P.J. Dopamine D2 receptors in addiction-like reward dysfunction and compulsive eating in obese rats. Nat.

Neurosci. 2010, 13, 635–641. [CrossRef]
53. Vucetic, Z.; Kimmel, J.; Reyes, T.M. Chronic high-fat diet drives postnatal epigenetic regulation of-opioid receptor in the brain.

Neuropsychopharmacology 2011, 36, 1199–1206. [CrossRef]
54. Volkow, N.D.; Wang, G.-J.; Tomasi, D.; Baler, R.D. Obesity and addiction: Neurobiological overlaps. Obes. Rev. 2013, 14, 2–18.

[CrossRef]
55. Arcego, D.M.; Krolow, R.; Lampert, C.; Toniazzo, A.P.; dos Santos Garcia, E.; Lazzaretti, C.; Costa, G.; Scorza, C.; Dalmaz, C.

Chronic high-fat diet affects food-motivated behavior and hedonic systems in the nucleus accumbens of male rats. Appetite 2020,
153, 104739. [CrossRef]

http://doi.org/10.1093/chemse/bjr048
http://doi.org/10.1016/S0149-7634(99)00072-X
http://doi.org/10.1152/ajpregu.00314.2011
http://doi.org/10.1016/j.phrs.2019.104487
http://www.ncbi.nlm.nih.gov/pubmed/31610229
http://doi.org/10.1016/j.jff.2015.02.040
http://doi.org/10.1371/journal.pone.0111232
http://doi.org/10.1016/j.physbeh.2015.10.001
http://doi.org/10.3390/nu11030549
http://doi.org/10.1371/journal.pone.0079403
http://doi.org/10.1016/j.brainres.2010.02.026
http://doi.org/10.1007/s00213-008-1102-2
http://www.ncbi.nlm.nih.gov/pubmed/18317734
http://doi.org/10.1002/eat.20481
http://doi.org/10.1093/chemse/bjv007
http://doi.org/10.1111/nmo.12125
http://doi.org/10.1016/S0006-8993(01)02451-9
http://doi.org/10.1016/j.physbeh.2018.12.016
http://doi.org/10.1016/0091-3057(91)90541-9
http://doi.org/10.1016/j.neuron.2008.01.032
http://doi.org/10.1126/science.173.4002.1103
http://doi.org/10.1086/410981
http://doi.org/10.1006/appe.1993.1043
http://doi.org/10.1016/0195-6663(91)90036-R
http://doi.org/10.1152/ajpregu.1996.271.3.R677
http://doi.org/10.1038/nn.2519
http://doi.org/10.1038/npp.2011.4
http://doi.org/10.1111/j.1467-789X.2012.01031.x
http://doi.org/10.1016/j.appet.2020.104739


Nutrients 2021, 13, 4474 17 of 17

56. Dutheil, S.; Ota, K.T.; Wohleb, E.S.; Rasmussen, K.; Duman, R.S. High-Fat Diet Induced Anxiety and Anhedonia: Impact on Brain
Homeostasis and Inflammation. Neuropsychopharmacology 2016, 41, 1874–1887. [CrossRef]

57. Blum, K.; Thanos, P.K.; Gold, M.S. Dopamine and glucose, obesity, and reward deficiency syndrome. Front. Psychol. 2014, 5, 919.
[CrossRef]

58. Achat, S.; Tomao, V.; Madani, K.; Chibane, M.; Elmaataoui, M.; Dangles, O.; Chemat, F. Direct enrichment of olive oil in oleuropein
by ultrasound-assisted maceration at laboratory and pilot plant scale. Ultrason. Sonochem. 2012, 19, 777–786. [CrossRef]

59. Hirai, M.; Kobori, R.; Doge, R.; Tsuji, I.; Saito, A. Efficient Concentration of Functional Polyphenols Using Their Interaction with
Gelatin. Foods 2021, 10, 698. [CrossRef]

60. Bonacci, S.; Paonessa, R.; Costanzo, P.; Salerno, R.; Maiuolo, J.; Nardi, M.; Procopio, A.; Manuela, O. Peracetylation as a strategy
to improve oleuropein stability and its affinity to fatty foods. Food Funct. 2018, 9, 5759–5767. [CrossRef]

61. Alirezaei, M.; Rezaei, M.; Hajighahramani, S.; Sookhtehzari, A.; Kiani, K. Oleuropein attenuates cognitive dysfunction and
oxidative stress induced by some anesthetic drugs in the hippocampal area of rats. J. Physiol. Sci. 2017, 67, 131–139. [CrossRef]

62. Sueishi, Y.; Nii, R. A comparative study of the antioxidant profiles of olive fruit and leaf extracts against five reactive oxygen
species as measured with a multiple free-radical scavenging method. J. Food Sci. 2020, 85, 2737–2744. [CrossRef] [PubMed]

63. Yoshida, R.; Margolskee, R.F.; Ninomiya, Y. Phosphatidylinositol-3 kinase mediates the sweet suppressive effect of leptin in
mouse taste cells. J. Neurochem. 2021, 158, 233–245. [CrossRef]

64. Kawai, K.; Sugimoto, K.; Nakashima, K.; Miura, H.; Ninomiya, Y. Leptin as a modulator of sweet taste sensitivities in mice. Proc.
Natl. Acad. Sci. USA 2000, 97, 11044–11049. [CrossRef] [PubMed]

65. Shigemura, N.; Ohta, R.; Kusakabe, Y.; Miura, H.; Hino, A.; Koyano, K.; Nakashima, K.; Ninomiya, Y. Leptin Modulates Behavioral
Responses to Sweet Substances by Influencing Peripheral Taste Structures. Endocrinology 2004, 145, 839–847. [CrossRef]

http://doi.org/10.1038/npp.2015.357
http://doi.org/10.3389/fpsyg.2014.00919
http://doi.org/10.1016/j.ultsonch.2011.12.006
http://doi.org/10.3390/foods10040698
http://doi.org/10.1039/C8FO01874J
http://doi.org/10.1007/s12576-016-0446-3
http://doi.org/10.1111/1750-3841.15388
http://www.ncbi.nlm.nih.gov/pubmed/32844426
http://doi.org/10.1111/jnc.15268
http://doi.org/10.1073/pnas.190066697
http://www.ncbi.nlm.nih.gov/pubmed/10995460
http://doi.org/10.1210/en.2003-0602

	Introduction 
	Materials and Methods 
	Animals and General Procedures 
	Diets 
	Oleuropein Supplementation 
	Body Mass Index 
	Serum Analyses 
	Behavioural Procedures 
	Two-Bottle Preference Test 
	Taste Reactivity Test 

	Statistical Analyses 

	Results 
	Effects of Diets on the Biometric, Food Intake, and Serum Parameters 
	Two-Bottle Preference Test 
	Sucrose Solution Intake and Preference 
	Total Fluid and Total Sucrose Intakes 

	Taste Reactivity Test 
	Correlations between Serum Leptin Levels and Sucrose Preference and Total Sucrose Intake 

	Discussion 
	Conclusions and Final Remarks 
	References

