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Abstract
Introduction: In this systematic review, we analysed studies that assessed
the brown adipose tissue (BAT) activity in the high-fat/cafeteria diet model
of obesity in rats.
Material and methods: Scopus, PubMed, Embase, and ScienceDirect databases were searched from January 2017 to November 2017. Using specific
combinations of medical subject heading (MeSH) descriptors, seven papers
remained after the inclusion and exclusion criteria.
Results: Most papers showed an increase in BAT thermogenesis in rodents
fed high-fat/cafeteria diet. Some studies did not mention the diet composition or housing temperature, and the most of them investigated the thermogenesis superficially, being limited to the analysis of the UCP 1 expression.
Conclusions: Despite the consolidated use of high-fat/cafeteria diets as
a model to induce obesity, the identification of the energy expenditure arm
has been slow, especially the direct quantitative assessment of the contribution of BAT to the increase in metabolic rate in rats fed a cafeteria/high-fat
diet.
Key words: rats, high-fat diet, brown adipose tissue, thermogenesis,
cafeteria diet.

Introduction
The global prevalence of overweight and obesity continues to rise
worldwide [1]. This situation has made studies to search for novel preventions and/or treatments an urgent matter. Although the role of fat in
human obesity remains contested, models of diet-induced obesity have
been preferentially used.
One of the first studies using the high-fat diet to induce obesity by
nutritional intervention was published in 1959 [2]. Subsequent studies
have shown that high-fat diets promote an increase in body weight,
white adipose tissue, and insulin resistance, among others [3, 4], becoming one of the most widely used models to mimic human obesity.
Because recent evidence has shown that the adult human body also
contains functionally distinct brown adipose tissue (BAT), this organ has
garnered attention as a therapeutic intervention for obesity and metabolic diseases [5]. Due to its main function of oxidising fuels and dissipating energy in the form of heat, BAT has been recognised as an important and natural anti-obesity tool [5, 6].
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For this review, only experimental studies using
animals and with full text papers published in the
last 5 years (2012–2017) were included. Studies
that included more than one type of intervention
(e.g. housing temperature, physical exercise, etc.)
were included if they owned an experimental
group only in the use of HFD. Papers were excluded
if they used diets rich in good quality fat (e.g. polyunsaturated) or used another type of diet. Also,
the non-original reviews and the clinical studies
with humans or non-mammalian animal articles,
or those studies that investigated the outcomes in
maternal or neonatal period, were excluded.

Outcome measures (dependent variables)
Diet-induced thermogenesis measured by expression of genes related to thermogenesis. Another outcome of interest was the browning of
white adipose tissue measured by gene expression or histology analysis.

Systematic review process
Titles and abstracts were assessed for full text
retrieval (Perez G.S.). Full text articles were assessed against the inclusion and exclusion criteria by two independent reviewers (Perez G.S. and
Cordeiro G.D.S.). To help organise the different

Identification

Eligibility criteria

Seven studies [8–14] were selected after all the
eligibility criteria were met (Table I). Regarding the
location in which the studies were carried out,
two were from Japan, and the others were from
Spain, the United States of America, Sweden,
Germany, and Canada. Four of these studies used
the C57BL/6J mice as an animal model for diet-induced obesity, and the others used NMRI strain
mice, Wistar rats, or Sprague-Dawley.
One important measure for studies that investigate BAT activity, the housing temperature, was
not mentioned in two of the papers. The others
used 22–23°C, and one also checked the diet-induced thermogenesis in rats in the thermoneutral
zone (30°C) and at 4°C. Only one study was carried out using female mice, while six used male
animals.
Regarding the samples, most of the articles
(four) did not mentioned the number of animals
per group. The remaining used around eight animals per experimental group. The diet composition was very different between all the studies.
The proportion of calories from fat was 20% and
63% with HFD diet and cafeteria diet, respectively.
Another important variable in the diet composition
was the amount of fat in control diets, at around
10%. However, two studies [11, 12] did not clarify
the composition of the control diet, and only three

Screening

This systematic review was conducted from
January 2017 to November 2017, using four databases: Scopus, PubMed, ScienceDirect, and
Embase. The following combination of medical
subject heading (MeSH) descriptors was used:
high-fat diet OR cafeteria diet AND Thermogenesis OR Brown Adipose Tissue OR Bege adipose
tissue OR Browning.
The first phase of the search and selection of
articles were carried out by reading of the title and
abstract. Articles in accordance with the eligibility
criteria were included in the next screening phase.
In the second phase, the selected papers were
read in full, and those that fully met the criteria
established in this review were included.

Results

Eligibility

Material and methods

phases of this research, we used the PRISMA flow
diagram (Figure 1) [7].

Included

Therefore, the renewed interest in BAT thermogenesis as a key component of energy balance to
reduce obesity intensifies the debate about whether BAT thermogenesis burns off excess calories in
a state of positive energy balance to maintain energy homeostasis, neglecting important changes that
may interfere in the results of these studies. Thus,
the aim of this review is to investigate the influence
of the high-fat diet (HFD)-induced obesity model in
brown adipose tissue thermogenesis.

Records identified
through database
searching
(n = 4391)

4365 papers were
excluded after the
title and abstract
reading
(n = 26)

Full-text articles
assessed for
eligibility
(n = 8)

Full text articles
available and
included in
quantitative
synthesis
(n = 7)

Full-text articles
excluded, with reason
(7 ‘duplicate articles’,
6 for ‘not an outcome’,
3 for ‘health fat diet
or other diets’, 1 for
‘not original paper’)

Figure 1. Adapted PRISMA flow diagram [7] syste
matic search and review process
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C57BL/6J mice and
ICR mice
Ht: 23 ±1°C

Sprague-Dawley
Ht: 22–23°C

C57BL/6J Mice
Ht: not mentioned

Ohtomo
et al., 2017
Japan

Madden CJ,
Morrison SF,
2016
USA

RobertsToler et al.,
2015
USA

NMRI Mice
Ht: 4°C, 22°C or
30°C

Wistar rats
Ht: not mentioned

García-Ruiz
et al., 2015
Spain

Hansen
et al., 2014
Sweden

Animal species
and housing
temperature

Reference
and location

Gender: male
Control n: 6
Cafeteria diet n: 6
HFD n: 6
Age: 6 weeks old

N: not mentioned
Age: 6 weeks

N: not mentioned
Age: not mentioned
Gender: male and
female

N: not mentioned
Gender: male
Age: 10 weeks

Control n: 6
Cafeteria n: 6
HFD n: 7
Gender: male
Age: 2 months

Sample (n)
Gender
Age

Table I. Characteristics and protocols of the studies

4 months of intervention

2, 4, or 20 weeks
of intervention

60 days of intervention

The intervention started with
6 weeks of age. At 16 weeks
mice were maintained on
either normal chow diet, with
21% kcal from fat, or HFD,
with 60% kcal from fat

3 weeks of intervention

Low-fat diet (LFD):
3.85 kcal/g
Carbohydrate:70%
Fat: 10%
Protein: 20%
High-fat diet:
5.24 kcal/g
Protein: 20%
Carbohydrate: 60%
Fat: 20%
Control diet:
10% kcal from fat
High fat diet:
45% kcal
Control diet:
Fat:10% kcal
Carbohydrate: 70%
HFD:
Fat: 60% kcal Carbohydrate:
20%
At 16 weeks: control diet with
21% kcal from fat, or HFD, with
60% kcal from fat
Control diet?
Cafeteria diet?
HFD:
Fat: 45% kcal

Intervention protocol

Calories from fat:
Control diet: 10%
HFD: 60%
Cafeteria diet: 62%

Diet composition

Both cold-acclimated (4°C and 22°C) and high-calorie-dietadapted mice displayed increased UCP-1 mRNA levels

The inter-scapular BAT (iBAT) from HFD mice was larger, both
in absolute terms, and when normalized to body weight.
Expression of UCP1, was several orders of magnitude higher
in iBAT compared to perigonadal white adipose tissue

The maintenance on a high fat diet markedly reduces the
cooling evoked increases in BAT sympathetic nerve activity
and BAT thermogenesis observed in rats on a control diet

In C57BL/6J mice fed HFD for 2–4 weeks, carnitine palmitoyl
transferase 2 (Cpt2), acyl-CoA thioesterase (Acot) 2, Acot11,
and Ucp1 levels were significantly increased compared with
baseline and control LFD-fed mice

The use of both HFD produced increased mRNA expression
of Ucp1, Cidea, and PgC1a. Dietary treatment also affected
gene expression of BAT markers in white adipose tissue,
with a generally greater impact of the cafeteria versus the
commercial HFD

Outcomes
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C57BL/6NTac Mice
Ht: 22°C

Wistar rats
Ht: 23°C

C57BL/6J mice
Ht: 22 ±2ºC

Weiner J
et al., 2017
Germany

Wu WV
et al., 2014
Canada

Yoneshiro T
et al.,
Japan

Chow diet n: 8
HFD n: 11
Gender: male
Age: 3 weeks

N: not mentioned
Gender: male
Age: not mentioned

Female
HFD n: 8
High sugar n: 8
Low glycaemic n: 8
Age: 10 weeks

Sample (n)
Gender
Age

Intervention protocol

12 weeks of intervention

The animals were
divided into:
Sedentary fed a LFD
Endurance trained fed a LFD
Sedentary fed a HFD
Endurance-trained fed a HFD
All the interventions were
8 weeks long
17 weeks of dietary treatment

Diet composition

Control diet?
High fat: 60 kJ% fat
High sugar: 10 kJ% fat, 63%
sucrose or
Low glycaemic: 10 kJ% fat
LFD: 10, 70, and Fat: 10%
Carbohydrate: 70%
Protein: 20%
HFD groups:
Fat: 59.9
Carbohydrate: 20.1
Protein: 20%
Chow diet:
Protein: 24.2%
Fat: 4.5%
Carbohydrates: 51.9%
HFD:
Protein: 23%
Fat: 35%
Carbohydrate: 25.3%

In the iBAT, the UCP1 and COX IV gene expressions were
unaffected significantly by the HFD feeding

Western blotting analysis revealed that in iBAT and aortic BAT
of Sedentary (Sed) HFD rats, the contents of PgC1a and UCP-1
were significantly increased when compared with Sed LF rats.
Besides HF-diet-induced increased presence of multilocular
brown-like adipocytes in inguinal adipose tissue, the content
of proteins involved in thermogenesis and the oxidative
capacity of the tissue was reduced by 78% (PgC1a), was
almost undetectable (UCP-1), or no alterations were found

The Ucp1 levels were slightly upregulated after both
obesogenic diets

Outcomes

Data are described as they were originally published. Ht – housing temperature, HFD – high-fat diet, Ptn – protein, UCP1 – uncoupling protein 1, Cidea – cell death activator, PgC1a – peroxisome proliferator-activated receptor
gamma coactivator 1a.

Animal species
and housing
temperature

Reference
and location

Table I. Cont.
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[9, 13, 15] informed about the total composition
of carbohydrate, protein, and fat of the diet.
Regarding the intervention protocol, the animals were exposed to HFD or cafeteria diet for
2 weeks [9], 3 weeks [11], 4 weeks [9], 8 weeks
[13, 16], 10 weeks [10], 12 weeks [12], 16 weeks
[8], 17 weeks [15], and 20 weeks [9]. Despite
all the methodological differences, five studies
verified increased brown adipose tissue activity in animals that consumed a HFD or cafeteria diet, and this measure was basically verified
through the increased messenger ribonucleic acid
(mRNA) expression of classical brown adipocyte
genes in BAT, specially the uncoupling protein 1
(UCP-1).

Discussion
The animal models of obesity, obtained by the
introduction of a high-fat diet, are widely used
because this template reflects similar metabolic
changes to those found in human obesity [17].
A better understanding if this kind of diet can
stimulate thermogenesis and is crucial to affirm
its real role in the genesis of obesity. Thus, this review investigated the influence of a HFD-induced
obesity model in brown adipose tissue thermogenesis.
Observing the location of the studies, there is
a predominance of experiments carried out on the
European continent. However, the growing interest in the thermogenic properties of brown adipose tissue is noticeable in all parts of the world.
The animal species most used in the studies
were C57BL/6J mice, a genetic model for variation
in diet-induced obesity [18]. Because under-reporting is an important bias in epidemiological
studies on diet and obesity in human subjects,
animal models have been widely utilised for experiments on dietary obesity. Both rats and mice
provide ideal animal models for biomedical research and comparative medicine studies because
they have many similarities to humans in terms of
anatomy and physiology. Rats, mice, and humans
each have approximately 30,000 genes of which
nearly 95% are shared by all three species [19].
In this review, we observed that three of the
studies did not mention the housing temperature.
This information is crucial once BAT is activated
by sympathetic noradrenergic stimuli and cold is
the main physiological stimuli to this noradrenergic activation [5]. Despite the fact that most of the
facilities for rats and mice are operated at a temperature of 20–24°C [20], the rodent thermoneutral zone is between 26°C to 34°C [21]. It means
that the temperatures usually used to house the
rodents may stimulate BAT thermogenesis. Because the ambient temperature in which rats are
maintained is normally below their thermoneu-
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tral zone, their cooling-induced activation of BAT
makes an important contribution to their overall
energy expenditure.
One of the pioneering studies on diet-induced
thermogenesis [22] observed that cafeteria-diet-fed rats in 29°C housing temperature did not
show an increase in BAT activity, whereas those
exposed to a temperature of 24°C had an increase in UCP-1 expression. One of the eligible
papers found in this systematic review [11] observed that both cold-acclimatised (4°C and 22°C)
and high-calorie-diet-adapted mice displayed increased UCP-1 mRNA levels, pointing out a possible inadequacy in the housing temperature used
in experiments with rodents, especially those
aimed at inducing obesity.
Madden [23] also checked the effect of HFD on
the sympathetic activation of BAT through cold
defensive activation of BAT in rats. They observed
that maintenance on HFD markedly reduces the
cooling-evoked increases in BAT sympathetic nerve activity and BAT thermogenesis in rats.
This reduction in BAT activity is dependent on the
glutamatergic excitation of nucleus of the tractus
solitarii neurons by a population of vagal afferents. Thus, consumption of HFD enhances a vagal afferent mechanism that chronically reduces
BAT energy expenditure and thereby contributes
to high-fat obesity. Therefore, it is important not
only to adjust the temperature currently used in
research laboratories, but also to mention this in
the articles, especially those that aim to observe
BAT thermogenesis.
Most of the selected articles in this review used
male animals, and one also used females. Probably this preference may be related to the existing biological structure between the sexes. It has
been justified due to the variable nature of female
data caused by hormonal fluctuations associated with the female’s reproductive cycle, in spite
of a lack of data in support of this position [24].
The amount of hormone is related to metabolic
alterations such as leptin and adiponectin, and it
is higher in females, thus influencing the food and
energy intake, as well as weight gain interference.
A review paper published in 2010 showed that
male mice and rats are introduced as ‘gold standards’ for studying dietary obesity [25]. This might
be because of the oestrous cycle of the female animals, which is repeated every 4–6 days and can
affect the food intake of the animal during this
period [26].
In fact, Roca et al. [27] observed that, although
cafeteria-fed female rats had an increase in BAT
mass, which may be related an increase of cell
size due to enhanced lipid deposition, there was
no increase of the thermogenic potential per gram
of tissue. Similar results were found by Oliver
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et al. [28], where the high-fat fed females had no
increase in UCP-1 expression in BAT despite the
overweight and high levels of serum leptin. Failure
to activate BAT could be the reason for the higher
body weight gain of female rats compared with
males. However, both papers found in this review
had increased BAT activity after HFD feeding, even
in female animals.
Five of the selected papers showed increased
BAT thermogenesis despite all methodological
differences. The main parameter measured to
determine the activity of BAT was the expression
of UCP-1, a protein that facilitates proton re-entry into the mitochondrial matrix, circumventing
adenosine triphosphate (ATP) synthase. Specific
UCP-1 amounts per milligram of BAT tissue or per
milligram of total protein might reflect absolute
changes in total body UCP-1 mass quite well [29].
Other proteins are also expressed abundantly in
mouse BAT and were investigated in this review’s
papers as Cidea, a member of a novel family of
proapoptotic proteins, and PgC1a, the master regulator of UCP1-mediated thermogenesis in BAT
[30]. Because BAT is densely packed with mitochondria and requires fatty acid oxidation to fuel
heat generation, and the mitochondrial long chain
fatty acid b-oxidation requires successive carnitine acyltransferases to translocate acyl-CoAs
from the cytoplasm into the mitochondrial matrix,
one study also analysed the gene expression of
Cpt2, Acyl CoA, and Acot11 [9].
The analysed studies demonstrated the effect
of HFD in promoting adaptive thermogenesis in
rodents, regardless of diet composition. Although
all studies used HFD, the percentage of this nutrient varied considerably, as well the other macronutrients. The diet composition can directly influence the energy balance, being the diet-induced
thermogenesis dependent on the distribution
of carbohydrates, proteins and lipids, reaching
5–15% of the energy expenditure [31].
Usually HFD within the range of 30–78% of total energy intake are used for studying obesity in
rats and mice [32] by adding a particular fat to
the animal’s diet or using a variety of highly palatable, energy-dense foods that are prevalent in
Western society (cafeteria diet). In this review, the
proportion of calories from fat found was among
20% and 63%. Even with only 20% of the caloric
contribution from fat, there was a change in the
brown adipose tissue activity probably in response
to fat overload.
The characteristics of the used diets differed
within and between laboratories in macronutrient
composition and energy density. Two studies did
not clarify the composition of control diet, and
only two informed about the total composition
of carbohydrate, protein, and fat of the diet. It is

known that this difference in the diet composition
might reflect the current food pattern, nutritionally unbalanced, rich in high-calorie content, increasing the risk for chronic diseases in adults [33,
34]. However, despite being a high-fat diet model,
not only fat is used to generate heat, but also carbohydrate and protein increase the BAT thermogenic capacity [35]; therefore, this could have confounding effects arising from comparisons made
with the high-fat/cafeteria diets.
Thus, even consuming HFD for short periods, it
is possible to check for increased thermogenic activity of brown fat, which explains the reduction in
adiposity expected from the level of energy intake.
This concept should be taken into consideration
when a diet-induced obesity mouse model is used
in studies. While there has been significant progress in understanding how food intake is regulated, the identification of the energy expenditure
arm has been slow, specially the direct quantitative assessment of the contribution of BAT to the
increase in metabolic rate in rats fed a cafeteria/
high-fat diet.
Given the great and consolidated use of highfat/cafeteria diets as a model to induce obesity,
as well the emergency to understanding the role
of BAT as a new target to combat obesity, it is extremely urgent to verify the role of these diets in
the activity of brown adipose tissue.
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