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Abstract

Obesity is a serious current public health problem, which constitutes a risk factor for developing cardiovascular, endocrine, metabolic and neoplastic diseases.
Inadequate nutritional intake has been argued as one of the most important factors in the development of obesity, especially the intake of high-fat diets. Obesity has
been increasing in recent decades and has switched from being an adult problem to a childhood concern, with childhood obesity currently considered an epidemic.
The present review shows the magnitude of this problem and the usefulness of the diet-induced obesity model in zebrafish in clarifying the impact of overfeeding and
high-fat diets on excess weight gain and obesity. The evidence presented shows that the zebrafish is a useful model to study obesity and its status as a risk factor for

several common chronic non-communicable diseases in humans, including metabolic syndromes, metabolic cardiopathies and heart failure.

Introduction

Obesity is a serious public health problem and is currently
considered to be one of the most important risk factors for the
development of various chronic health problems, such as cardiovascular,
gastrointestinal, renal, endocrine, musculoskeletal and immunological
diseases [1-4]. According to the World Health Organization (WHO),
the prevalence of obesity tripled between 1975 and 2016. Approximately
13% of the world population presented obesity in 2016, which represents
approximately 650 million persons: 11% men and 15% women [5,6].
For the present review, a bibliographic search was carried out in the
PubMed database, EMBASE, sciELO and the Google Scholar search
engine. The terms “overfeeding”, “high-fat diet”, “childhood obesity”,
“cardiovascular risk’, “diet-induced obesity” and “zebrafish heart” were
combined.

Although obesity is a chronic disease that occurs predominantly in
adults, childhood obesity has increased alarmingly in recent decades
and is now considered a global epidemic [7-9]. In 2016, approximately
41 million children under 5 years of age were overweight or obese,
and approximately half of these children lived in Asia. Considering
the ages between 5 and 19 years, the prevalence of overweight and
obese children rose from 4% in 1975 to 18% in 2016; more than 124
million children and adolescents are obese [5,6]. Excess weight and
childhood obesity may represent a risk factor for developing chronic
diseases that are difficult to manage in adults [10-12]. An exaggerated
increase in adipose tissue during childhood can be a risk factor for
developing health problems such as hypertension, heart failure, glucose
intolerance, dyslipidemias, fatty liver disease, metabolic syndrome,
diabetes mellitus 2, osteoarthritis and some types of cancer with diverse
origins: endometrium, breast, ovary, prostate, liver, gall bladder, kidney
and colon [13,14].

Diet, nutritional balance and adipose tissue

Obesity is a multifactorial disorder, and one of the factors that
favors its development is an unbalanced diet, especially diets with high
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lipid content, which lead to a positive energy imbalance between caloric
intake and energy expenditure [15]. It has been proposed alterations in
central regulation of food intake as an origin of diet-induced obesity
(DIO). In Central Nervous System (CNS) has been described anorectic
and orexigenic circuits, neuropeptides, receptors and signaling
pathways. Nowadays, DIO research is oriented to study the addiction-
like behavioral and molecular adaptations in overeating [16-18].

In overeating an excess of calories ingested leads to storage of this
excess as lipids in the fatty tissue adipocytes, where they accumulate as
triglycerides and neutral lipids, and this storage favors the development
of excess weight and obesity [19,20].

It has been suggested that the nutritional balance in the initial
stages of individual development determines its biotype in its
advanced ages [13,21,22]. An excess of calories in the diet raises the
probability of inducing an increase in the amount of adipose tissue by
accumulation of lipids. There are two documented mechanisms for this
increase in adipose tissue: hypertrophy or hyperplasia of adipocytes.
The contribution of one mechanism or another to the development of
obesity depends on various factors including age, diet, neuroendocrine
regulation and genetic aspects among others [23-25]. In humans,
these mechanisms could determine the likelihood for adipose tissue to
expand to between 2 and 70% of body weight in response to a positive
energy balance [26].
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Relationship between adipose tissue and obesity

Several authors suggest that in humans, an increase in the number
of adipocytes in the early stages of life, due to factors including
maternal obesity, gestational diabetes and nutritional alterations among
others, would favor in adults a greater capacity for the accumulation of
excess nutrients in the form of triglycerides and neutral fatty acids in
adipocytes. This pattern implies that the probability of excess weight
and obesity will be higher in individuals with a history of excess weight
in childhood because they would have a greater number of adipocytes
in the fatty tissue [8,13, 22,27,28]. Adipose tissue under normal
conditions is an endocrine organ that participates in the regulation of
the function of various organs [29], especially cardiovascular function,
through the synthesis and balanced release of proinflammatory
adipokines, TNF-a, IFN-y, IL-6 and anti-inflammatory cytokines IL-4,
IL-5 and IL-13 [30,31]. Obesity presents a state of chronic subclinical
inflammation where the synthesis and release of proinflammatory
adipokines predominates, which can lead to tissue damage and multi-
organ dysfunction [31]. In this condition, obesity is a cardiovascular
risk factor because it can cause direct damage to the myocardium or
blood vessels, cause endothelial dysfunction through proinflammatory
cytokines [32], or cause indirect damage due to the overload that the
perfusion of multiple organs with inflammatory lesions represents for
the cardiovascular system [33-35]. However, more studies in humans
are needed to clarify the mechanisms underlying these phenomena
and others, which are paradoxical, such as the beneficial association
between heart failure and moderate obesity [33,36]. To develop research
on these topics, basic biomedical research with animal models is a very
useful tool.

Rodent models and obesity research

Preclinical studies using models of obesity with rodents and
epidemiological clinical studies show a direct relationship between fat
intake and obesity [24,37,38]. Other studies in rodents show that weight
gain is not always associated with hyperphagia and that isocaloric diets
can induce visceral adipose tissue accumulation in direct proportion to
the fat content of the diet [37,38]. Additionally, it has been shown that a
diet rich in lipids induces subcutaneous adipose tissue proliferation and
visceral adipose tissue hypertrophy, and in mice, it has been confirmed
that a high-fat diet induces proliferation of adipocyte cell progenitors
in subcutaneous adipose tissue [23,25]. Paradoxically, in obese mice,
some antiobesity interventions, such as lipectomy, have been described
that stimulate lipogenesis and adipocyte differentiation [39]. Although
the obesity model in rats is considered the gold standard, the costs
are high, so alternative models have been sought that would allow the
development of research on this issue, especially in emerging countries
where obesity is a serious public health problem. One of the alternatives
for animal research is the zebrafish.

Using zebrafish to study diet-induced obesity

Although the zebrafish is a model that has become popular in recent
decades for basic biomedical research due to the multiple advantages
highlighted in several articles [40,41], it has not been used extensively
for studies related to obesity and diet. The first studies of adipose tissue
and obesity in zebrafish appeared in 2010, with information on the
distribution of adipose white tissue in adult zebrafish under normal
conditions [42]. Additionally, a direct relationship between a fat-rich
diet and development of adipocytes was reported in live zebrafish
larvae [43]. In 2010, Oka and collaborators proposed a diet-induced
obesity (DIO) protocol by a diet administered over a short time in adult
zebrafish [44], and in 2011, other groups proposed a test to evaluate
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obesity in larvae. For this, they used a vital dye, Nile red, which is
incorporated into adipose tissue during tissue formation [45-47]. Both
techniques are key tools for the study of this pathology in this model
[44-47]. By 2014, it was reported that overnutrition stimulates the
formation of beta cells in the pancreas. Increasing the number of beta
cells may favor a state of hyperinsulinemia, and the excess insulin would
induce changes in the metabolism favoring the accumulation of lipids
in the white adipose tissue [48,49]. It should also be noted that insulin
can act as a growth factor in different tissues and probably can induce
cell proliferation and macrosomia. The increase in growth tissues in
young subjects, whether stimulated by growth factors released at very
early stages of development or by a persistent excess of growth factors,
would favor a greater proliferation of adipocyte precursors in adipose
tissue [48].

The metabolism of lipids in zebrafish is like mammals. Lipids
are absorbed from dietary lipids and delivered from the intestine to
the liver and from there to whole body. In the blood, the lipids are
transported by lipoprotein carriers (VLDL, LDL, HDL) in the same
way that in mammals [50,51]. Also, zebrafish has a regulatory pathway
of energy homoeostasis which include a central melanocortin system
that respond to leptin. In zebrafish, has been found adiponectin and
adiponectin receptors, agouti-related protein, PPARs (peroxisome-
proliferator-activated receptors) a lipid sensor and regulator of
lipid metabolism, leptin and the regulatory lipid synthesis pathway
SCAP/SREBP. Obesogenic and antiobesogenic drugs has been tested
successfully in this model which suggest the conservation of key
regulatory pathways of adipogenesis in zebrafish [52-57].

DIO in young zebrafish and cardiovascular changes in adult
zebrafish

In 2015, Leibold and Hammerschmidt evaluated the changes
presented in a DIO zebrafish model with along-term diet administration
and different fat compositions in the diets. They found an increase in
the weight and body mass index (BMI) plus an increase in triglyceride
levels. They describe resistance to obesity in young fish, probably due
to the energy consumption in maturation processes of scales and other
structures [58]. In a similar work and using a protocol of overfeeding
with a high-fat diet over a long period, we show how overfeeding and
the chronic intake of a high-fat diet modify somatic parameters in both
young and adult zebrafish. Although we also found an initial phase of
DIO resistance in young zebrafish, long-term weight gain and BMI
were higher in individuals overfed since an early age [59]. Chronic
administration of a high-fat diet specifically induced weight gain and
higher BMI, and the observed values meet the criteria previously
established to define obesity in this model [44]. In parallel, we observed
changes in the hearts of the zebrafish, including an increase in volume
and changes in heart shape: fish with obesity had globular-shaped hearts,
which contrasts with the triangular shape of the controls. Changes
in compact and spongy myocardium were also observed [59]. This
change could suggest cardiovascular overload in conditions of obesity.
Cardiac structures from the embryonic to the adult stage had been
previously documented in the zebrafish but under normal conditions
[60,61]. To our knowledge, this work is the first study to show a possible
relationship between overfeeding, obesity and the presence of changes at
the heart level. This evidence supports hypotheses related to nutritional
imbalances and the relationship between obesity and cardiovascular
diseases. Similarly, Landgraf et al. (2017) showed a protocol of
overfeeding and obesity to induce metabolically healthy obesity and
metabolically unhealthy obesity (MHO, MUO). They confirmed and
added to previous findings showing that overfeeding with high lipid
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content diets induces MUO, characterized by hypertrophy of visceral
adipocytes, fat accumulation in liver and muscle tissue, hyperglycemia,
hyperlipidemia, decreases in markers of lipid metabolism and increases
in inflammation markers [62]. In humans, it has been proposed that
obesogenic environment in which children are developing could be a
high risk of morbidity and mortality from cardiovascular disease in
adulthood [63,64].

Conclusions

With the complete sequencing of the zebrafish genome
demonstrating that it has an 80% similarity with the human genome
[65], the evidence supports the hypothesis of a relationship among
high lipid content diets, obesogenic pathways dysregulation and
obesity; the findings appear to confirm the role of these two factors in
the development of cardiovascular diseases and could be extrapolated
to human beings. The results also emphasize the importance of
incorporating a balanced diet at early stages of life to reduce the risk
of chronic, high-cost and uncontrollable diseases in adults. Given the
increasing evidence provided by the DIO zebrafish model, this model is
considered a useful, low-cost model to study the relationship between
obesity and non-communicable chronic diseases, clarify trigger
mechanisms and propose prevention and therapeutic actions. This
information in turn can be used to support public health care programs
aimed at reducing the global burden of diseases related to obesity.
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