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Abstract Obesity is a complex global health problem
because it is a risk factor for multiple chronic patholo-
gies such as cardiovascular, endocrine, metabolic, and
neoplastic diseases. It is considered a multicausal dis-
ease, and one of the determining factors is nutritional
imbalances, which include high-fat diets. In this paper,
we use the zebrafish model to assess the impact of
overfeeding and a high-fat diet in somatic and cardiac
parameters in young and adult zebrafish. The results
show that fish receiving a high-fat diet showed greater
weight gain compared to fish receiving a standard fat
diet. Additionally, changes in the heart, including in-
creases in size, a change in the triangular shape of the
ventricle to a globular shape, and an increase in the
thickness of the trabeculae of the spongy myocardium
were observed. These changes could be indicators of
cardiovascular overload. The results show that there is a
direct relationship between the intake of a high-fat diet
and obesity, which in turn can induce cardiac changes,
supporting the hypothesis of the relationship between
high-fat diets and cardiovascular risk factors. Given the
genetic similarity between zebrafish and humans, these
results could be extrapolated to human beings, and the
findings similarly highlight the importance of incorpo-
rating a balanced diet from the early life stages to reduce
the risk of cardiovascular disease.
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Introduction

Obesity is an epidemic health problem in the world, and
it is currently one of the most important risk factors for
the development of several chronic diseases such as
hypertension, heart failure, liver disease, type 2 diabetes
mellitus, and some cancers (Visscher and Seidell 2001;
Frankel 2003; Bender et al. 2006; Guh et al. 2009).
Although obesity is a chronic disease that occurs pre-
dominantly in adults, childhood obesity has increased in
recent decades at an alarming rate and is now considered
a worldwide epidemic (Lobstein et al. 2004; Cali and
Caprio 2008; Xu and Xue 2016). The exaggerated in-
crease in adipose tissue during childhood can lead to
health problems such as glucose intolerance, hyperten-
sion, dyslipidemia, fatty liver disease, and metabolic
syndrome (Weiss et al. 2004; Boney et al. 2005). Sim-
ilarly, childhood overweight and obesity may represent
a risk factor for developing various chronic diseases in
adulthood that can be extremely difficult to manage and
generate enormous costs for the National Health Sys-
tems (Dietz 1998; Rossner 1998; Flint and Rimm 2006).
Obesity has many causes, and one of the contributory
factors is an unbalanced diet, particularly a high-fat diet
(HFD), which leads to a positive energy imbalance
between caloric intake and energy expenditure. The
extra calories ingested via the diet lead to storage of
the excess nutrients within fat cells, where they
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accumulate it as triglycerides or neutral lipids. This
phenomenon favors the development of overweight and
obesity. Basic biomedical research employing animal
models of obesity, clinical, and epidemiological studies
shows a direct link between fat intake and obesity
(Boozer et al. 1995; West and York 1998; Bray et al.
2004). Although the zebrafish model has frequently been
used in basic biomedical research due to its numerous
advantages (Lawrence 2007), it has only rarely been used
for obesity and diet-related studies. In 2010, a protocol
was reported by Oka et al. to establish a model of diet-
induced obesity (DIO) in adult zebrafish, and in 2011, a
test to evaluate obesity in larvae was proposed; these are
key tools for the study of this disease in this model (Oka
et al. 2010; Tingaud-Sequeira et al. 2011). Another study
provided information related to the normal distribution of
white adipose tissue in adult zebrafish (Imrie and Sadler
2010). More recently, several studies related to diet and
various aspects of development and reproduction in
zebrafish have been published (Nekoubin et al. 2013;
Leibold and Hammerschmidt 2015). The development
and structure of the zebrafish heart with its four compart-
ments (one venous sinus, one atrium, one ventricle, and
one arterial bulb) have been reported (Bakkers 2011),
although there are no reports regarding the relationship
between diet, obesity, and changes in cardiosomatic pa-
rameters in the zebrafish model. The aim of this study
was to determine whether chronic overfeeding and HFD
intake modify cardiosomatic parameters in young and
adult zebrafish and to evaluate the impact on cardiac
structures. The data obtained here can be used as refer-
ence parameters in future studies related to obesity and
cardiovascular disease.

Materials and methods

This study was conducted using wild-type zebrafish
(longfin zebra danio reg); specimens were obtained
from local suppliers. The fish were kept in a static
system in aquariums under constant aeration, with daily
replacement of 20% of the water and cycles of light/
darkness of 14:10. The temperature and pH of the water
were held constant at 25 °C and 7.4, respectively. Un-
eaten feed and waste were removed daily to avoid
contamination. Goodwin et al. (2016) have shown that
these strategies maintain the water quality parameters
closer to the acceptable standards. The protocol for
zebrafish care was approved by the Committee of
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Research and Ethics of the Faculty of Medicine and
the IACUC of the Pontificia Universidad Javeriana.
Forty-four specimens were used, complying with the
principle of the three Rs, which encourages minimizing
the number of samples and optimizing their use.

Diet

The feed used for all experiments was a form of com-
mercial flake tropical fish food, Tetramin® (Tetra, Inc.,
Blacksburg, VA, USA), having the following defined
composition: 47% protein, 10% lipids, fiber 3%, and 6%
moisture. Initially, the amount of food required daily
was determined by a test in which decreasing total doses
of food (1, 0.8, 0.5, 0.3, and 0.15 g) were administered
to groups of ten adult fish (aged 6 months, average
weight 0.9462 + 0.1318 g). The daily food required
was defined as the quantity in which no residues were
found at the bottom of the aquarium 24 h after admin-
istration. The total dose was set at 0.15 g/day for ten fish.
Two trials were conducted at this dose; in the first test,
this dose was administered to a group of young fish
(3 months old), and a second trial was conducted with
adult fish, where the amount of food administered daily
was doubled (6 months old; 0.3 g/day per group). In
both cases, the effect of enriching the diet with crude
vegetable oil was compared.

First trial

For the first trial, 16 young zebrafish (90 days post-
fertilization) were separated into two randomly selected
groups (40% males and 60% females in each group).
The first group received the normal diet for tropical
commercial fish 0.15 g/day group (standard fat diet:
SFD1). This amount guaranteed continuous food for
24 h. The second group received a mixture of normal
diet plus crude vegetable oil: 0.15 + 0.04 g, correspond-
ing to 26% additional weight (high-fat diet: HFD1).
Periodic monitoring was performed for 491 days in
total, including periodic measurements of weight and
standard length.

Second trial

For the second trial, 20 adult specimens (6 months old)
were selected and separated into two groups at random
(40% males and 60% females in each group). The first
group received twice the food given in the first test
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0.3 g/day (SFD2), and the second group received a
mixture of food and crude vegetable oil: 0.3 + 0.08 g,
corresponding to 26% of additional weight (HFD2).
Feeding and monitoring, including periodic measure-
ments of weight and standard length, continued for
258 days.

In both trials, daily cleaning of the aquariums was
performed, consisting of vacuuming residue from the
bottoms of the aquariums in order to prevent the accu-
mulation of food and contamination.

Anesthesia

For handling and performing measurements, the fish
were anesthetized using a 0.6-mM solution of MS-222
(tricaine ethyl-3 aminobenzoate methanesulfonate, Sig-
ma-Aldrich, St. Louis, MO, USA). At the end of each
trial, euthanasia was performed using a 6-mM MS-222
solution.

Measurements

In this study, direct and indirect measurements were
obtained. Direct basic measurements or the primary
parameters, including the standard length and weight
of each specimen, were performed during the monitor-
ing period (Figs. 1a and 2), and weight and dimensions
of the isolated heart or dimensions of the histological
sections of the heart images were performed at the end
of the trials (Fig. 1b—c). Indirect measurements or sec-
ondary parameters included body weight gain (BWGQG),
daily growth rate (DGR), specific growth rate (SGR),
feed conversion ratio (FCR), body mass index (BMI),
condition factor (factor K), standard length/weight ratio

(SL/W), and the cardiosomatic index (CSI). The weight
and standard length were measured every 30 to 45 days
to reduce the frequency of handling and to reduce stress,
which can affect the development of the samples. In the
first trial, 50% of the group was followed up for
129 days; at which time, they were sacrificed to evaluate
the hearts. The remaining 50% were followed for
491 days; at which time, stabilization in the measure-
ments of standard length and weight was observed. In
the second trial, zebrafish groups were followed for
258 days in 100% of the specimens. In both trials,
measurements of weight and standard length were per-
formed with the fish under general anesthesia. To mea-
sure body weight, a Sartorius analytical balance (Sarto-
rius Mechatronics T&H GmbH, Hamburg, Germany)
was used. For the standard length measurement, images
of each zebrafish were taken using a conventional cam-
era ES65, 10.2 MP (Samsung Electronics, Seoul, Ko-
rea). Using these images and the free software Imagel,
the standard length of each fish was measured from the
snout to the caudal peduncle (Figs. 1a and 2).

At the end of the trials, the fish were sacrificed with
an overdose of MS-222 solution, and they were then
fixed in 4% paraformaldehyde for 24 h to ensure the
integrity of the various structures of the heart during
dissection.

Dissection and histology

Initially, the weight of each specimen, which serves as a
reference for calculating the CSI, was registered and
then the heart dissection was performed using the pro-
cedure from our previous reports (Vargas and Vasquez
2016). Briefly, a ventral incision to expose the viscera

Fig. 1 Measurements in zebrafish Danio rerio. a Adult D. rerio
and method for measuring size. b Isolated D. rerio heart and
measuring axes. ¢ D. rerio heart, histological section, and mea-
sured parameters. AB arterial bulb, V ventricle, »/ major axis, 2

minor axis, a/, a2, a3 ventricular angles, CM compact myocar-
dium, SM spongy myocardium (dotted line). In a, the bottom-left
line represents 1 cm. In b and ¢, the lower-left line represents
0.5 mm
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Fig.2 Control and experimental groups. a D. rerio receiving SFD
at the beginning and b at the end of the trial. ¢ D. rerio receiving
HEFD at the beginning and d at the end of the trial. No significant

was performed for organ removal. Next, the abdominal
walls were retracted with insect pins to visualize, iden-
tify, and extract the inner organs: gonads, stomach,
intestine, liver, and heart. Once the heart was extracted,
we proceeded to take the weight of the isolated organ.
Then, images of the isolated heart were taken using a
stereo microscope (XTD-217, Hinotek Ningbo Technol-
ogy Co., Ltd., Zhejiang, China) and a 0.5-megapixel
video camera (S3CMOS, Touptek Photonics, Hang-
zhou, China). The major axis (r1) and the minor axis
(r2) of the isolated heart were measured on these images
using the free software Image] (Fig. 1b). The hearts
isolated from fish were fixed with 4% paraformaldehyde
for 24 h, and then the histological procedures, including
dehydration in an ascending ethanol series and paraffin
embedding, were completed to obtain a final thickness
0f 20-50 um sections. These sections were stained with
hematoxylin-eosin (Fig. 1¢). The processing of the sam-
ples was performed in the Department of Pathology,
Faculty of Veterinary Medicine of the Universidad
Nacional de Colombia. From these sections, x4 and
x10 images were taken using a conventional camera
(Optikam 2 Mp, Optika SRL, Ponteranica, BG, Italy)
coupled with a light microscope (Accu-Scope® EXC-
350, Accu-Scope Inc., Commack, NY, USA). On the
images obtained, measurements of the ventricles and
myocardium were made using ImageJ software (Fig.
lc).

In addition, a group of eight adult zebrafish was
sacrificed at the end of the second trial. The zebrafish
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differences were found in size, but there were significant differ-
ences in weight. The bottom-left line represents 1 cm

in this control group were the same age as those in the
study group and were maintained under the same con-
ditions and with the same care, with the exception that
they had no dietary restrictions. As in the active groups,
the hearts were dissected and the same histological
procedures were performed, which allowed for compar-
isons among the samples collected from the SFD2,
HFD?2, and control groups.

Calculations and measurements

The calculations that were used, which have been vali-
dated in other studies, were as follows (Kowalska et al.
2012; Gonzales and Law 2013; Nekoubin et al. 2013;
Vargas and Vasquez 2016):

BWG (g) = final weight (W) — initial weight (W;)
DGR (g/day) = [WWi] / days

SGR (%/day) = [(LnW¢-LnW;)/days] 100
FCR (g/gfish) = total feed intake (TFI) | (W¢—W;)
BMI (g/ cmz) = body weight (g) / standard length®
Factor K (g/cm3 ) =100 [weight (g)/standard length® ]
CSI (%) = 100 [heart weight (g)/body weight (g)]
SL/W ratio (cm/g) = standard length (cm) /weight (g)
Cardiac index= 1 2 (mm) / r 1 (mm)

Statistical analysis

Primary measurements were analyzed using basic de-
scriptive statistics, including averages and standard
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deviations. A comparison between the group fed the
normal fat (SFD) diet and the group that was adminis-
tered the HFD was performed on each of the trials, using
Student’s ¢ test, 95% confidence intervals, and statistical
significance at p < 0.05.

Results
Feeding

The amount of daily diet determined for zebrafish was
15 mg/g of body weight (bw)/day, which is close to that
reported for other ornamental fish of similar size, such
as neon tetra 3.8 mg/g bw/day; goldfish 25.79 mg/g bw/
day; or leopard danio 7.2 mg/g bw/day (Pannevis and
Earle 1994; Velasco-Santamaria and Corredor-

Santamaria 2011). Similarly, it coincides with the diet
reported by other authors such as Meguro and col-
leagues, who administered 160 mg/day of food divided
into two portions to groups of eight zebrafish (Meguro
et al. 2015). In the first trial of our study, the initial dose
of feed was ten (SFD1) or 15 times (HFD1) higher due
to the age and weight of the specimens (150 mg/day is
equivalent to 197 mg/g fish/day; Fig. 3e and f). This
dose was maintained throughout the first trial, which
meant that over time and simultaneously with the spec-
imen’s growth, the amount of food decreased propor-
tionally to the weight gained, and by the end, both
populations received similar quantities of food
(<30 mg/g bw/day) with different compositions in terms
of fat content (Fig. 3¢). In the second trial, the amount of
food provided was higher in the HFD2 group initially,
but by the end, both populations received equivalent

a WEIGHT - TRIAL 1 b WEIGHT - TRIAL 2
— 2,00 —-=-SFD1 -+-HFD1 — -=-SFD2 -+-HFD2
bt 21,50
£ 150 Pl 10
(7] e =
2 1,00 o 2 1,00
S 0,50 e g, 0,50
s s
§ 0,00 CTDOOVONDIO DO OIS = gO,OO
TADOND —NOORBNODRRR < 1 46 67 84 102140 188 230 258
Time (days) Time (days)
(o LENGTH - TRIAL 1 d LENGTH - TRIAL 2
= —=-SDF1 ---HFD1 — —SFD2 -=-HFD2
< 500 5 500
=) £ 4,00 . S
T :i%:’ 3,004 <
S o 200
g 1 2 1,00
Z 0,00 —DOOVONDIDIO D O NI~ O — § 0,00
TABLREO CNOTDVNOROR 3 1 46 67 84 102140 188 230 258
Time (days) Time (days)
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Fig. 3 Weight and length average of the control (SFD, solid line)
and experimental groups (HFD, dashed line). a The average
weight in trial 1. It is noted that in trial 1, from 3 months to the
end, the increase in weight was higher in the HFDI group. b
Weight average in trial 2. It is noted that from the first month,

weight increases in greater proportion in the HFD2 group. ¢
Length average trial 1. d Length average trial 2. e Quantity of
daily food administered in trial 1. f Quantity of daily food admin-
istered in trial 2. In both trials, food administered (grams of food
per 1 g of body weight, g/g BW/day) gradually decreased
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amounts of food (>20 mg/g bw/day) with different
compositions (Fig. 3f).

In both trials, unconsumed residual food (not quanti-
fied) was observed at 24 h, especially in the initial
phases of both trials. In the SDF groups, a smaller
amount of residual food and greater amount of detritus
was observed. In the HFD groups, more unconsumed
food was observed and less detritus. These observations
suggest that intake is likely regulated similarly to other
species, and it is possible that, despite the availability of
food, hyperphagia did not develop (Poppitt and Prentice
1996). On the other hand, the lower intake in the HFD
groups could be explained by the excess of calories due
to the extra fat in the diet and fat-induced changes in
gastric emptying and intestinal transit (Little et al. 2007).

Initial somatic parameters

In the first trial, weights and standard lengths between
the SFD1 and HFDI1 groups at the beginning of the
experiment showed no significant difference
(0.095 + 0.017 vs. 0.077 £ 0.031 g, p < 0.05, n = §;
1.63+0.16 cmvs. 1.73+0.13 cm, p > 0.05, n = 8; Fig.
3a and c). Additionally, no statistically significant dif-
ferences in BMI, factor K, or the H/W ratio were ob-
served (Fig. 4a, c, and e). Similar results were found in
the initial measurement of the second trial (Figs. 3b and
d and 4b, d, and f).

Final somatic parameters

In the first trial, weights and standard lengths taken at
129 days showed significant differences only in terms of
weight but not in size (0.428 + 0.147 vs.
0.706 + 0.172 g, p < 0.05, n = 8; 3.01 £ 0.32 cm vs.
3.32 £ 0.24 cm, p > 0.05, n = 8). No statistically
significant differences in BMI, factor K, CSI, or the
SL/W ratio factor were observed (Fig. 4a, c, and e).
Primary parameters registered at the end of the trial
(491 days) showed statistically significant differences
only in weight (Fig. 3a and c). In the secondary param-
eters, statistically significant differences in BMI, CSI,
and factor K were observed (Fig. 4a, c, and g).

In the second trial, significant differences were ob-
served in the primary parameters, specifically in the
weight data taken at 258 days (Fig. 3b and d). In the
secondary parameters, it was observed that the BMI for
the HFD2 group was greater than 0.08 g/cm?, indicating
obesity, but no significant differences were observed in

@ Springer

the SFD2 group, nor were there significant differences
in the other parameters (Fig. 4b, c, f, and g).

Additionally, at the end of both trials, differences
were observed between the SFD and HFD groups in
BWG, DGR, SGR, and FCR (Table 1).

Measurements and cardiac structure

Measurements were made both in the isolated organs
(Fig. 1b) and in histologic sections (Fig. 1c) of the
different groups.

Isolated organ

The main measures of the isolated organ included a
major axis, rl and a minor axis, r2 (Pombo et al.
2012). In the first trial, an increase in both rl and r2
was observed in the HFDI1 group. This outcome was
similar to the observed change from triangulated to
globular shape in the histological sections (Fig. 5¢ and
g). In the second trial, an increase in rl and r2 in the
HFD2 group was also observed.

Histology

Because it is not possible to obtain an ideal cut as the
histological procedure can generate modifications to the
samples, it was not always possible to compare data
measurements from the isolated organs with the histo-
logical measurements. In trial 1, both rl and 12 were
greater in the HFD1 compared with the SFD1 group in
the histological sections both at 129 and 491 days (Fig.
5). In these images, a change to a globular shape of the
heart should also be noted to be associated with larger
heart size in the HFD1 group at 129 days, compared to
the triangular shape heart in the SFD1 group (Fig. 5a
and c). Interestingly, at the end of the trial (491 days),
the heart shape was globular in both groups (Fig. 5e and
g). This globular shape makes it difficult to measure and
compare cardiac angles, but it is obvious that the angles
are markedly increased in globular hearts, especially the
alpha-3 angle, which is the angle related to the ventric-
ular apex.

In trial 2, both rl and r2 were greater in the HFD2
group. Similarly, a triangular shape was observed in the
control group and the SFD2 group, while a globular
shape was observed in the HFD2 group (Fig. 6a, c,
and e). These changes are similar to those observed on
day 129 in trial 1 (Fig. 5a and c).
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Fig.4 Secondary parameters trial 1 (leff column) and trial 2 (right
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Structurally, both in test 1 as in test 2, trabecular
thickening of the spongy portion of the myocardium
was observed in the HFD groups. This was most evident
at 129 days in the first trial (Fig. 5d) and at the end of the

Cardiosomatic index trial 2. SFD standard fat diet, HFD high-fat
diet. Each bar represents the average + SD. Asterisk represents a
significant difference

second trial (Fig. 6d and f). Interestingly, although in the
first trial, r1 and r2 increased at day 491, making it
difficult to completely visualize the ventricle in the x4
objective of the microscope (Fig. 5g), the trabecular
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Table 1 Feeding and growth in trials 1 and 2. The results show a similar DGR in HFD groups. Additionally, FCR is higher in HFD groups.
Data are expressed as the average + SD

Trial 1 Trial 2

SFD1 HFD1 SFD2 HFD2
Feed/day (g) 0.150 0.190 0.300 0.380
BWG (g) 0.7159 £+ 0.1802 1.4499 + 0.1702 0.4517 £ 0.3988 0.6250 £ 0.2491
DGR (g/day) 0.0015 £ 0.0004 0.0029 £ 0.0003 0.0018 £ 0.0015 0.0024 + 0.0010
SGR (%) 0.4320 + 0.0751 0.6527 + 0.0496 0.2201 + 0.1817 0.2218 + 0.1817
FCR (g/g fish) 110.5737 + 26.5 52.6411 + 6.1072 175.7493 + 45.0955 121.7329 + 34.0216

BWG body weight gain, DGR daily growth rate, SGR specific growth rate, FCR feed conversion ratio

thickening decreased (Fig. 4h). This finding, coupled Another explanation is that these changes could also
with the highest values of rl and r2 and the globular reflect a state of dilated cardiomyopathy and possibly

shape, could indicate the reversal of secondary hyper- heart failure, which was not assessed in this study.
trophic changes, which occurred in parallel to the re- Previously, some authors have described changes in
duced amount of food at the end of the experiment. the angles and shape of the ventricle in various species

Fig. 5 Histology of the D. rerio
heart in trial 1. Feeding and
monitoring were performed for
491 days; 50% of the group was
followed up for 129 days, at
which time they were sacrificed to
evaluate the hearts. The
remaining 50% were followed for
491 days. a D. rerio heart SFD1
to 129 days. Image x4. b D. rerio
heart ventricle with SFDI to

129 days. Image x10. ¢ D. rerio
heart HFD1 to 129 days. Image
x4.d D. rerio heart ventricle with
HFDI to 129 days. Image x10. e
D. rerio heart SFD1 to 491 days.
Image x4. f D. rerio heart
ventricle with SFD1 to 491 days.
Image x10. g D. rerio heart HFD1
to 491 days. Image x4. h D. rerio
heart ventricle with HFD1 to

491 days. Image x10. Bars
represent 0.5 and 0.05 mm in x4
and x10, respectively. In ¢, e, and
g, a globular shape is observed,
but in g, the size is much larger. 7/
major axis, #2 minor axis, o3
apex angle, CM compact
myocardium, SM spongy
myocardium (dotted line)

SFD

HFD

SFD

491 days

HFD
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Fig. 6 Histology D. rerio heart in
trial 2. Feeding and monitoring
were performed for 258 days in
100% of the specimens, at which
time they were sacrificed to
evaluate the hearts. a D. rerio
heart control. Image x4. b

D. rerio heart ventricle control.
Image x10. ¢ D. rerio heart SFD2.
Image x4. d D. rerio heart
ventricle SFD2. Image x10. e

D. rerio heart HFD2. Image x4. f
D. rerio heart ventricle HFD2.
Image x10. Bars represent 0.5
and 0.05 mm in x4 and %10,
respectively. 7/ major axis, 72
minor axis, a3 apex angle, CM
compact myocardium, SM
spongy myocardium (dotted line)

of wild and domesticated fish, and they suggest that
these measurements could be useful in determining the
impact of environmental factors such as food availabil-
ity on the structure and cardiac function (Pombo et al.
2012).

Discussion

The effects of overfeeding and HFDs in young and adult
zebrafish specimens were evaluated in this study.

The HFD led to greater BWG than overfeeding.
These changes can be considered to lead to obesity
because the data reported here are consistent with the
values published by Oka et al., where it was established
that BMI values greater than 0.08 g/cm? are indicators of
obesity (Oka et al. 2010). Before the third month in the
first trial, no differences were distinguished between the
SFD1 and HFDI group parameters, which could indi-
cate an apparent resistance to DOI, as has been proposed
by other authors (Leibold and Hammerschmidt 2015).
However, it was observed that from the third month to
the end of the trial, weight gain was greater in the HFD1
group. This outcome created statistically significant

Control

differences in BMI and factor K (4A, 4C, 4E), and these
differences persisted throughout the trial. These results
could indicate that the apparent resistance of juvenile
fish to DIO is because they are still in the period of scale
and tissue generation, including adipose tissue, which
decreases the possibility of accumulating excess adipose
tissue. From the sixth month, adult zebrafish can accu-
mulate excess calories from the diet in storage tissues,
which leads to significant differences in weight gain,
BMI, and factor K among the SFD1 and HFD1 groups.

In the second trial, which included mature zebrafish,
rapid weight gain in the HFD2 group was observed
compared to the SFD2 group (Fig. 3a—b). This indicates
that in adult fish, excess dietary fat generates weight
gain due to the accumulation of surplus fat in storage
tissues, and this intervention achieved a BMI higher
than 0.08 g/cm”. However, although differences be-
tween average values exist, no statistically significant
differences between SFD2 and HFD2 were observed
(Fig. 4b, d, and f). This could indicate that not only a
HFD but also overfeeding could cause obesity in some
individuals. This would reinforce the theory that obesity
is a multicausal disease, where factors such as genetics,
gender (not tested here), or social behavioral factors that
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determine food availability, such as dominance in the
group, are also determinants.

This study also showed that not only BMI and factor
K are useful parameters in evaluating physical develop-
ment but also the H/W ratio could be useful. The H/'W
ratio is higher in the early stages where the tissue growth
is predominant, which is reflected in the fast increase in
standard length with a slow weight gain. The value of
the H/W ratio decreases with age to reach normal stan-
dard length values and is further reduced with progres-
sive weight gain. This high reduction in the values of the
H/W ratio was evident in the specimens that demon-
strated obesity in trial 1, implying that a lower H/W ratio
in comparison with the reference values at a certain
stage of life could be due to obesity or could serve as a
low-growth indicator.

Here, it was shown that the composition of the diet is
a factor capable of inducing changes in cardiosomatic
parameters, and the fat content in the diet is a decisive
component. It has been suggested that nutritional imbal-
ance in the early stages of development of the individual
determines the biotype in its advanced stages of devel-
opment (Galtier-Dereure et al. 2000; Boney et al. 2005;
Risnes et al. 2011). It is postulated that when excess
calories are supplied in the diet, it increases the likeli-
hood of increasing the amount of adipose tissue and
lipid accumulation. There are two mechanisms docu-
mented for this increase in adipose tissue: the hypertro-
phy or the hyperplasia of adipocytes (de Ferranti and
Mozaffarian 2008). The contribution of one or the other
mechanism depends on various factors, including age,
diet, genetics, and neuroendocrine regulation
(Bourgeois et al. 1983; Bray et al. 2004; Joe et al.
2009). These mechanisms determine the possibility that
adipose tissue can expand between 2 and 70% of body
weight in response to a positive energy balance in
humans (Hussain et al. 2007).

Several authors argue that in humans, the increase in
the number of adipocytes in the early stages of life is due
to various factors including maternal obesity, gestational
diabetes, and nutritional disorders, which favor an in-
creased capacity to accumulate excess nutrients in the
form of triglycerides and neutral fatty acids in adipo-
cytes in adults. This could imply that the probability of
overweight and obesity will be higher in individuals
with a history of childhood overweight because they
will have a greater number of adipocytes in fat tissue
(Kaur et al. 2003; Boney et al. 2005; Cali and Caprio
2008; Risnes et al. 2011; Stuart and Panico 2016). On
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the other hand, from the cardiovascular standpoint, ad-
ipose tissue under normal conditions is an endocrine
organ that normally participates in the regulation of
cardiovascular function through balanced synthesis
and release of proinflammatory and antiinflammatory
adipokines. Obesity is considered to induce a state of
subclinical chronic inflammation where the synthesis
and release of proinflammatory adipokines that may
lead to tissue damage and multiple organ dysfunction
predominate (Mancuso 2016). Obesity is therefore a
cardiovascular risk factor because it can cause direct
damage, affecting the heart muscle and blood vessels
or causing endothelial dysfunction through proinflam-
matory cytokines, or it may cause indirect damage due
to cardiovascular overloading secondary to the necessity
to guarantee perfusion to multiple organs with inflam-
matory lesions (Yiannikouris et al. 2010; Bhatheja et al.
2016; Mancuso 2016). However, further studies are
required in humans to clarify the mechanisms underly-
ing these phenomena and others as the beneficial and
paradoxical relationship between heart failure and mod-
erate obesity (Ebong et al. 2014; Bhatheja et al. 2016).
To develop research around these topics, animal models
such as zebrafish can be extremely useful tools.

Several studies in animal models have shown that
diets rich in lipids induce proliferation of subcutaneous
adipose tissue and hypertrophy of visceral adipose tis-
sue. In mice, it has been confirmed that a HFD induces
proliferation of cellular progenitors of adipocytes in
subcutaneous adipose tissue (Bourgeois et al. 1983;
Joe et al. 2009). Similarly, some studies in rodents have
shown that weight gain is not always associated with
hyperphagia because isocaloric diets may induce accu-
mulation of visceral adipose tissue and this is related to
the fat content in the diet (Boozer et al. 1995; West and
York 1998). Additionally, it has been described in obese
mice that some antiobesity interventions, such as
lipectomy, stimulate lipogenesis and adipocyte differen-
tiation (Nascimento et al. 2009).

In zebrafish, a direct correlation between HFD and
the development of adipocytes in live larvae was recent-
ly reported. This has been documented by a test
employing a vital dye, Nile red, which is incorporated
in the forming tissue (Flynn et al. 2009; Tingaud-
Sequeira et al. 2011). Likewise, hypertrophy and hyper-
plasia of adipocytes in the DIO model have been report-
ed, and DIO resistance in young zebrafish has been
reported (Leibold and Hammerschmidt 2015). In addi-
tion, it has been described that overfeeding stimulates
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the formation of pancreatic beta cells (Li et al. 2014).
The high number of beta cells may promote a state of
hyperinsulinemia and insulin resistance (Lichtenstein
and Schwab 2000; Riccardi et al. 2004; Haag and
Dippenaar 2005), which induce changes in metabolism
that favor the accumulation of lipids in white adipose
tissue. It must also be considered that insulin, by acting
as a growth factor in different tissues, can induce cell
proliferation and induce states of macrosomia (Nakae
etal. 2001). The increase in tissue growth stimulated by
growth factors released in the very early stages of de-
velopment or growth factors that are persistently re-
leased could increase proliferation of precursors of adi-
pocytes in adipose tissue. From the point of view of
cardiac tissue, in zebrafish, the development of cardiac
structures from the embryonic stage to adulthood has
been documented, but under normal conditions
(Singleman and Holtzman 2011). We believe that this
is the first time where a possible link between obesity
and the presence of changes in cardiosomatic parame-
ters and cardiac structures has been reported. All of this
evidence argues that the changes observed in the
cardiosomatic parameters in this study are secondary
to the stimulus generated by HFD regimen, which was
administered chronically and early in the developmental
stages. However, these results must be supplemented by
additional studies that include more advanced biochem-
ical, molecular, genetic, and functional techniques.

In conclusion, this study demonstrated that chronic
administration of a HFD in zebrafish, both young and
old, modifies somatic parameters in advanced stages.
Specifically inducing a high-weight gain and high BMI,
the values achieved in these parameters met the criteria
that were previously established to define obesity in this
model. Parallel changes were observed in the zebrafish
heart, including increases in size and changes in mor-
phology, and a globular shape in contrast to the triangu-
lar shape of the controls. Similarly, trabecular thickening
of the myocardium forming spongy myocardium was
observed. All of these changes can be considered to be
due to nutritional imbalances inducing lipid accumula-
tion and obesity. This state generates a subclinical in-
flammatory response, which in turn generates an over-
load to the cardiovascular system and induces adaptive
changes in the heart. Given the genetic similarity be-
tween zebrafish and humans, these results could be
extrapolated and information added that supports the
hypothesis of the relationship between HFD content
and cardiovascular risk factors. Similarly, it highlights

the importance of incorporating a balanced diet from the
early life stages to reduce the risk of cardiovascular
disease.
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