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Abstract

Cafeteria diet (CAF) mimics human Western diet and has been used in animal models to study obesity. The purpose of this
study is to demonstrate that our CAF model induces metabolic disorder related to obesity and affects recognition memory
in Wistar rats. We also compared the intake of two different soft drinks, as part of the CAF, on recognition memory. Our
results demonstrate that CAF-fed rats increased weight gain and visceral adiposity, and exhibited hyperglycemia, hypertri-
glyceridemia, high leptin and low insulin plasma levels. Moreover, CAF animals showed higher lipid peroxidation in the
liver and developed non-alcoholic fatty liver disease. Surprisingly, the group fed with cola-based soft drinks presented an
improvement in recognition memory, whereas animals fed with orange-based soft drinks showed worse performance in this
task. Our data indicates that CAF induces obesity and affects recognition memory, but the composition of the diet interfere
when the neurological function is evaluated.

Keywords Diet-induced obesity - Object recognition test - Cola-based soft drink - Metabolic dysfunction - Oxidative
stress - Non-alcoholic fatty liver disease

Introduction

Obesity prevalence has increased worldwide at an alarm-
ing rate. This metabolic disorder is deeply associated with
conditions such as insulin resistance, diabetes, hepatic
steatosis, and chronic low-grade inflammation, as well as
with neurodegenerative diseases such as Alzheimer and
Parkinson [1-3]. In the central nervous system (CNS),
obesity-induced neuroinflammation is characterized by
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the activation of glial cells (microglia and astrocytes) and
it can affect different CNS functions [2]. In addition, the
blood brain barrier (BBB) is altered, causing an increase
in its permeability that can facilitate the entry of peripheral
immune cells such as lymphocytes enhancing neuroinflam-
mation [2, 4]. The hypothalamus is a brain region involved
in body weight regulation and energy balance and there is
strong evidence of neuroinflammation driven by obesity in
this region. However, other structures, like the hippocampus,
which is crucial for learning and memory, are also affected
[2, 4, 5]. The susceptibility of different brain regions can
explain the worst cognitive performance, memory decline
and high predisposition to neurodegenerative diseases found
in obese individuals [3, 6].

Thus, obesity is a major challenge for basic science and
clinical research, and different scientific models have been
created trying to mimic human obesity to better understand
this disease and to develop new treatment possibilities.
There is a range of commonly utilized animal models of
obesity. In rodents, we can highlight transgenic animals,
chemical and diet-induced models of obesity [7].

Cafeteria diet (CAF) has been widely used as a diet-
induced obesity model due to its capacity to cause metabolic
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dysfunction and related disorders, including a significant
shift on gut microbiota and decrease of its diversity [8]. To
simulate the Western diet, CAF has a variety of highly palat-
able energy-dense foods commonly used in human diet that
contain substantial amounts of salt, sugar and fat. However,
there is no consensus about the components of the CAF, and
we can find a diversity of food combinations in the literature,
which challenges the comparison of data obtained from this
diet-induced obesity model [9].

In the past few decades, the use of high sugar beverages,
such as soft drinks, has increased significantly [10]. Among
the commonly consumed sweet beverages, we can highlight
cola-based soft drinks that are also a source of other sub-
stances like caffeine. Caffeine is a psychoactive and its use is
correlated with a variety of risks and benefits. Low to mod-
erate doses of caffeine has been associated with alertness,
vigilance and attention. On the other hand, high doses of
caffeine increase tension and symptoms of anxiety. Regard-
ing memory, the results are still controversial [11].

In the present study, we aimed to demonstrate the CAF
ability to induce obesity and its associated metabolic and
cognitive dysfunctions. Since there is no consensus about
the effects of soft drinks on memory, we also sought to eluci-
date the effects of differential composition of CAF, by using
two different soft drinks (a cola-based vs. an orange-based
soft drink) on the long-term recognition memory of Wistar
rats.

Materials and Methods
Animals

Male Wistar rats from the animal facility of the Universidade
Federal de Ciéncias da Satude de Porto Alegre (UFCSPA)
were used. Animals had free access to standard rat chow and
water until the age of 3 months. They were kept in plastic

cages (2-3 rats per cage) under controlled temperature
(22-24 °C) and light (12 h light/12 h dark cycle) conditions.

All efforts were made to minimize animal suffering and
to reduce the number of animals used in the experiments,
which were performed in accordance with the international
laws for the care of laboratory animals, following the 3Rs
guidelines. All procedures were approved by the Institutional
Animal Care and Use Committee (UFCSPA, Brazil, protocol
No.536/17).

Diet and Experimental Groups

Three months-old rats were randomly divided into two
experimental groups: Control diet (CT, n=16) and cafete-
ria diet (CAF, n=20). After that, only for the object rec-
ognition (OR) test, a third group was added to the study.
This group also received the cafeteria diet, however the soft
drink offered was different. Thus, animals tested in the OR
received: cafeteria diet+ cola-based soft drink (n=10), or
cafeteria diet + orange-based soft drink (n=10). The special
diets for the groups CT, and CAF-cola or CAF-orange soft
drinks, were administered for 16 weeks. After that, only ani-
mals from CT and CAF-cola were euthanized to collect the
tissues used in all further assays.

CT group was fed with Nuvilab® CR-1 standard rat
chow (Nuvital®, Curitiba, PR, Brazil) providing a total
energy content of 3.4 kcal/g (63% carbohydrates, 26% pro-
tein, 11% fat). Animals from CAF group were fed, besides
the standard chow, with eight palatable human food items
with high energy content (Table 1): Salty snacks (Pastel-
ina®), cake, potato chips (Ruffles®), biscuits (Tortinhas®,
Isabela), cream wafer (Wafer Strawberry®, Isabela), sau-
sage (Alibem®), mortadella (Perdigdo®) and chocolate
(Top®). CAF-fed rats also had free access to standard rat
chow (Nuvital®, Curitiba, PR, Brazil), a soft drink (cola-
based soft drink (Coca-Cola®) or orange-based soft drink
(Fanta Orange®) and water ad libitum. On average, total
CAF energy content included 47,5% carbohydrates, 13,5%

Table 1 Composition of CAF

Serving size Calories (kcal) Total carbohy-  Protein Total fat
and energy content drate (2)
Cake 60 g 221 34 3.6 8.3
Salty snacks 25¢g 129 13 1.6 8
Biscuits 30g 152 20 2 7.1
Potato chips 25¢g 141 12 1.6 9.7
Cream wafer 30¢g 162 19 1 9.1
Sausage 50g 120 3 6 9.5
Mortadella 40¢g 113 24 4.8 9.4
Chocolate 25¢g 137 15 0.9 8.4
Orange-soft drink 200 ml 99 24 0 0
Cola-soft drink 200 ml 85 21 0 0
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protein and 39% fat, providing a total energy content of
around 4.4 kcal/g, plus 0.45 kcal/ml of soft-drink. Every day,
a variety of two high-energy content items, one sweat and
one salty, were mixed together and was provided in excess
quantities, items were changed daily to maintain novelty
(Table 2). CAF rats were fed immediately before the begin-
ning of the dark period. The leftovers of each food item
were weighed daily to determine food intake per cage. The
animals were weighed in the beginning of the experiment
and every week to determine weight gain.

Object Recognition Test

In the last week of diet administration, animals were submit-
ted to the object recognition test. The test was composed of
three phases divided in 3 days. On the first day, rats were
habituated in an acrylic box (40 cm x40 cm X 20 cm) con-
taining only shavings. Twenty-four hours after habituation,
the training session was conducted. Animals were placed
individually in the left rear quadrant of the box containing
two objects (A and B), and were allowed to freely explore
them for 5 min. The long-term memory retention test was
performed twenty-four hours after the training session. For
the test, each rat was reintroduced into the box where one
of the objects presented during training was replaced by a
new object (C). The exploration time of the familiar and new
object was measured. Exploration of an object was defined
as directing the nose towards the object at a distance < 2 cm
and/or when the animal touched the object with its nose [12].
Finally, the recognition index (RI) was calculated.

and stored at —20 °C for later analysis. The liver and visceral
fat were quickly removed and weighted. The right upper lobe
was used for histology and the remaining liver was frozen
for oxidative stress analyses.

Blood Analyses

To analyze serum levels of insulin and leptin, a commercial
kit (Millipore, USA) of an enzyme-linked immunosorb-
ent assay (ELISA) was used following the manufacturer’s
instructions. Serum levels of glucose, triglycerides and cho-
lesterol were also analyzed using colorimetric kits (Labtest,
Brazil), according to the manufacturer’s instructions.

Analyses of Oxidative Stress

To evaluate oxidative stress in the liver, the thiobarbituric
acid reactive substances (TBARS) method was used. This
assay quantifies low molecular weight compounds, predomi-
nantly malondialdehyde (MDA), which complex with thio-
barbituric acid (TBA). The amount of aldehyde products
generated by lipid peroxidation was quantified by the TBA
reaction, using 3 mg of protein/sample added to 1 mL of
thiobarbituric acid (0.67%) dissolved in 0.026 M Tris—HC1
buffer (pH 7.0). The absorbance of the supernatant was
determined at 535 nm using a spectrophotometer (Spec-
traMax M2€ Microplate Reader, Molecular Devices, MDS
Analytical Technologies, USA). The results were expressed
as nmol of malondialdehyde (MD) per milligrams of pro-

Time spent exploring the new object (C)

I=
Time exploring the familiar object (A) + time exploring the new object (C)

Tissue and Blood Collection

After 16 weeks of diet, animals from the groups CT and
CAF-cola were anesthetized with ketamine (100 mg/kg,
intraperitoneal) and xylazine (10 mg/kg, intraperitoneal),
the retro-orbital sinus blood was collected and the rats were
euthanized for tissue collection. The serum was obtained
after blood centrifugation (2500 RPM for 10 min at 4 °C)

Table 2 Diet options

Diet composition

Diet 1 Chow + salty snacks + cake + soft-drink + water

Diet 2 Chow + potato chips + biscuits + soft-drink + water
Diet 3 Chow + cream wafer + sausage + soft-drink 4+ water
Diet 4 Chow + chocolate + mortadella 4 soft-drink 4+ water

Items were weighted before and after consume to calculate the food
intake per cage. Items were mixed together and offered ad libitum

tein [13]. The protein concentrations in homogenates were
quantified using the Bradford method [14]. We also used the
Superoxide Dismutase Assay Kit (Cayman Chemical, USA)
in order to determine superoxide dismutase (SOD) activity.
SOD activity is represented by U/mL (one unit is defined as
the amount of enzyme needed to exhibit 50% dismutation of
the superoxide radical).

Histological Analyses

Liver tissues were fixed in Bouin’s solution and embed-
ded in paraffin. Serial sections of 3 pm were obtained and
stained in hematoxylin—eosin. Slides were analyzed using
a light microscopy (X 200 magnification) by two patholo-
gists which were blinded to experimental design. Evalua-
tion was performed based on the score system described
by Kleiner et al. which considers the presence of steatosis
(<5%=0; 5-33%=1; 33-66%=2;>66%=23), cellular
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ballooning (none =0; few balloon cells =1; many cells/
prominent ballooning =2) and lobular inflammatory infil-
trate (none =0; <2 infiltrates=1; 2—4 infiltrates=2;>4
infiltrates =3) [15].

Statistical Analyses

Data were expressed as mean + SEM and analyzed by Stu-
dent’s t test. GraphPad Prism 5.0 was used for the statistical
analyses. The significance level was set at p <0.05.

Results

Both CAF groups ingested 27% more kcal than the CT
group, irrespective they received cola or orange-based soft
drinks. Each rat drank, on average, 47 mL of cola soft drink,
and the group that received orange beverage had on average
58 mL daily (data not shown).

Animals from CAF group showed a higher weight gain
than CT animals (t=2.971, df =15, p=0.009, Fig. 1a). The
amount of visceral adipose tissue was also higher in CAF-
fed animals (t=3.137, df =18, p=0.005, Fig. 1b). As shown
in Fig. 2, CAF induced hyperglycemia (t=3.008, df =12,
p=0.01, Fig. 2a) and hypertriglyceridemia (t=2.291,
df=11, p=0.04, Fig. 2b). Metabolic features of obesity
were also noticed by the increase in leptin levels in the CAF
group (t=2.366, df =10, p=0.03, Fig. 2d). However, insulin
plasma levels were lower following CAF in comparison to
CT group (t=3.002, df =12, p=0.01, Fig. 2¢), which may
indicate deterioration of the pancreatic function caused by
obesity. Altogether, these results confirm the development
of obesity in CAF-fed rats.

Oxidative stress parameters were evaluated in the liver,
since it is an important metabolic organ (Fig. 3). We found
an increase in malondialdehyde formation, which is a marker
of lipid peroxidation, in CAF-fed rats (t=2.730, df =10,
p=0.02, Fig. 3a). On the other hand, SOD activity was simi-
lar between CT and CAF-fed animals (t=0.4754, df=11,
p=0.64, Fig. 3b). Thus, CAF induced an increase in lipid
peroxidation but the antioxidant defenses did not counteract
the oxidative stress. These findings reinforce that obesogenic
diet leads to an imbalance in oxidative status in the liver.

Pathological analyses of liver tissue showed intense
hepatocyte steatosis (score =3) and cellular ballooning
(score =2) following CAF as presented in Fig. 4. No inflam-
matory infiltrate was seen in the liver sections. These find-
ings are compatible with non-alcoholic fatty liver disease
(NAFLD) and a high susceptibility to the development of
non-alcoholic steatohepatitis (NASH).

The object recognition test was chosen to assess long-
term memory. Surprisingly, we found a higher recognition
index in CAF group (t=2.861, df=11, p=0.01, Fig. 5a) that
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Fig. 1 Effects of CAF on weight gain and visceral adipose tissue. a
CAF-fed rats presented significantly higher weight gain when com-
pared with control group. b The total weight of visceral adipose tis-
sue is increased in CAF-fed rats when compared with control group.
Data are expressed as mean+ SEM. CAF, cafeteria diet+ cola-based
soft drink (n=20); CT, control diet (n=16); *p <0.05

received cola-based soft drink, showing that CAF + cola-
based soft drink improved recognition memory. In a differ-
ent cohort of rats, the soft drink offered to the animals was
replaced by an orange-based soft drink. In this group, the
results were the opposite, CAF-fed animals showed impair-
ment in the recognition memory (t=2.783, df =18, p=0.01,
Fig. 5b).

Discussion

Obesity is a public health issue characterized by a low-grade
inflammation that affects numerous tissues and leads to
higher risks of developing disorders such as insulin resist-
ance, hyperlipidemia, non-alcoholic fatty liver diseases,
hypertension, cardiovascular dysfunction, as well as neu-
rodegenerative disorders [1, 3]. The increased prevalence
of obesity is related to lifestyle changes, including the con-
sumption of hypercaloric diets rich in fats and carbohy-
drates. To study the effects of this dietary pattern on health,
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0.0 and striatal BBB are unaffected [4]. The hippocampus is a
CT CAF crucial brain area for learning and memory, and it is highly

Fig.3 Liver oxidative stress markers following CAF. a CAF-group
showed an increase in TBARS, which indicates lipid peroxida-
tion in the liver of obese rats. a Superoxide dismutase activity did
not change between CT and CAF groups. Data are expressed as
mean + SEM.CAF cafeteria diet+ cola-based soft drink (n=20); CT
control diet (n=16); SOD superoxide dismutase, TBARS thiobarbitu-
ric acid reactive substances; *p <0.05

susceptible to dietary insults [2, 5]. For instance, after only
10 days of exposure to Western diet, there was a decrease in
the hippocampal GLUT1 that supports glucose transport into
the CNS and this was associated with learning and memory
deficits [18].

Different mechanisms were identified as being able to
alter cognitive function in obesity, including reduced levels
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Fig.4 Histological analysis of the liver. Hematoxylin—eosin stain-
ing of CT a and CAF-fed rats b. Hepatocyte steatosis (score=3) and
cellular ballooning (score=2) are evident in the liver of CAF group.
Arrows indicate steatosis (S) and ballooning (B). CAF cafeteria
diet+ cola-based soft drink (n=20); CT control diet (n=16); calibra-
tion bars =100 um

of brain-derived neurotrophic factor, altered glutamatergic
signaling, impaired insulin regulation and TNF-a overex-
pression [5]. Insulin administration can improve memory, as
demonstrated by an enhancement in the passive avoidance
task in rats. However, the induction of hippocampal-specific
insulin resistance can compromise the synaptic plasticity,
which impairs spatial learning and memory [19]. Another
important factor that can influence the object recognition
(OR) test is the action of leptin, which was elevated in the
CAF group in the present study. It has been demonstrated
that increased levels of leptin in the brain can impact learn-
ing and memory, and the hippocampus has the highest syn-
thesis of its receptors in the CNS. Studies propose that leptin
modulates plasticity in learning and memory based behavio-
ral tasks, so that obese rodents with deficiency of its recep-
tors show impairments in hippocampal long-term poten-
tiation (LTP), which is responsible for memory formation
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Fig.5 Effects of different soft-drinks on long-term recognition mem-
ory. a CAF-fed rats that consumed a cola-based soft drink showed
significantly higher recognition index when compared to CT group.
b CAF-fed rats that consumed an orange-based soft drink showed sig-
nificantly lower recognition index when compared to CT group. Data
are expressed as mean+SEM. n=10 per group. CAF cafeteria diet,
CT control diet; *p <0.05

[20]. Our results in the OR test show that CAF-fed rats, that
received different soft drinks, presented distinct outcomes.
Surprisingly, the rats who had free access to cola-based bev-
erage had a better performance on the object recognition
test, indicating that cola beverage improved CAF-fed rats
recognition memory.

One important component of cola based soft drinks is
caffeine, which is one of the most widely consumed supple-
ments in the world [21]. Caffeine is able to cross the BBB
[22] and exerts its effects acting as an antagonist of Al and
A2 adenosine receptors. Al receptors are located in all parts
of the brain with higher concentrations in the hippocam-
pus, cerebral and cerebellar cortices, and certain thalamic
nuclei, whereas A2 subtypes are located in the dopamine-
rich regions of the brain [23]. As an adenosine receptor
antagonist caffeine can promote excitation of striatonigral
neuronal projections and reduce inhibitory signals to stri-
atopallidal neurons [11].

Recent studies indicate the risks related to the ingestion
of soft drinks. For instance, soft drinks containing sodium
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benzoate (SB), a commonly used food preservative, can
impair memory and motor coordination [24]. Pase et al. also
linked the cumulative intake of artificially sweetened soft
drinks with a higher risk of stroke and dementia in humans
[25]. Furthermore, the consumption of soft drinks contain-
ing sugar and caffeine is capable of causing worse sleep
pattern and quality, especially in students [26]. On the other
hand, in healthy human subjects, caffeine has shown to pos-
sess positive effects on long-term retention by enhancing
memory consolidation [27]. In obese individuals, the appar-
ent volume of distribution of caffeine is increased by 60%,
but obesity has no effect on caffeine clearance and seems to
prolong its half-life by 31-69% [28]. Hameleers et al. also
observed that habitual caffeine consumption was associated
with better long-term verbal memory [29]. In addition, it was
shown that sucrose ingestion caused memory impairment,
while rats receiving sucrose combined with caffeine exhib-
ited a cognitive performance similar to control group [30].
These findings indicate that caffeine may protect against
sucrose-evoked cognitive impairments, which corroborate
with our results. Also, Alzoubi et al. found that caffeine
prevents short and long-term memory impairments induced
by chronic l-methionine administration. Authors infer that
caffeine would be able to preventing reduction in antioxidant
protection mechanisms in the hippocampus, during chronic
I-methionine administration [31]. Here, CAF-fed rats had
higher levels of lipid peroxidation in the liver and it was not
affected by the cola-based soft drink consumption.

It is well established plasma levels of leptin are pro-
portional to body fat content. Accordingly, we showed the
amount of visceral adipose tissue as well as the plasma
levels of leptin are higher in CAF-fed animals. Leptin has
an inhibitory effect on insulin synthesis. Insulin pancreatic
secretion leads to lipid storage and leptin production in the
adipocytes, generating a regulatory process between [3-cells
and adipocytes. The administration of leptin reduces circu-
lating insulin levels in inheritable obese phenotype mouse,
and simultaneously leads to acute increase in blood glucose
levels [32]. In our study we verified CAF induced hypergly-
cemia and decreased insulin plasma levels. Thus, the lower
insulin levels may be caused by increased leptin, but it also
might be a result of pancreatic dysfunction, since CAF
model is highly obesogenic [33]. Inflammatory processes
are usually supposed to be a consequence of obesity. In fact,
chronic inflammation in adiposity can lead to insulin resist-
ance and other obesity-related issues, denominated meta-
bolic syndrome. Although, the source of this inflammatory
event is not known, studies have evidenced that oxidative
stress could be involved in pro-inflammatory status [34].

Oxidative stress is the most important event leading to
complications in diet-induced obesity in rats. It has been
demonstrated that oxidative stress caused by a high fat diet
increases glucose intolerance and insulin resistance, and

also rises plasma and tissues levels of oxidative stress mark-
ers [1]. Hypercaloric diets can lead to oxidative stress by
increasing lipid peroxidation. Moreover, the fat consump-
tion may modify cellular levels of pro and antioxidant sub-
stances, making cell membranes more susceptible to oxida-
tion reactions [35]. It was previously demonstrated that CAF
increased lipid peroxidation in the liver, testicles and kidney
[16]. Ulla et al. also showed that obesity rises lipid peroxida-
tion in hepatic tissues, as expressed by increased levels of
MDA [1]. These studies are in accordance to our results, in
which CAF-fed rats had higher levels of lipid peroxidation
in the liver.

As mentioned before, obesity is an important risk factor
for increasing lipid peroxidation and decreasing the activity
of cytoprotective enzymes. Thus, CAF can induce inflam-
mation, steatosis and fibrosis in the liver. Ulla et al. demon-
strated, by histological analysis, that high carbohydrate and
fat diet induced obesity in rats, and the animals presented
inflammatory cells infiltration in the liver and lipid accu-
mulation in hepatocytes [1]. Parafati et al. demonstrated the
presence of liver fibrosis in CAF treated rats [36]. It corrobo-
rates with our histological evaluation of the liver, showing
the presence of low lobular inflammatory infiltrate, hepa-
tocellular ballooning and intense steatosis in CAF-fed rats,
characterizing a nonalcoholic steatohepatitis (NASH). Thus,
our results showed that 16 weeks of CAF is able to induce
NASH which corroborates with previous studies, indicating
that CAF is an important model to study fatty liver diseases.

Milagro et al. showed a correlation between hepatic lipid
peroxidation and serum leptin levels, suggesting a possible
link between adipose tissue and liver [34]. Leptin leads to
insulin resistance and hepatic disease in both, cell cultures
and animal models, by activating the transforming growth
factor P axis and stellate cells. Serum leptin is related to liver
steatosis, but not fibrosis, in NASH [37]. Our results show an
increase in serum leptin levels in the CAF group, confirming
its possible correlation to our histological findings.

In summary, CAF induced an increase in weight gain
and visceral adiposity, as well as, hyperglycemia, hypertri-
glyceridemia, and increased leptin levels, proving that this
model is consistent to induce obesity in rats. We also found
increased lipid peroxidation in the liver and pathological
characteristics of NAFLD. Based on our findings, cola-
based soft drink could provide an improvement in recogni-
tion memory of obese animals. Conversely, an orange-based
soft drink used as part of CAF showed opposite results. It
suggests caffeine may protect the CNS from the declarative
memory decline caused by obesity. However, more stud-
ies are necessary to assess the benefits of caffeine supple-
mentation in obese subjects. Thus, besides being a widely
used model for the study of brain function in obesity, the
composition of the CAF should be taken into account when
analyzing the neurological impact of this hypercaloric diet.
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