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Abstract
Overweight and obesity are a worldwide public health problem. Obesity prevalence has increased considerably,
which indicates the need for more studies to better understand these diseases and related complications. Diet
induced-obesity (DIO) animal models can reproduce human overweight and obesity, and there are many protocols
used to lead to excess fat deposition. So, the purpose of this review was to identify the key points for the induction of
obesity through diet, as well as identifying which are the necessary endpoints to be achieved when inducing fat gain.
For this, we reviewed the literature in the last 6 years, looking for original articles that aimed to induce obesity through
the diet. All articles evaluated should have a control group, in order to verify the results found, and had worked with
Sprague–Dawley and Wistar rats, or with C57BL-/-6 mice strain. Articles that induced obesity by other methods, such
as genetic manipulation, surgery, or drugs were excluded, since our main objective was to identify key points for the
induction of obesity through diet. Articles in humans, in cell culture, in non-rodent animals, as well as review articles,
articles that did not have obesity induction and book chapters were also excluded. Body weight and fat gain, as well
as determinants related to inflammation, hormonal concentration, blood glycemia, lipid profile, and liver health, must
be evaluated together to better determination of the development of obesity. In addition, to select the best model
in each circumstance, it should be considered that each breed and sex respond differently to diet-induced obesity.
The composition of the diet and calorie overconsumption are also relevant to the development of obesity. Finally, it is
important that a non-obese control group is included in the experimental design.
Keywords: Obesity, High-fat diet, Obesogenic diet, Animal model, Inflammation
Introduction
Obesity is a global public health issue with high prevalence in all age groups [1, 2]. It generates a considerable social and economic impact, since it affects people’s
health and quality of life [2]. Classically, obesity is defined
as a visceral and subcutaneous lipid accumulation and
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body weight gain that may impair health [3, 4]. However, it is frequent to be accompanied by the deposition
of lipids (ectopic fat) in non-adipose tissues, such as the
liver [5].
The treatment and prevention of obesity involves the
control of body weight and adiposity through a negative
energy balance in which both, diet and physical activity,
are important. But, due to changes in people’s lifestyles,
with less physical activity and shifts in eating behavior,
the study of alternatives for the treatment of obesity, such

© The Author(s) 2021. This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material
in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material
is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the
permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativeco
mmons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/
zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

de Moura e Dias et al. Diabetol Metab Syndr

(2021) 13:32

as functional foods, and bioactive compounds, is gaining
increasing relevance [2].
Obesity rates are increasingly higher [1, 2], which indicates that the strategies currently used are insufficient
to control this disease, and that preclinical studies with
this disease are still necessary [6]. To study the development of obesity and its risk factors, researchers use
diet-induced obesity animal models, since these models
reproduce with greater reliability human obesity in comparison with genetic models [7]. In addition, studies with
animal models are carried out under controlled conditions, which facilitates the understanding of the results.
This article aims to evaluate diets-induced obesity
models in mouse and rat published in the last 6 years.
It seeks to identify which are the main methodological
strategies to induce obesity through diet, as well as identifying which are the main parameters to be taken into
account to achieve a successful model.

Methodology
The search for articles was carried out manually on
PubMed database by a single researcher in February 2020. The combination of the descriptors used was
“diet” + “obesity” and “high fat diet” + “obesity”.
In the PubMed database the following filters were
selected: “species/other animals”, “case reports”, “clinical trial”, “clinical trial veterinary”, “comparative study”,
“controlled clinical trial”, “evaluation study”, “newspaper article”, “observational study”, “observational study
veterinary”, “periodical index”, “programmatic clinical
trial”, “randomized controlled trial”, “twin study” e “validation study”. Duplicated articles were excluded and
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the rest were evaluated according to the inclusion and
exclusion criteria (Table 1). We want to highlight that
the aim of this study was to evaluate the induction of
obesity through the diet. Therefore, any study that used
other ways to induce obesity was excluded. We also highlight that we evaluated only original articles, published
between 2015 and 2020, in English, and that worked with
Sprague–Dawley and Wistar rats, or with C57BL-/-6
mice strain.

Results and discussion
Selection of articles

Initially, 90474 articles were found: 70658 by using the
terms “diet” + “obesity” and 19816 by the terms “high fat
diet” + “obesity”. After using the filters on PubMed database, 1625 articles were found for the “diet” + “obesity”
search and 819 articles for the “high fat diet” + “obesity”
search, totaling 2444 articles. After the exclusion of 812
articles that were duplicated, 1632 articles were considered eligible for reading titles and abstracts. According to
the inclusion and exclusion criteria (Table 1), 165 articles
were selected for full reading, 1447 articles were excluded
and 20 articles were not available for reading, due to
restricted access to their abstracts (Fig. 1).
After reading the complete articles, 99 were considered
ineligible by some of the exclusion criteria established
(Table 1). Another 14 articles were excluded because
they did not include a control group and 18 articles were
excluded because they did not provide enough information to conclude that the treatment led to obesity. After
reading the selected articles, one additional article was
included in the study, totaling 35 articles (Fig. 1).

Table 1 Inclusion and exclusion criteria used to evaluate the pre-selected articles
Inclusion

Exclusion

Diet-induced obesity
The main objective was the induction and evaluation of obesity
Study must be done with Sprague–Dawley or Wistar rats, or with C57BL-/-6
mice strain
Original articles
Presence of a control group
Used commercial diets or produced them from standard ingredients
Published in the last 6 years (2015–2020)
Articles in English

Genetic manipulation
Drug-induced obesity
Surgically induced obesity
Main objective was the induction and/or evaluation of other diseases affect
for obesity (diabetes, metabolic syndrome, heart disease, liver disease,
dyslipidemia and surgery for weight loss)
Main objective was the induction and/or evaluation of other diseases (neurological diseases, cancer, rheumatological diseases, endocrine diseases,
gynecological diseases and kidney diseases)
The objective was to evaluate weight loss
Studies in which there was no induction of obesity
Studies in which there was an intervention before the obesity induction
period
Study on pregnancy and/or lactation model
Study of a smoking model
Study with humans
Study with cell culture
Study with non-rodent animals (ex: dogs, cats, birds, monkeys, rabbits …)
Review articles, letters to the reviewer and book chapters
Studies published in languages other than English

Identification
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Articles found in PubMed database (n = 90474)

Articles found after PubMed database filters (n = 2444)

Screening

Duplicate articles (n = 812)
Elegible articles for complete reading (n = 1632)
Articles excluded (n = 1447)
Articles not available (n = 20)
Pre-selected articles (n = 165)

Selection

Articles excluded for
exclusion criteria (n = 99)
Articles excluded for lack of
information to determine
obesity (n = 32)
Articles included after preselected articles reading
(n = 1)
Selected articles (n = 35)

Fig. 1 Flowchart for selecting articles

Studies that used non-commercial diets, such as cafeteria diets, were excluded, since the nutritional composition varied widely compared to diets produced from
standardized ingredients and commercial diets.
Processed foods can contain food additives and be low
in vitamins and minerals, which can influence the composition of the intestinal microbiota and, consequently,
the occurrence of obesity and other metabolic changes.
So, in these cases, it is difficult to determine whether a
metabolic outcome is only due to the high content of
lipids or whether the high amount of food additives or
low content of micronutrientes may influence it. In addition, diets produced from food may contain food additives, which make it difficult to assess the real effect of
nutrients on the development of obesity [8].
Diet composition

High-fat diets are commonly used to induce obesity in
animals [8–10] since they generate adverse metabolic
effects, meaning that diet is one of the major contributors
to the obesity epidemic [1, 11].
All 35 studies evaluated used a high-fat diet to induce
obesity; however, the amount of calories from lipids
ranged from 41 to 60% (Table 2). Despite looking like
a wide margin, according to Research Diets Inc [14],
diet induced-obesity (DIO) animal models usually provides between 45 to 60% of calories from fats; therefore,
all selected studies follow this recommendation. Nine
studies [15–23] did not provide the composition of the
macronutrients directly, which made it difficult to calculate the amount of calories from fat.
The consumption of diets rich in fat can result in the
development of human-like obesity, since it increases
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body adiposity and leptin, and stimulates the development of hypertension and glucose intolerance. Matias
et al. [3] observed that offering a diet rich in sugar did not
lead to the development of metabolic changes that characterize obesity. On the other hand, offering a diet with
an excessive amount of fat leads to an increase in the adiposity index and visceral and body fat gain in comparison
with sugar or control diets [3].
In addition, some studies highlighted that in their highfat diets the main lipid source was saturated fatty acids
[2, 3, 8–10, 16, 17, 21–30], while others did not discuss
the type of fatty acids used. This information should be
available in the articles, since quantity and quality of fatty
acids can interfere in the success of obesity induction [8,
10]. Depending on the amount consumed, saturated or
long-chain fatty acids can lead to a greater accumulation
of body fat through the resynthesis of new triglycerides
[27], as well as an increase in the production of inflammatory cytokines, which is a classical change observed in
human obesity [27, 31].
The degree of response to the diet depends on its nutritional composition [11]. Additionally, the determination
of nutritional composition is important to assess the
occurrence of obesity and to evaluate the results considered control/standard. Therefore, control diets must
have a nutritional basis similar to obesogenic diets, which
helps to interpret the results without bias [8]. That is, the
test diet and the control diet should differ only in relation
to the specific macronutrient (carbohydrate or fat) used
to induce obesity. The micronutrients, fiber and other
ingredients must remain the same in order to observe
how a specific macronutrient influences or not the outcome of obesity.
The palatability of diets interferes in the amount consumed. Therefore, the consumption of palatable diets (as
cafeteria diets) is relevant to the increase in food consumption, including compulsive behavior, and consequently weight gain [8, 15]. Diets rich in salt, sugar and
fat are known to have good palatability. The exposure to
this type of diet interrupts the expression of clock-genes,
modifying the day-night pattern of food intake, as well as
changing dopamine signaling [15], which contributes to
weight gain.
Caloric excess is essential for the development of obesity [19]. In this sense, although high-fat diets have a high
sacietogenic potential, which reduces food consumption,
the consumption of a small amount is able to efficiently
increase weight and body fat due to the high caloric
intake [7].
The diet-offering method directly affects consumption and the ability to induce obesity. Thus, it is likely
that when the diet is offered according to the ad libitum
or free access methods, food intake is stimulated [19].

High-fat◊

Type

Obesogenic diet

High-fat highsucrose ▪

Hira et al. 2018
[24]

High-fat◊

High-fat/ highsugar□

High-fat□

High-sugar□

High-fat◊

High-fat●

High fat◊
45.0 fat, 35.0 carb.,
20.0 protein

23.7 fat, 53.3 carb.,
23.0 protein

35.2 fat, 35.5 carb.,
20.4 protein

–

71.0 fat, 11.0 carb.,
18.0 protein

–

37.4 fat, 43.4 carb.,
19.2 protein

37.6 fat, 44.6 carb.,
17.8 protein

25.9 fat, 52.3 carb.,
24.8 protein

45.0 fat, 35.0 carb.,
20.0 protein

60.0 fat

30.0 fat

30.0 fat, 40.0
sucrose

–

5.1

5.4

–

–

4.6

4.5

4.6

3.6

–

–

5.5

5.1

–

–

60.0 fat, 20.0 carb.,
20.0 protein

–

42.5 fat

–

Normal◊

Normal○

Control●

Normal
(AIN-93)

Standard◊

Control

Control□

Low-fat◊

Control

Low-fat
C-MLCT ▪

Low-fat
E-MLCT ▪

Low-fat
B-MLCT ▪

Control
(AIN-93G)

Low-fat◊

Control

Standard

kcal/g Type

60.0 fat

60.0 fat

%

Control diet

–

–

kcal/g

–

4.0

4.0

3.7

4.0 fat, 62.0 carb.,
18.0 protein

13.3 saturated fat,
60.5 carb., 26.2
protein

3.0 fat, 60.0 carb.,
16.0 protein

–

-

3.6

2.9

–

35.0 fat, 47.0 carb., 18.0 protein

-

25.6 fat, 52.3 carb., 3.5
21.8 protein

10.0 fat, 70.0 carb., –
20.0 protein

–

7.0 fat

–

10.0 fat, 70.0 carb., –
20.0 protein

–

–

%

Ad libitum

Ad libitum

Ad libitum

Ad libitum

Pair-fed

Free access

Free access

Ad libitum

Pair-feeding

Ad libitum

Free access

Free access

Ad libitum

Ad libitum

Diet offering
method

24 weeks

18 weeks

6 weeks

26 weeks

8 weeks

17 weeks

6 weeks

20 weeks

12 weeks

10 weeks

16 weeks

8 weeks

8 days

10 weeks

18 weeks

10 weeks

C57BL/6J mice

C57BL/6 mice

Wistar rats

Sprague–Dawley
rats

Male

Male

–

Male

Male

Male

Wistar rats
Sprague–Dawley
rats

Male

Male

Male

Male

Male

Male

Male

Male

Male

Sex

Sprague–Dawley
rats

Wistar rats

C57BL/6J mice

C57BL/6J mice

C57BL/6J mice

Sprague–Dawley
rats

Sprague–Dawley
rats

Wistar rats

C57BL/6J mice

Type

Intervention time Animals

7

6

–

5

6

-

-

4

6

8

6

5

5

8

6

Weeks-old
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Yuan et al. 2018
[35]

Wu et al. 2018 [30] High-fat◊

Virto et al. 2018
[62]

Son et al. 2018 [21] High-fat

Rocha Rodrigues
et al. 2018 [57]

Miranda et al. 2018 High-fat
[19]

Matias et al. 2018
[3]

Kazeminasab et al. High-fat◊
2018 [12]

Iñiguez et al. 2018
[25]

High-fat
C-MLCT ▪

High-fat
E-MLCT ▪

Lee et al. 2018 [27] High-fat
B-MLCT ▪

High-fat◊

Heo et al. 2018 [2]

Bortolin et al. 2018 High fat◊
[8]
Western◊

Asokan et al. 2018
[56]

Article ID

Table 2 Characterization of the experimental design of the evaluated studies
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High-fat

High-fat
saturated◊

High-fat oleic

◊

45.2 fat, 34.2 carb.,
20.6 protein

45.2 fat, 38.0 carb.,
16.8 protein

45.0 fat

High-fat●

High-fat◊

–

45.0 fat, 36.0 carb.,
19.0 protein

–

41.0 fat, 40.0 carb.,
19.0 protein

–

40.0 fat

–

50.0 fat, 30.0 carb.,
20.0 protein

45.0 fat

60.0 fat

High-fat

High-fat◊

High-fat

High-fat◊

High-saturated fat

Rodríguez- RodHigh-fat◊
ríguez et al. 2015
[29]

Nam et al. 2015
[28]

Li et al. 2015 [51]

Huang et al. 2015
[16]

Zhao et al. 2016
[64]

Naidu et al. 2016
[20]

Krishna et al. 2016
[1]

Jambocus et al.
2016 [17]

Choi et al. 2016 [9] High-fat◊

Yang et al. 2017
[22]

Picklo et al. 2017
[10]

Pan et al. 2017 [61] High-fat◊

High-fat highcholesterol◊

60.0 fat

Kus et al. 2017 [68] High-fat◊

La Frano et al.
2017 [26]

60.0 fat

Kim et al. 2017 [33] High-fat◊

High-fat (AIN-76A) –

Karimi et al. 2017
[18]

–

42.0 fat, 39.0 carb.,
19.0 protein

%

High-fat highsugar

High-fat◊

Type

Obesogenic diet

Blancas-Velazquez
et al.2017 [15]

Aslani et al. 2017
[63]

Article ID

Table 2 (continued)

–

4.7

–

–

–

–

–

–

–

–

5.5

–

5.2

–

–

5.5

–

–

Control◊

Low-fat◊

Control●

Normal

Control◊

Normal (AIN-93)

Standard◊

Normal

Normal◊
(AIN-76)

Control

Low fat◊

Normal◊

Low-fat lowcholesterol◊

Control
(AIN-93G)

Standard◊

Standard

Control◊

Normal◊

kcal/g Type

Control diet
kcal/g

3.8

–

3.8

–

–

–

–

–

–

–

12.0 fat, 67.4 carb., –
20.6 protein

11.7 fat, 67.5 carb., 3.8
20.8 protein

10.0 fat

–

12.0 fat, 60.5 carb., –
27.5 protein

–

11.0 fat, 65.0 carb., –
19.0 protein

–

11.5 fat

–

16.0 fat, 64.0 carb., 4.3
20.0 protein

15.0 fat

10.0 fat

–

12.0 fat, 64.0 carb., –
24.0 protein

–

12.0 fat, 65.0 carb., 2.8
23.0 protein

11.0 fat, 61.0 carb., –
28.0 protein

%

Free access

Ad libitum

Ad libitum

Ad libitum

–

–

Ad libitum

Ad libitum

–

–

–

Free access

Ad libitum

–

Ad libitum

Ad libitum

Ad libitum

Ad libitum

Diet offering
method

12 weeks

11 weeks

22 weeks

12 weeks

8 weeks

30 days

14 weeks

12 weeks

12 weeks

6 weeks

8 weeks

16 weeks

18 weeks

15 weeks

6 weeks

27 weeks

12 weeks

6 weeks

12 weeks

–

-

-

3

3

8

–

12

4

12

–

4

6

6–8

8

Weeks-old

Male

8

4

Female 6–8

Male

Male

Male

Male

Male

Male

–

Male

Male

Male

Male

Male

Male

Male

Male

Sex

C57BL/6NCrl mice Male

C57BL/6J mice

C57BL/6J mice

Sprague–Dawley
rats

Sprague–Dawley
rats

Wistar rats

C57BL/6J mice

Sprague–Dawley
rats

C57BL/6J mice

Sprague–Dawley
rats

C57BL/6 mice

C57BL/6J mice

C57BL/6J mice

C57BL/6 mice

C57BL/6 mice

Sprague–Dawley
rats

C57BL/6J mice

Wistar rats

Type

Intervention time Animals
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□

–

60.0 fat

High-fat◊

High-fat

60.0 fat

%

High-fat◊

Type

Obesogenic diet

–

–

–
10.0 fat

13.0 fat

%

Normal (AIN-93 M) –

Control◊

Normal◊

kcal/g Type

Control diet

–

–

–

kcal/g

Ad libitum

–

Ad libitum

Diet offering
method

16 weeks

8 weeks

5 weeks

10–12 weeks

C57BL/6 mice

C57BL/6J mice

C57BL/6J mice

Type

Intervention time Animals

Male

Male

Male

Sex

5

6

6

Weeks-old

, % g/kg; ▪, % w/w; ◊, % kcal; ○, % g/100 g; ●, Not determine the unit of %; B-MLCT, Non-enzymatically interesterified MLCT; E-MLCT, Enzymatically interesterified MCLT; C-MLCT, Commercially MLCT; carb., carbohydrate

Zhang et al. 2015
[23]

Wyatt et al. 2015
[13]

Savetsky et al.
2015 [34]

Article ID

Table 2 (continued)
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On the other side, although the pair-feeding method
limits the amount of diet to which animals will have
access to, there are cases in which pair-fed diets can
achieve different weight gain outcomes, something that
has been attributed to the differences in macronutrient
composition [32]. In addition, the amount of calories
available may be different between groups, which allow
high-calorie (obesogenic) diets to have the expected
effect when compared to normocaloric diets, regardless
of whether they have different palatability and satiety.
The intervention time required for the development of obesity varies widely, ranging from 8 days to
27 weeks (Table 2). Obesity phenotype [3, 30, 33–35],
as well as metabolic changes typical of obesity–such
as increased glucose intolerance–, [30] becomes more
apparent after a longer exposure to an obesogenic
diet. According to Blancas-Velasquez et al. [15], after
3 weeks of intervention there is a change in the pattern
of fat consumption, which indicates that interventions
lasting over 3 weeks may generate better results for the
induction of obesity. Matias et al. [3] highlights that
the seventh week was a turning point for the increase
in weight gain; and Savetsky et al. [34] discussed the
importance of a long intervention period, from 10 to
12 weeks, for the consolidation of the phenotypic and
metabolic characteristics of obesity.
The consumption of a high-fat diet leads to changes
in the composition of the intestinal microbiota [8],
which is a classic parameter that usually accompanies
the development of obesity [33, 36, 37]. The Western pattern diet, rich in sugar, fat and ultra-processed
foods leads to changes in intestinal permeability, which
results in an increase in endotoxemia, insulin resistance, steatosis and inflammation of the adipose tissue
[38, 39], which results in obesity development [36, 38,
39].
Furthermore, obesity associated intestinal dysbiosis is characterized by a low microbial diversity and an
imbalance between the different microorganisms of the
intestinal microbiota, with a large number of pathogenic
bacteria [8, 36, 39]. In this scenario there is lower production of short-chain fatty acids (SCFA, like acetate, propionate and butyrate) which leads to less protection of the
intestinal epithelium, since SCFA are related to occludin
and zonulin, and also leads to a drop in the production
of glucagon-like peptide-1 (GLP-1) resulting in decreased
satiety and increased insulin resistance, inflammation
and lipid accumulation [24, 38, 40, 41].
Dysbiosis can also stimulate an excessive production of
acetate, which can also contribute to the occurrence of
obesity. This scenario occurs since the increase in acetate
stimulates the activation of the parasympathetic pathway,
which increases the secretion of ghrelin stimulating both
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an increase in food consumption and a greater secretion
of insulin [42].
Therefore, we understand that one of the key factors for
the development of obesity through the consumption of a
high-fat diet is the alteration of the intestinal microbiota,
always aiming for a state of eubiosis, that is, a balance in
gut microbiota composition [33, 43].
Experimental animals

The animal species most commonly used for obesity
induction through diet is mouse, with isogenic or inbred
strains, such as C57BL/6, C57BL/6J, AKR/J, and A/J [7].
In the present study, most of the analyzed studies used
C57BL/6J mice (Table 2). Those animals are more susceptible to fat accumulation, gaining body weight and disruptions in glucose metabolism when fed an obesogenic
diet [44]. Other strain used was the C57BL/6NCrl, which
was developed for the study of lipoprotein and cholesterol metabolism (The Jackson Laboratory©) [45, 46].
Rats are used in DIO studies (Table 2). Sprague–Dawley rats are considered a good model for inducing obesity through diet, since they have a behavior similar to
humans with regard to excessive food consumption,
which can cause weight gain and changes in lipid metabolism [22]; however, Wistar rats are more susceptible to
the development of obesity through diet, since they usually consume a higher amount of high-fat diet than the
Sprague–Dawley. Also, differences in lipid metabolism,
as fatty acid uptake and lipogenesis, as well as the interaction between genes and diet, make Wistar rats more
susceptible to DIO [19].
The age [1] and the sex [47] of the animals can interfere
in the development of obesity. Krishna et al. [1] observed
that DIO develops better in younger animals. Additionally, when young, speed in weight gain is also greater
because elderly animals can adapt metabolically to the
increase in adiposity; also, less inflammation is observed
in these animals, which causes less glycemic and hepatic
alterations [1]. Mice aged 6 to 8 weeks can be considered
young adult mice [15].
Young male mice have bigger weight gain than females;
however, when they are middle-aged the opposite occurs,
and female mice have bigger weight gain than males.
Inflammatory genes—upregulated in juvenile males—
and hormonal parameters—estrogens can regulate
inflammatory pathways in female—may justify the results
found [47]. Gene expression in the arcuate nucleus—low
in males—[48] and differences in metabolic programming between males and females—related to the expression of genes in the endoplasmic reticulum and hepatic
energy metabolism– also contribute to sex-specific
weight gain [49].
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Male animals are commonly used in the study of obesity; however, if the study aims to evaluate the brown
adipose tissue, females should be used, since this tissue
is more easily observed in this sex [50, 51]. However, as
a limitation that currently exists, it is important to find
a model that achieve a similar obesity degree in both,
males and females, in order to study both sexes in the
same experiment.
Main parameters used to assess the development
of obesity
Food intake

Calorie overconsumption leads to an increase in body
weight gain and abdominal fat accumulation [2, 10, 15,
19]. These body alterations may lead to deactivation of
liver and mesenteric genes responsible for beta-oxidation
[25]. Besides, it can deregulate AMPK [2, 35] and SIRT1
proteins in the mesenteric white adipose tissue and skeletal muscle [2]. Additionally, the increase in abdominal
fat accumulation can raise blood leptin concentrations [3,
15], leading to leptin resistance. Thus, both the increase
in weight and body fat mass generate a cycle that feeds
back on itself.
The taste and texture of diets influence the amount
of food consumed. Diets rich in processed foods, with
high levels of sodium, sugar and saturated fatty acids, are
more palatable, which can lead to a higher weight gain in
comparison with purified diets even when saturated fatty
acids are added to them [52]. Additionally, DIO must
contain a low concentration of fibers [25], since these
nutrients are capable to induce satiety and increase the
production of GLP-1 and SCFA, which stimulate a lower
energy consumption [24].
Considering that a spontaneous caloric increase is difficult to achieve in rodents, even when flavored diets are
offered [6], DIO must have a high caloric density [16, 30].
In an attempt to induce a voluntary hyperphagia,
Blancas-Velazquez et al. [15] provided extra calories
to C57BL/6J mice through a 10% water-sugar solution
(0.4 kcal/ml). With the sugar solution, the animals had
free access to regular chow food, fat-rich pellets, and a
bottle of tap water. In this way, the mice could eat what
pleased them most, allowing hyperphagia and obesity
induction [15]. The problem is that it is difficult to calculate the amount of calories that each animal consumes.
Markers related to body weight and adiposity

Because of the absence of a specific marker and a consensus, for both mice and rats, that defines the presence
or absence of obesity, some studies have established
their own parameters: the difference of 15% [53] or 20 g
in body weight between test and control groups [54];
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adiposity index determination [3]; creation of cutoff
points [1]; and calculation of body mass index [55].
No article considered the distribution of body composition (calculated by DXA or EchoMRI) as a parameter
for detecting obesity. However, the majority of studies
consider the differences in total body weight gain as the
main parameter to assess the outcome of the development of obesity (Table 3).
When there is no significant difference in body weight
gain, other parameters can be considered [3, 56, 57]. In
this way, Matias et al. [3] did not observe differences in
weight gain after the animals consumed a high-fat/highsugar diet, but there was a gain in total white adipose
tissue, which indicates the occurrence of obesity. Also,
Rocha-Rodrigues et al. [57] reported an increase in visceral adipose fat compared to weight gain, as well as an
increase in leptin concentration in animals fed a high-fat
diet.
Visceral fat is the depot that surrounds the abdominal
organs. It is more vascularized, innervated, inflammatory, metabolically active and sensitive to lipolysis, which
results in greater release of cytokines, fatty acids and triglycerides. Therefore, in humans it is related to a higher
mortality prediction when compared to subcutaneous
adipose fat [58, 59]. In Wistar rats the consumption of a
high-fat diet appears to lead to an increase in the number
of fat cells (hyperplasia) in the subcutaneous adipose fat,
whereas in the visceral adipose fat greater hypertrophy of
the adipose tissue is observed [60].
Body fat accumulation depends on the connection between different metabolic pathways, as well as
the interaction between genes and diet. Wistar rats,
for example, have a differential expression of genes in
the subcutaneous adipose tissue in comparison with
Sprague–Dawley rats, which justifies the higher fat
depots found in this breed [19]. The consumption of a
high-fat diet leads to an increase in the uptake of fatty
acids and lipogenesis [19, 33], resulting in adipocytes
hyperplasia [2, 20, 61] and hypertrophy [2, 20, 28, 35, 61].
This increase in adipose tissue can cause tissue hypoxia,
which can impair the production and release of obesity
regulatory hormones, such as leptin, adiponectin and
ghrelin, and exacerbate inflammation [57]. Additionally,
body fat increase can cause muscular cell damage, since
it enhances cell susceptibility to protein degradation
and apoptosis [56]; therefore, DIO is able to cause the
metabolic and morphological changes that characterize
human obesity.
A low-grade inflammatory condition is often
observed in obese animals [1, 2, 27, 28, 34, 35, 56]. This
inflammatory status can be triggered by a high consumption of saturated fatty acids, which can be found
in high concentrations in obesogenic diets [27]. Diets
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Table 3 Changes in markers related to body weight and adipose tissue depots
Article ID

Weight gain

Final body
weight

Asokan et al.
2018 [56]

–

White
adipose
tissue

Mesenteric
fat

Epididymal
fat

Perirenal fat

Brown
adipose
tissue

Lee index

HF = Standard HF = Standard

–

–

–

–

–

–

Bortolin et al. HF = Control
2018 [8]
WD > Control

HF = Control

–

–

–

–

–

HF = Control –

–

WD > Control

WD > Control

–

–

–

–

Heo et al.
2018 [2]

HF > LF

HF > LF

–

HF > LF

HF > LF

HF > LF

HF > LF ○

–
HF = LF

–

Hira et al.
2018 [24]
(For 8 days
and/or
8 weeks)

HFSuc > Control

HFSuc > Control

–

–

–

–

–

–

–

Iñiguez et al.
2018 [25]

HF > Control

–

HF > Control

–

HF > Control HF > Control

–

–

–

Kazeminasab HF > LF
et al. 2018
[12]

–

–

–

–

–

–

–

–

Lee et al.
2018 [27]

All HF > All LF

All HF > All LF

All HF > All
LF

–

All HF > All
LF

All HF > All LF All HF > All
LF

–

–

Matias et al.
2018 [3]

–

HF > Control

HF > Control

–

–

–

–

–

–

–

HS = Control

HS = Control –

–

–

–

–

–

HFHS > Con- –
trol

–

–

–

–

–

–

HF SD = Control SD

HF
SD = Control SD

–

HF
SD = Control SD

HF SD > Con- HF
trol SD
SD = Control SD

–

–

–

HF W > Control W

HF W > Control W

–

HF W > Con- HF W > Control W
trol W

HF W > Con- –
trol W

–

–

HF > Control

HF > Control

–
Miranda
et al. 2018
[19]

HFHS = Control

Total
adipose
tissue/ Body
fat

–

HF > Control HF > Control

HF > Control –

–

Rocha Rodri- –
gues et al.
2018 [57]

HF = Standard –

–

–

–

HF = Standard

Son et al.
2018 [21]

HF > Normal

–

HF > Normal

–

HF > Normal HF > Normal

HF > Normal –

–

Virto et al.
2018 [62]

–

HF > Control

–

–

–

–

–

–

–

Wu et al.
2018 [30]

–

HF > Normal

–

–

–

–

–

–

–

Yuan et al.
2018 [35]
18 semanas

–

HF = Normal

–

–

–

–

–

–

–

Yuan et al.
–
2018
[35]    24
semanas

HF > Normal

HF > Normal

HF > Normal

–

HF > Normal

HF > Normal –

–

Aslani et al.
2017 [63]

–

HF > Normal

HF > Normal

–

–

–

–

–

HF > Normal

BlancasVelazquez
et al. 2017
[15]

–

HFHS > Control

–

–

–

–

–

–

–

Karimi et al.
2017 [18]
12 semanas

–

HF > Standard –

–

–

–

–

–

–

–

–
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Table 3 (continued)
Article ID

Weight gain

Final body
weight

Karimi et al.
2017
[18]
27
semanas

HF = Standard

Kim et al.
2017 [33]

Total
adipose
tissue/ Body
fat

White
adipose
tissue

Mesenteric
fat

Epididymal
fat

Perirenal fat

Brown
adipose
tissue

Lee index

HF > Standard HF > Standard

–

–

–

–

–

–

–

HF > Standard –

–

–

–

–

–

–

Kus et al.
2017 [68]

–

HF > Control

–

–

–

–

–

–

–

La Frano
et al. 2017
[26]

–

HFHC > LFLC

–

–

–

HFHC > LFLC

–

–

–

Pan et al.
2017 [61]

HF > Normal

HF > Normal

–

–

HF > Normal –

–

–

–

Picklo et al.
2017 [10]

–

HFO > LF

HFO > LF

–

–

HFO > LF

–

–

–

–

HFSat > LF

HFSat > LF

–

–

HFSat > LF

–

–

–

Yang et al.
2017 [22]

–

HF > Control

–

–

–

–

–

–

HF > Control

Choi et al.
2016 [9]

HF > Normal

HF > Normal

HF > Normal

–

HF > Normal HF > Normal

HF > Normal –

–

Jambocus
et al. 2016
[17]

HSF > Normal

–

–

–

–

–

–

–

–

Krishna et al.
2016 [1]

–

HF > Standard HF > Standard

–

–

–

–

–

–

Naidu et al.
2016 [20]

–

HF > Normal

–

–

–

–

–

–

–

Zhao et al.
2016 [64]

HF > Control

HF > Control

–

–

–

HF > Control

HF > Control –

–

Huang et al.
2015 [16]

HF > Normal

HF > Normal

–

–

–

HF > Normal

HF > Normal –

–

Li et al. 2015
[51]

–

HF > Control

–

HF > Control

–

–

–

HF > Control –

Nam et al.
2015 [28]

–

HF > LF

–

–

–

HF > LF

HF > LF

–

–

RodríguezRodríguez
et al. 2015
[29]

–

HF > Control

–

–

–

–

–

–

–

Savetsky
et al. 2015
[34]

–

HF > Normal

–

–

–

–

–

–

–

Wyatt et al.
2015 [13]
(For 5 and
7 weeks)

–

HF > Control

HF > Control

–

–

–

–

–

–

Zhang et al.
2015 [23]

–

HF > Normal

–

HF > Normal

HF = Normal HF > Normal

–

–

–

HF, High-fat diet; HFHC, High-fat high-cholesterol diet; HFHS, High-fat high-sugar diet; HFSat, High-fat saturated diet; HFSuc, High-fat high-sucrose diet; HFO, High-fat
oleic diet; HS, High-sugar diet; LF, Low-fat diet; LFLC, Low-fat low-cholesterol diet; SD, Sprague–Dawley; W, Wistar; WD, Western diet; ○, Perirenal + Retroperitonial
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rich in saturated fats can elevate the production of
inflammatory cytokines, such as TNF-α [1, 2, 28, 35,
56] and IL-6 [56], as a consequence of the hypertrophy
of the adipocytes [2, 35], leading to an infiltration of
macrophages and dendritic cells in adipose tissue [1].
This inflammatory condition contributes to the development of metabolic disorders [1, 35], such as diabetes
[27]; to a decrease in lymphatic function and cutaneous
hypersensitivity [34]; and to the occurrence of other diseases, such as periodontitis [62] and respiratory allergies [63]. Furthermore, the immune system can also
be altered, with an improvement in this system when
there is a modulation of the production of inflammatory
cytokines [64].
The consumption of a high-fat diet can also reduce the
brown adipose tissue, since it may inhibit the biosynthesis of fatty acids and increase oxidative stress and cell
apoptosis [51]; therefore, a high-fat diet can stimulate the
development of white adipose tissue [2, 8–10, 16, 19, 21,
23, 25–28, 35, 51, 61, 64] and suppress the development
of the brown adipose tissue [51]. This is relevant since the
brown adipose tissue, in humans, is negatively correlated
with the body mass index and with central obesity markers which suggests that low levels of brown adipose tissue
may be indicator of obesity and obesity-related diseases
[65].
In addition, the increase in brown adipose tissue may
be a strategy to fight obesity, since higher levels of brown
adipose tissue indicate greater energy expenditure, with
consequent weight loss [65, 66]. Therefore, low levels of
brown adipose tissue can contribute to the perpetuation
of obesity.
Glycemic markers

Higher values in blood glucose [8, 9, 16, 17, 20, 23, 27,
29, 51] and insulin concentrations [1, 2, 8, 9, 16, 17, 20,
23, 25–27, 29] as well as in HOMA (homeostatic model
assessment) index [2, 8, 23–25, 27, 29, 57] have been
observed in the groups that consumed an obesogenic
diet. Similarly to obesity, for an effective induction of
insulin resistance, a long period of intervention with DIO
must occur [25]. In this sense, the absence of changes in
these parameters in some studies can be justified by the
short intervention period (Table 2).
Changes in the glycemic parameters occur because
the insulin metabolism is unable to adapt to the damage caused by the chronic excess of calories offered by
the obesogenic diet, which gradually deteriorates insulin
activity, leading to insulin resistance and subsequent type
2 diabetes development [67]. Also, the obesogenic diet
can induce fat (ectopic) accumulation in the pancreas,
which stresses greatly beta cells, disrupting insulin production [23, 27]. This accumulation in organs other than
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the adipose tissue, such as the liver, can also lead to insulin resistance and hyperglycemia, since saturated fatty
acids interfere in the activity of insulin receptor and glucose transporters [23]. Additionally, the mitochondria of
the brown adipose tissue are also affect by DIO impairing
glucose metabolism [51].
Serum lipid profile

Triglycerides are the main component of adipose tissue; therefore, high serum concentrations of this lipid
may indicate

the presence of metabolic changes [21].
Likewise, serum concentration of cholesterol is also
an important parameter for the assessment of obesity,
since the greater the availability of serum cholesterol, the
greater the deposition of fatty acids into the adipose tissue and the liver [33].
In this way, some of the evaluated studies noticed an
increase in the serum concentration of triglycerides [1, 2,
9, 16, 17, 21–23, 25, 35, 51, 61, 63] and cholesterol [2, 9,
16, 23, 27, 29, 35, 51, 61, 63] in the groups fed with DIO.
This change seems to be especially related to saturated
fatty acid-rich [27] obesogenic diets (Table 2). Additionally, diets with high concentration of long-chain fatty
acids can also alter the serum lipid profile, since, after
hydrolysis, these fatty acids can be used for the synthesis
of new triacylglycerol molecules [27].
Liver health

Liver health, measured through hepatic triglycerides,
can be impaired by the development of obesity. Hepatic
steatosis happens because the excess of fat present in the
body is stored in this organ causing intracytoplasmatic
accumulation of triglycerides. This ectopic accumulation
occurs as a consequence of the downregulation of AMPK
[35, 61] and upregulation of SREBP-1c [61], which generates lipogenesis, and increases the synthesis of fatty acids
by the liver [23]. Furthermore, beta-oxidation is downregulated, which increases the hepatic lipid stocks [16,
23, 25]. Thus, the reduction in this parameter is positive
for the treatment of obesity, with the expression of lipogenic genes conditioned [21].
As the amount of stored fat increases, the liver starts
to suffer oxidative damage [16] and, as a result of hepatocyte lysis, the serum concentrations of the enzymes alanine aminotransferase and aspartate aminotransferase
increase [16, 21, 68]. Thus, the increase in the concentrations of both aminotransferases can be associated with
the increase in liver weight as well as to hepatic steatosis
[25]. In this context, it has been described that high-fat
diet (71% of kcal fat) induces similar degree and pattern
of steatosis and liver triglyceride content in male Wistar
and Sprague–Dawley rats, being males more susceptible
than females [69].
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Conclusions
In the present study, we included studies that used
Sprague–Dawley and Wistar rats, as well as C57BL-/-6
mice, because these are the main models used for DIO.
This strategy can be considered a limitation of the study,
since other rodent models may also be prone to dietinduced obesity; however, they are not widely used. In
fact, the biggest difficulty to find an effective model for
DIO is the lack of standardization among obesity-inducing protocols. Different times of intervention, diets, types
of fat and carbohydrates, animal strains, and sex, among
others, are used in the studies, which makes it difficult to
compare the results and to better evaluate and determine
the best way to induce obesity in an animal model.
Among the animal obesity models, those that develop
a phenotype more similar to human physiopathology are
those induced by dietary challenge; in this context, better results are obtained through high-fat diets with high
concentrations of saturated fatty acids, since these diets
directly affects the metabolism, are palatable and have a
high caloric density, which stimulates weight and body
fat gain.
To choose an animal model for a study of diet-induced
obesity, it should be considered that rats and mice
respond differently to this type of diet; in addition, strain,
sex and age, affect the response to the obesogenic diet,
with young animals and males being more sensitive to
obesity-related comorbidities.
The markers used to assess the development of obesity include body weight and fat (total, subcutaneous and
visceral) gain, but other parameters related to inflammation, hormone concentration, blood glycemia, lipid
profile, and liver health are often desired. It is suggested
that these markers should be used together, since the
presence of more than one of these markers reinforces
the determination of obesity. Changes in the release of
inflammatory cytokines are used to justify the symptoms
found, not being a determining parameter for the induction of obesity. As there are no cutoff points for any of
these parameters in animals, researchers should always
conduct their studies with a non-obese control group so
that the results can be compared.
Abbreviations
DIO: Diet induced-obesity; DXA: Dual energy X-ray absorptiometry; GLP-1:
Glucagon-like peptide-1; SCFA: Short chain fatty acids.
Acknowledgements
The authors thank the Coordenação de Aperfeiçoamento de Pessoal de Nível
Superior (CAPES) for granting the scholarship in Brazil and Spain (CAPESPRINT) to Mariana de Moura e Dias and Maria do Carmo Gouveia Peluzio. The
authors also thank CIBERobn (Grant Number: CB12/03/30002) and the Spanish
Ministerio de Ciencia, Innovación y Universidades (reference RTI2018-102205B-I00) to supported this work.

Page 12 of 14

Authors’ contributions
MMD has been responsible for conception and design and for aquisition,
analysis and interpretation of data. LLC, CMNOS, SSP, LLO and MCGP have
been involved in drafting the manuscript and revising it critically. SAR, JAM
and FIM have revised the manuscript critically, giving importante intelectual
content. All authors read and approved the final manuscript.
Funding
Coordenação de Aperfeiçoamento de Pessoal de Nível Superior (CAPES) for
granting the scholarship in Brazil and Spain (CAPES-PRINT) to Mariana de
Moura e Dias and Maria do Carmo Gouveia Peluzio. This work was supported
by CIBERobn (grant number: CB12/03/30002,) and the Spanish Ministerio de
Ciencia, Innovación y Universidades (reference RTI2018-102205-B-I00).
Availability of data and materials
Not applicable.

Declarations
Ethics approval and consent to participate
Not applicable.
Consent for publication
Not applicable.
Competing interests
The authors declare that they have no competing interests.
Author details
1
Department of Nutrition and Health, Universidade Federal de Viçosa, Viçosa,
Brazil. 2 Department of Nursing and Medicine, Universidade Federal de Viçosa,
Viçosa, Brazil. 3 Department of General Biology, Universidade Federal de Viçosa,
Viçosa, Brazil. 4 Department of Nutrition, Food Science and Physiology, Center
for Nutrition Research, University of Navarra, Pamplona, Spain. 5 Centro de
Investigación Biomédica en Red de La Fisiopatología de La Obesidad Y Nutrición (CIBERobn), Carlos III Health Institute, Madrid, Spain. 6 IdiSNA, Navarra
Institute for Health Research, Pamplona, Spain. 7 Madrid Institute of Advanced
Studies (IMDEA Food), Food Institute, Madrid, Spain.
Received: 11 January 2021 Accepted: 2 March 2021

References
1. Krishna KB, Stefanovic-Racic M, Dedousis N, Sipula I, O’Doherty RM. Similar degrees of obesity induced by diet or aging cause strikingly diferente
immunologic and metabolic outcomes. Physiol Rep. 2016. https://doi.
org/10.14814/phy2.12708.
2. Heo M-G, Chong S-Y. Anti-obesity effects of Spirulina maxima in high fat
diet induced obese rats via the activation of AMPK pathway and SIRT1.
Food Funct. 2018. https://doi.org/10.1039/c8fo00986d.
3. Matias AM, Estevam WM, Coelho PM, Haese D, Kobi JBBS, Lima-Leopoldo
AP, et al. Differential effects of high sugar, high lard or a combination
of both nutritional, hormonal and cardiovascular metabolic profiles of
rodents. Nutrients. 2018. https://doi.org/10.3390/nu10081071.
4. World Heath Organization (WHO). Obesity and overweight. 2020. https://
www.who.int/en/news-room/fact-sheets/detail/obesity-and-overweight.
Acessed 3 Aug 2020.
5. Turpin SM, Ryall JG, Southgate R, Darby I, Hevener AL, Febbraio MA, et al.
Examination of “Lipotoxicity” in Skeletal Muscle of High-Fat Fed and ob/
ob Mice. J Physiol. 2009. https://doi.org/10.1113/jphysiol.2008.166033.
6. Pereira-Lancha LO, Campos-Ferraz PL, Lancha Junior AH. Obesity:
considerations about etiology, metabolism, and the use of experimental
models. Diabetes Metab Syndr Obes. 2012. https://doi.org/10.2147/
DMSO.S25026.
7. White PAS, Cercaro LM, Araújo JMD, Souza LA, Soares AF, Barbosa APO,
et al. Modelo de obesidade induzida por dieta hiperlipídica e associada à
resistência à ação da insulina e intolerância à glicose. Arq Bras Endocrinol
Metabol. 2013. https://doi.org/10.1590/S0004-27302013000500002.

de Moura e Dias et al. Diabetol Metab Syndr

8.

9.
10.

11.
12.

13.

14.
15.
16.
17.

18.

19.

20.

21.

22.
23.
24.

25.

(2021) 13:32

Bortolin RC, Vargas AR, Gasparotto J, Chaves PR, Schnorr CE, da Boit MK,
et al. A new animal diet based on human Western diet in a robust dietinduced obesity model: comparison to high-fat and cafeteria diets in
term of metabolic and gut microbiota disruption. Int J Obes (Lond). 2018.
https://doi.org/10.1038/ijo.2017.225.
Choi Y, Jang S, Choi M-S, Ryoo ZY, Park T. Increased expression of FGF1mediated signaling molecules in adipose tissue of obese mice. J Physiol
Biochem. 2016. https://doi.org/10.1007/s13105-016-0468-6.
Picklo MJ, Idso J, Seeger DR, Aukema HM, Murphy EJ. Comparative effects
of high oleic acid vs high mixed saturated fatty acid obesogenic diets
upon PUFA metabolism in mice. Prostag Leukotr Ess. 2017. https://doi.
org/10.1016/j.plefa.2017.03.001.
Higa TS, Spinola AV, Fonseca-Alaniz MH, Evangelista FS. Comparison
between cafeteria and high-fat diets in the induction of metabolic dysfunction in mice. Int J Physiol Pathophysiol Pharmacol. 2014;6:47–54.
Kazeminasab F, Marandi SM, Ghaedi K, Safaeinejad Z, Esfarjani F, NasrEsfahani MH. A comparative study on the effects of high-fat diet and
endurance training on the PGC-1α-FNDC5/irisin pathway in obese and
nonobese male C57BL/6 mice. Appl Physiol Nutr Metab. 2018. https://doi.
org/10.1139/apnm-2017-0614.
Wyatt SK, Barck KH, Zavala-Solorio J, Ross J, Kolumam G, Sonoda J,
et al. Fully-automated, high-throughput micro-computed tomography
analysis of body composition enables therapeutic efficacy monitoring
in preclinical models. Int J Obes (Lond). 2015. https://doi.org/10.1038/ijo.
2015.113.
Research Diets. DIO Series Diets. 2020. https://researchdiets.com/opens
ource-diets/dio-series-diets. Acessed 29 May 2020.
Blancas-Velazquez A, la Fleur SE, Mendoza J. Effects of a free-choice highfat high-sugar diet on brain PER2 and BMAL1 protein expression in mice.
Appetite. 2017. https://doi.org/10.1016/j.appet.2017.07.002.
Huang K, Liang X-C, Zhong Y-L, He W-Y, Wang Z. 5-Caffeoylquinic acid
decreases diet-induced obesity in rats by modulating PPARα and LXRα
transcription. J Sci Food Agric. 2015. https://doi.org/10.1002/jsfa.6896.
Jambocus NGS, Saari N, Ismail A, Khatib A, Mahomoodally MF, Hamid AA.
An Investigation into the Antiobesity Effects of Morinda citrifolia L Leaf
Extract in High Fat Diet Induced Obese Rats Using a (1)H NMR Metabolomics Approach. J Diabetes Res. 2016. https://doi.org/10.1155/2016/
2391592.
Karimi G, Jamaluddin R, Mohtarrudin N, Ahmad Z, Khazaai H, Parvaneh
M. Single-species versus dual-species probiotic supplmentation as an
emerging therapeutic strategy for obesity. Nutr Metab Cardiovasc Dis.
2017. https://doi.org/10.1016/j.numecd.2017.06.020.
Miranda J, Eseberri I, Lasa A, Portillo MP. Lipid metabolism in adipose tissue and liver from diet-induced obese rats: a comparison between Wistar
and Sprague-Dawley strains. J Physiol Biochem. 2018. https://doi.org/10.
1007/s13105-018-0654-9.
Naidu PB, Uddandrao VVS, Naik RR, Suresh P, Meriga B, Begum MS, et al.
Ameliorative potential of gingerol: Promising modulation of inflammatory factors and lipid marker enzymes expressions in HFD induced
obesity in rats. Mol Cell Endocrinol. 2016. https://doi.org/10.1016/j.mce.
2015.10.007.
Son H-K, Shin H-W, Jang E-S, Moon B-S, Lee C-H, Lee J-J. Comparison of
Antiobesity Effects Between Gochujangs Produced Using Different Koji
Products and Tabasco Hot Sauce in Rats Fed a High-Fat Diet. J Med Food.
2018. https://doi.org/10.1089/jmf.2017.4007.
Yang G-T, Zhao H-Y, Kong Y, Sun N-N, Dong A-Q. Study of the effects of
nesfatin-1 on gastric function in obese rats. World J Gastroenterol. 2017.
https://doi.org/10.3748/wjg.v23.i16.2940.
Zhang T, Yamashita Y, Yasuda M, Yamamoto N, Ashida H. Ashitaba
(Angelica keiskei) extract prevents adiposity in high-fat diet-fed C57BL/6
mice. Food Funct. 2015. https://doi.org/10.1039/c4fo00525b.
Hira T, Suto R, Kishimoto Y, Kanahori S, Hara H. Resistant maltodextrin or
fructooligosaccharides promotes GLP-1 production in male rats fed a
high-fat and high-sucrose diet, and partially reduces energy intake and
adiposity. Eur J Nutr. 2018. https://doi.org/10.1007/s00394-017-1381-7.
Iñiguez M, Pérez-Matute P, Villanueva-Millán MJ, Recio-Fernández
E, Roncero-Ramos I, Pérez-Clavijo M, et al. Agaricus bisporus supplementation reduces high-fat diet-induced body weight gain and fatty
liver development. J Physiol Bochem. 2018. https://doi.org/10.1007/
s13105-018-0649-6.

Page 13 of 14

26. La Frano MR, Hernandez-Carretero A, Weber N, Borkowski K, Pedersen
TL, Osborn O, et al. Diet-induced obesity and weight loss alter bile acid
concentration and bile acid-sensitive gene expression in insulin target
tissues of C57BL/6J mice. Nutr Res. 2017. https://doi.org/10.1016/j.nutres.
2017.07.006.
27. Lee Y-Y, Tang T-K, Phuah E-T, Karim NAA, Alitheen NBM, Tan C-P, et al.
Structural difference of palm based Medium- and Long-Chain Triacylglycerol (MLCT) further reduces body fat accumulation in DIO C57BL/6J mice
when consumed in low fat diet for a mid-term period. Food Res Int. 2018.
https://doi.org/10.1016/j.foodres.2017.10.022.
28. Nam YR, Won SB, Chung Y-S, Kwak CS, Kwon YH. Inhibitory effects of
Doenjang, Korean traditional fermented soybean paste, and oxidative
stress and inflammation in adipose tissue of mice fed a high-fat diet. Nutr
Res Pract. 2015. https://doi.org/10.4162/nrp.2015.9.3.235.
29. Rodríguez-Rodríguez C, Torres N, Gutiérrez-Uribe JÁ, Noriega LG, TorreVillalvazo I, Leal-Díaz NA, et al. The effect of isorhamnetin glycosides
extracted from Opuntia fícus-indica in a mouse modelo f diet induced
obesity. Food Funct. 2015. https://doi.org/10.1039/c4fo01092b.
30. Wu H, Liu Q, Kalavagunta PK, Huang Q, Lv W, Na X, Chen H, Wang T, Heriniaina RM, Qiao T, Shang J. Normal diet Vs High fat diet—A comparative
study: Behavioral and neuroimmunological changes in adolescente male
mice. Metab Brain Dis. 2018. https://doi.org/10.1007/s11011-017-0140-z.
31. Cani PD, Amar J, Iglesias MA, Poggi M, Knauf C, Bastelica D, et al. Metabolic Endotoxemia Initiates Obesity and Insulin Resistance. Diabetes.
2007. https://doi.org/10.2337/db06-1491.
32. Lomba A, Milagro FI, García-Díaz DF, Marti A, Campíon J, Martínez JA.
Obesity induced by a pair-fed high fat sucrose diet: methylation and
expression pattern of genes related to energy homeostasis. Lipids Health
Dis. 2010. https://doi.org/10.1186/1476-511X-9-60.
33. Kim D-H, Jeong D, Kang II-B, Kim H, Song K-Y, Seo K-H. Dual function of
Lactobacillus kefiri DH5 in preventing high-fat-diet-induced obesity: direct
reduction of cholesterol and upregulation of PPAR-α in adipose tissue.
Mol Nutr Food Res. 2017. https://doi.org/10.1002/mnfr.201700252.
34. Savetsky IL, Albano NJ, Cuzzone DA, Gardenier JC, Torrisi JS, Nores GDG,
et al. Lymphatic function regulates contact hypersensitivity dermatitis in
obesity. J Investig Dermatol. 2015. https://doi.org/10.1038/jid.2015.283.
35. Yuan E, Duan X, Xiang L, Ren J, Lai X, Li Q, et al. Aged Oolong Tea Reduces
High-Fat Diet-Induced Fat Accumulation and Dyslipidemia by Regulating
the AMPK/ACC Signaling Pathway. Nutrients. 2018. https://doi.org/10.
3390/nu10020187.
36. Muscogiuri G, Cantone E, Cassarano S, Tuccinardi D, Barrea L, Savastano S,
et al. Gut microbiota: a new path to treat obesity. Int J Obes Suppl. 2019.
https://doi.org/10.1038/s41367-019-0011-7.
37. Parekh PJ, Balart LA, Johnson DA. The influence of the gut microbiome
on obesity, metabolic syndrome and gastrointestinal disease. Clin Transl
Gastroenterol. 2015. https://doi.org/10.1038/ctg.2015.16.
38. Carvalho BM, Saad MMJA. Influence of gut microbiota on subclinal
inflammation and insulin resistance. Mediators Inflamm. 2013. https://doi.
org/10.1155/2013/986734.
39. Levy M, Kolodziejczyk AA, Thaiss CA, Elinav E. Dysbiosis and the immune
system. Nature Rev Immunol. 2017. https://doi.org/10.1038/nri.2017.7.
40. Abu-Hamdah R, Rabiee A, MeneillY GS, Shannon RP, Andersen DK, Elahi
D. The extrapancreatic effects of glucagon-like peptide-1 and related
peptides. J Clin Endocrinol Metab. 2009. https://doi.org/10.1210/jc.
2008-1296.
41. Martel J, Ojcius DM, Chang C-J, Lin C-S, Lu C-C, Ko Y-F, et al. Antiobesogenic and antidiabetic effects of plants and mushrooms. Nat Rev
Endocrinol. 2017. https://doi.org/10.1038/nrendo.2016.142.
42. Perry RJ, Peng L, Barry NA, Cline GW, Zhang D, Cardone RL, et al. Acetate
mediates a microbiome-brain-β-cell axis to promote metabolic syndrome. Nature. 2016. https://doi.org/10.1038/nature18309.
43. Iebba V, Totino V, Gagliardi A, Santangelo F, Cacciotti F, Trancassini M, et al.
Eubiosis and dysbiosis: the two sides of the microbiota. New Microbiol.
2016;39:1–12.
44. Surwit RS, Feinglos MN, Rodin J, Sutherland A, Petro AE, Opara EC, et al.
Differential effects of fat and sucrose on the development of obesity and
diabetes in C57BL/6J and AJ mice. Metabolism. 1995. https://doi.org/10.
1016/0026-0495(95)90123-x.
45. The Jackson Laboratory. C57BL/6J. 2020. https://www.jax.org/strain/
000664. Acessed 1 June 2020.

de Moura e Dias et al. Diabetol Metab Syndr

(2021) 13:32

46. The Jackson Laboratory. C57BL/6NCrl. 2020. https://www.jax.org/strain/
030896. Acessed 1 June 2020.
47. Salinero AE, Anderson BM, Zuloaga KL. Sex differences in the metabolic
effects of diet-induced obesity vary by age of onset. Int J Obes. 2018.
https://doi.org/10.1038/s41366-018-0023-3.
48. Gao Y, Li J, Zhang Z, Zhang R, Pollock A, Sun T. MicroRNA miR-7 and
miR-17-92 in the Arcuate Nucleus of Mouse Hypothalamus Regulate
Sex-Specific Diet-Induced Obesity. Mol Neurobiol. 2019. https://doi.org/
10.1007/s12035-019-1618-y.
49. Park JH, Yoo Y, Cho M, Lim J, Lindroth AM, Park YJ. Diet-induced obesity
leads to metabolic dysregulation in offspring via endoplasmic reticulum
stress in a sex-specific manner. Int J Obes. 2018. https://doi.org/10.1038/
ijo.2017.203.
50. Cypess AM, Lehman S, Williams G, Tal I, Rodman D, Goldfine AB, et al.
Identification and Importance of Brown Adipose Tissue in Adult Humans.
N Engl J Med. 2009. https://doi.org/10.1056/NEJMoa0810780.
51. Li J, Zhao W-G, Shen Z-F, Yuan T, Liu S-N, Liu Q, et al. Comparative Proteome Analysis of Brown Adipose Tissue in Obese C57BL/6J Mice Using
iTRAQ-Coupled 2D LC-MS/MS. PLoS ONE. 2015. https://doi.org/10.1371/
journal.pone.0119350.
52. Fak F, Jakobsdottir G, Kulcinskaja E, Marungruang N, Matziouridou C, Nilsson U, et al. The Physico-Chemical Properties of Dietary Fibre Determine
Metabolic Responses, Short-Chain Fatty Acid Profiles and Gut Microbiota
Composition in Rats Fed Low-and High-Fat Diets. PLoS ONE. 2015.
https://doi.org/10.1371/journal.pone.0127252.
53. Svensson AM, Hellerstrom C, Jansson L. Diet-induced obesity and
pancreatic islet blood flow in the rat: a preferential increase in islet blood
perfusion persists after withdrawal of the diet and normalization of body
weight. J Endocrinol. 1996. https://doi.org/10.1677/joe.0.1510507.
54. Speakman J, Hambly C, Mitchell S, Krol E. Animal models of obesity. Obes
Rev. 2007. https://doi.org/10.1111/j.1467-789X.2007.00319.x.
55. Novelli ELB, Diniz YS, Galhardi CM, Ebaid GMX, Rodrigues HG, Mani F, et al.
Anthropometrical Parameters and Markers of Obesity in Rats. Lab Anim.
2007. https://doi.org/10.1258/002367707779399518.
56. Asokan SM, Hung T-H, Chiang W-D, Lin W-T. Lipolysis-Stimulating Peptide
from Soybean Protects Against High Fat Diet-Induced Apoptosis in Skeletal Muscles. J Med Food. 2018. https://doi.org/10.1089/jmf.2017.3941.
57. Rocha-Rodrigues R, Gonçalves IO, Beleza J, Ascensão A, Magalhães J.
Physical exercise mitigates high-fat diet-induced adiposopathy and
related endocrine alterations in an animal model of obesity. J Physiol
Biochem. 2018. https://doi.org/10.1007/s13105-018-0609-1.
58. Ibrahim MM. Subcutaneous and visceral adipose tissue: structural and
functional differences. Obes Rev. 2010. https://doi.org/10.1111/j.1467-
789X.2009.00623.x.
59. Gopalan V, Lee SS, Velan SS. Quantification of abdominal fat depots in rats
and mice during obesity and weight loss interventions. PLoS ONE. 2014.
https://doi.org/10.1371/journal.pone.0108979.

Page 14 of 14

60. Boqué N, Campión J, Paternain L, García-Díaz DF, Galarraga M, Portillo
MP, et al. Influence of dietary macronutrient composition on adiposity
and cellularity of diferente fat depots in Wistar rats. J Physiol Biochem.
2009;65:387–96.
61. Pan M-H, Yang G, Li S, Li M-Y, Tsai M-L, Wu J-C, et al. Combination of
citrus polymethoxyflavones, green tea polyphenols, and Lychee extracts
suppresses obesity and hepatic steatosis in high-fat diet induced obese
mice. Mol Nutr Food Res. 2017. https://doi.org/10.1002/mnfr.201601104.
62. Virto L, Haugen HJ, Fernández-Mateos P, Cano P, González J, JiménezOrtega V, et al. Melatonin expression in periodontitis and obesity: An
experimental in-vivo investigation. J Periodontol Res. 2018. https://doi.
org/10.1111/jre.12571.
63. Aslani MR, Keyhanmanesh R, Alipour MR. Increased Visfatin Expression Is
Associated with Nuclear fator-KB in Obese Ovalbumin-Sensitized Male
Wistar Rat Tracheae. Med Princ Pract. 2017. https://doi.org/10.1159/00047
5772.
64. Zhao F, Pang W, Zhang Z, Zhao J, Wang X, Liu Y, et al. Pomegranate
extract and exercise provide additive benefits on improvement of imune
function by inhibiting inflammation and oxidative stress in high-fat-dietinduced obesity in rats. J Nutr Biochem. 2016. https://doi.org/10.1016/j.
jnutbio.2016.02.003.
65. Boon MR, Lichtenbelt WDW. Brown adipose tissue: A human perspective.
Handb Exp Pharmacol. 2016. https://doi.org/10.1007/164_2015_11.
66. Montanari T, Poscic N, Colitti M. Factors involved in white-to-brown adipose tissue conversion and in thermogenesis: a review. Obes Rev. 2017.
https://doi.org/10.1111/obr.12520.
67. Mughal RS, Bridge K, Buza I, Slaaby R, Worm J, Klitgaard-Povlsen G, et al.
Effects of obesity on insulin: insulin-like growth factor 1 hybrid receptor
expression and Akt phosphorylation in conduit and resistance arteries.
Diab Vasc Dis Res. 2019. https://doi.org/10.1177/1479164118802550.
68. Kus K, Kus E, Zakrzewska A, Jawien W, Sitek B, Walczak M, et al. Differential
effects of liver steatosis on pharmacokinetic profile of two closely related
hepatoselective NO-donors; V-PYRRO/NO and V-PROLI/NO. Pharmacol
Rep. 2017. https://doi.org/10.1016/j.pharep.2017.01.031.
69. Kučera O, Garnol T, Lotková H, Staňková P, Mazurová Y, Hroch M, et al. The
effect of rat strain, diet composition and feeding period on the development of a nutritional model of non-alcoholic fatty liver disease in rats.
Physiol Res. 2011. https://doi.org/10.33549/physiolres.932022.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

Ready to submit your research ? Choose BMC and benefit from:

• fast, convenient online submission
• thorough peer review by experienced researchers in your field
• rapid publication on acceptance
• support for research data, including large and complex data types
• gold Open Access which fosters wider collaboration and increased citations
• maximum visibility for your research: over 100M website views per year
At BMC, research is always in progress.
Learn more biomedcentral.com/submissions

