High-sugar diet leads to obesity and
metabolic diseases in ad libitum-fed
rats irrespective of caloric intake
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ABSTRACT

Provide a comprehensive view of the events surrounding the sugar consumption, under
conditions of energy equivalence; through the analysis of behavioral aspects of intake, and of
biochemical, metabolic and physiological parameters, as well as the effect of this nutrient on the
plasticity of adipose tissue. Newly weaned male Wistar rats were classified
in two groups and subjected to the following normocaloric diets: standard chow diet or to high-sugar
diet (HSD) ad libitum for 18 weeks. The animals submitted to the HSD were associated
with a lower caloric intake during the 18 weeks of experimentation. However, the HSD induced a
significant increase in body weight, white adipose tissue weight, adiposity index, Lee index, and the
levels of triglycerides and very low-density lipoprotein in the serum. In addition, it induced glucose
intolerance, insulin resistance and compensatory increase of insulin secretion by pancreatic p-cells.
Also increased heart rate and induced hyperplasia, and hypertrophy of retroperitoneal visceral adipose
tissue. In the liver, the HSD was associated with increased hepatic lipid content (i.e., triglycerides
and cholesterol) and hepatomegaly. The post-weaning consumption of HSD induces an
adaptive response in metabolism; however, such an event is not enough to reverse the homeostatic
imbalance triggered by the chronic consumption of this macronutrient, leading to the development
of metabolic syndrome, irrespective of caloric intake. These findings corroborate recent evidence
indicating that sugar is a direct contributor to metabolic diseases independent of a positive energy
balance. Arch Endocrinol Metab. 2020;64(1):71-81

Keywords
High-sugar diet; energy consumption; Wistar rats; obesity; metabolic diseases

original article

"Programa de Pds-graduacdo em
Ciéncias Farmacéuticas, Escola de
Farmacia, Universidade Federal de
Ouro Preto, Ouro Preto, MG, Brasil
2Nucleo de Pesquisas em Ciéncias
Biolégicas, Universidade Federal de
Ouro Preto, Ouro Preto, MG, Brasil

Correspondence to:

Renata Guerra de S&

Instituto de Ciéncias Exatas e
Biolodgicas, Departamento de
Ciéncias Biologicas, Universidade
Federal de Ouro Preto

Rua Quatro, 786, Bauxita
35400-000 — Ouro Preto, MG, Brasil
rguerrasa@gmail.com

Received on Apr/16/2019
Accepted on Aug/25/2019

DOI: 10.20945/2359-3997000000199

INTRODUCTION

Compelling evidence supports that the increase
in the prevalence of obesity observed during
the previous decades is temporally related to the
increase in the dietary intake of sugar (1,2). In the
previous two centuries, the consumption of sugar
increased by approximately 25-fold (3). Although
studies have reported metabolic alterations induced
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by the consumption of sugar (4-6), the role of this
nutrient in the development of obesity and associated
diseases is extremely controversial (7,8). The currently
available scientific evidence — as observed in review
studies and meta-analyses — remains inconclusive. A
number of studies have concluded that consumption
of sugar is positively associated with components of the
metabolic syndrome (9,10). In contrast, other studies

71

5]

his res

Jhi® AE&M all fig

Copyrig



ved

Copyright® AE&M all rights rese

High-sugar diet and metabolic diseases

have concluded that there is no sufficient evidence to
indicate that dietary sugar is harmful to health versus
any other source of calories (7,11,12).

Previous data from our research group have
demonstrated that the intake (4,8 and 12-week feeding
period) of a HSD, with adequate energy content,
by post-weaning rats induced discrete biochemical
changes without necessarily leading to gain of body
mass. However, these results were associated with
increased adipocyte number and with up-regulation
of expression of genes of the pro-adipogenic pathways
(Ppary) and down-regulation of anti-adipogenic
signals (Wnt signaling components) in retroperitoneal
adipose tissue (4). These findings motivated us
to investigate whether this adaptive
reprogramming observed in adipose tissue, during
the critical development windows, would be able to
preserve metabolic homeostasis (attenuate/inhibit the
development of a more pathological phenotype) even

metabolic

during a long period of consumption of HSD. Thus,
in the present study, we analyzed the impact of early
and sustained exposure to a normocaloric diet with
high sugar levels on health. More specifically, we seek
to present a broader view of the pathophysiology of
metabolic diseases induced by sugar intake as well as
clucidate the impact of chronic consumption of this
macronutrient on an adaptive response in metabolism.

MATERIALS AND METHODS

Animals

Twenty newly weaned (within 21 days) male Wistar
rats (weight: 45 = 5 g) were obtained from the Center
for Animal Science of the Federal University of Ouro
Preto (UFOP). The animals were housed in cages and
maintained under controlled light-dark cycles (12:12
h) and temperature (24+2°C) conditions, with ad
libitum access to water and food. All the experimental
procedures presented in this study were conducted
in accordance with the Brazilian guidelines on animal
experimentation of the National Council for the
Control of Animal Experimentation (CONCEA) and
approved by the Committee on Ethics in the Use of
Animals of UFOP (protocol number 2014 /45).

Experimental design and composition of diets

The animals were randomly classified into the following
two groups: control diet group, fed with standard rat

72

chow (Nuvilab CR1®, Colombo, Brazil) (STD, n =
8) which contained 57.16% total carbohydrate (being
0% added sugar), 14.75% fat, 28.09% protein, totaling
308.51 kcal /100 g; and experimental diet group fed
with HSD (n = 12) which contained 66.86% total
carbohydrate (being 36.32% added sugar), 15.26%
fat, 17.89% protein, totaling 286.36 kcal /100 g. The
complete composition of the two diets is shown in
Table 1. HSD was composed of 40.45% standard rat
chow compacted to powder, 40.45% Mo¢a® sweetened
condensed milk (Nestle, Montes Claros, MG, Brazil),
8.58% crystal sugar, and 10.52% water. Feeding with
the respective diets was initiated after weaning and
lasted 18 weeks. After the 18 weeks of experimentation,
the animals were submitted to fasting for 12:00 hours
and euthanized through inhalation of carbon dioxide
(exposure to 100% of carbon dioxide gas at a gradual-
fill rate of 20-30% of the chamber volume per minute)
followed by laparotomy. Blood samples were collected,
the serum was separated through centrifugation, and
maintained at -80°C until the biochemical analysis was
performed. The adipose tissue deposits (i.c., inguinal,
retroperitoneal, epididymal, and brown), liver, heart,
kidneys, lungs, and muscles (i.e., gastrocnemius and
soleus) were dissected and weighed for morphometric
assessment. Retroperitoneal adipose tissue fragments
were collected in histological cassettes for further
processing and preparation of histological slides.

Dietary intake and body mass

During the period of dietary intervention, the animals
were weighed on a weekly basis to measure the body
weight gain. Dietary intake was also determined weekly
and the calculations of caloric intake were performed
based on the number of kilocalories provided by each
diet (Table 1).

Assessment of blood pressure and heart rate

The blood pressure (i.e., systolic, diastolic, and mean)
and heart rate were assessed by the indirect noninvasive
method of tail plethysmography (plethysmograph,
LE5001, Panlab, Barcelona, Spain). The pressure
was determined in millimeters of mercury (mmHg)
and the heart rate in beats per minute (bpm).
Measurements were performed in the last week of the
experiment (week 18) for 4 consecutive days, with five
measurements recorded per day. The individual value
of the blood pressure was determined based on the
average of the readings obtained each day.
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Table 1. Composition of experimental diets

i Diet g/kg
Nutrient
Standard chow High-sugar

Total Carbohydrate’ 440.83 478.63
Added Sugars 0 260.01
Ashes' 68.73 36.27
Crude fiber' 114.27 50.77
Fat' 50.57 48.54
Protein’ 216.67 128.07
Moisture' 108.93 257.73
Vitamin A 0.0039 0.0019
Vitamin D, 5%x10° 2x10°
Vitamin E 0.051 0.0213
Vitamin K, 0.003 0.0012
Vitamin B, 0.005 0.0024
Vitamin B, 0.006 0.0041
Vitamin B, 0.007 0.0030
Vitamin B, , 2,2x10° 1x10°
Niacin 0.06 0.0251
Calcium pantothenate 0.02 0.0081
Phosphorus 8.00 4.25
Calcium 10.00 5.22
Folic acid 0.001 0.0004
Biotin 5x10° 2x10%
Choline 1.9 0.7686
Sodium 2.70 1.46
Iron 0.05 0.0210
Manganés 0.06 0.0243
Zinc 0.06 0.0281
Copper 0.01 0.0041
lodine 0.002 0.0008
Selenium 5x10° 2x10°
Cobalt 0.0015 0.0006
Fluorine 0.080 0.0324
Lysine 12.00 4.85
Methionine 4.00 1.62
Total energy (kcal/100 g)' 308.51 286.36
Carbohydrate (% energy)’ 57.16 66.86
Fat (% energy)’ 14.75 15.26
Protein (% energy)' 28.09 17.89

'"The nutritional calculations were performed through bromatological analysis. The other
nutrients were calculated based on the manufacturer’s information. “Added sugars” refers to
the sum of all monosaccharides and disaccharides (simple carbohydrates) added during the
production of the diet, that are not naturally found in the foods.

Oral glucose tolerance test (0GTT)

After 18 weeks, the rats were fasted overnight and
subjected to an OGTT. Blood samples were collected
from the caudal vein at the following time points: 0, 30,
60, 90, and 120 minutes after gavage administration

Arch Endocrinol Metab. 2020;64/1

High-sugar diet and metabolic diseases

of glucose solution (1 g glucose/kg rat body weight).
Glucose levels were measured using the digital glycemic
meter Accu-Chek Active® (Roche Diagnostics GmbH,
Mannheim, Germany). The data are presented as the
area under the curve.

Biochemical analyses

The serum concentrations of glucose, total cholesterol,
triglycerides, very low-density lipoprotein (VLDL), low-
density lipoprotein (LDL), high-density lipoprotein
(HDL), creatinine, urea, alanine aminotransferase
(ALT), and aspartate aminotransferase (AST) were
measured using commercial kits purchased from the
Bioclin/Quiabasa laboratory (Belo Horizonte, MG,
Brazil) according to the manufacturer’s protocol.
The measurements were performed in triplicates
using an automated biochemical analyzer Random
Access Clinical Analyzer (Wiener Lab, CM 200, Sio
Paulo, Brazil) at the Pilot Laboratory of Clinical
Analyses of the School of Pharmacy of the UFOP. The
concentration of serum insulin was determined using a
Rat/Mouse Insulin ELISA Kit (Millipore, St. Charles,
Missouri, USA; Cat.# EZRMI-13K), as reccommended
by the manufacturer. Homeostatic model assessment
for insulin resistance (HOMA-IR) and B-cell function
(HOMA-B) were calculated as follows: HOMA-IR =
(fasting insulin mU /L x fasting glucose mmol /L) /22.5
and HOMA-B = (20 x fasting insulin mU /L) /(fasting
glucose mmol /L - 3.5) (13).

Assessment of adiposity

In week 18, the animals were weighed and submitted to
the naso-anal length measurement for the determination
of the Lee index: body weight (g) '/?/naso anal length
(cm) (14). After euthanasia, the white adipose fat
pads (i.e., inguinal, retroperitoneal, epididymal) were
dissected and weighed to calculate the adipocity index:
(sun of weight white adipose fat pads [g] / body weight
[g]) x 100 (15).

Extraction and quantification of liver lipids

Hepatic lipids were extracted according to the protocol
adapted from Folch and cols. (16). The liver (100
mg) was homogenized using a chloroform/methanol
solution (2:1). After vigorous stirring, 400 pL of

methanol were added to each sample and the samples -

were centrifuged for 10 minutes at 3,000 rpm. The

supernatant was transferred and homogenized with !
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800 pL of chloroform and 640 uL of sodium chloride
solution (0.73%), followed by centrifugation. The
upper phase was gently discarded and the tubes were
washed with 600 pL of Folch’s solution (i.e., 3%
chloroform solution, 48% methanol, 47% distilled
water, and 2% NaCl [0.29%]). This procedure was
repeated thrice. The tubes with the extracted lipids
were maintained at 40°C until complete evaporation
of the solvent. The tubes containing the completely
dried lipids were weighed and the extracted hepatic
lipid content (%) was calculated as follows: (final tube
weight [g] — initial tube weight [g]) / tissue weight [g]
x 100. The lipids present in the tubes were resuspended
in 500 uL of isopropanol and the extract was used for
the biochemical analyses. The measurements of total
cholesterol and triglycerides were performed manually
using commercial kits purchased from the Bioclin/
Quiabasa laboratory (Belo Horizonte, MG, Brazil)
according to the manufacturer’s protocol.

Measurement of adipocyte size and estimation of
cell numbers

Retroperitoneal fat pad sections were fixed in
methanol-dimethyl sulfoxide solution (8:2), routinely
processed, and embedded in paraffin. Histological
sections (thickness: 4 pm) obtained using a microtome
were stained with hematoxylin & eosin. Sections were
microscopically visualized through 40 x objective
and 20 randomly selected fields (area of each field =
75.183,8 um?) per slide were digitized using a Leica
DFC340 FX microchamber (Leica Microsystems
GmbH, Wetzlar, Germany) connected to a Leica
DM5000 B microscope (Leica Microsystems GmbH,
Wetzlar, Germany). These procedures were performed
in the Multiuser Laboratory of Center for Research
in Biological Sciences of UFOP. The area of each
adipocyte was measured using the Image] software
(National Institutes of Health, Bethesda, Maryland,
USA). The average adipocyte area for each group was
obtained from measurements of 40 adipocytes per
animal. The number of adipocytes was estimated from
the following ratio: retroperitoneal adipose pad [g]/
adipose cell volume [cm?] x 0.92 (17).

Statistical analysis

Statistical analyses were performed using GraphPad
Prism, version 6.01 (GraphPad Software, San Diego,
CA, USA). The distribution of the data was verified
using the Shapiro-Wilk test. Data with normal
distribution were analyzed using Student’s t-test and

74

expressed as the mean + standard deviation of each
group. Non-parametric data were analyzed using the
Wilcoxon—-Mann-Whitney test and expressed as the
median (minimum and maximum values) of each
group. Differences with p < 0.05 were considered
statistically significant.

RESULTS

HSD induced changes in food consumption and body
composition

According to our results, the food intake in terms
of g (Figure 1A) during the 18 weeks of the
experiment did not differ between the two groups (p
= 0.0785). However, in relation to the total calories
ingested (Figure 1B), our data reveal a lower caloric
intake in the group fed with the HSD (p = 0.0040).
Despite the difference in energy intake, the animals
exhibited normal development. In addition, the
naso-anal length assessment did not demonstrate
changes in growth (Figure 1C) or the weight of
organs (Figure 1D, 1E).

As shown in Figure 2A, the HSD induced a greater
gain in body mass compared with the STD from week
13 (416.5 + 41.91 g vs. 373.5 + 45.49 g, respectively,
p = 0.0433). The highest body weight was reached
at week 18 (455.2 + 41.66 g vs. 390.5 + 51.89 g,
respectively, p = 0.0064). Moreover, compared with the
STD, consumption of the HSD for 18 weeks induced
an increase in body mass (p = 0.0045) (Figure 2B) and
increased the mass of white adipose tissue deposits (p =
0.0004) (Figure 2C). Regarding fat mass, the HSD led
to an increase in the epididymal (p = 0.0064), inguinal
(p =0.0094), and retroperitoneal (p = 0.0004) adipose
tissues (Figure 2D). Furthermore, it increased the Lee
index (p = 0.0104) (Figure 2E) and adiposity index
(p = 0.0000) (Figure 2F).

HSD increased hypertrophy and hyperplasia of
retroperitoneal adipose tissue

Images A and B of Figure 3 represent the histology
of retroperitoneal adipose tissue obtained from
animals subjected to the STD and HSD, respectively,
tfor 18 weeks. As shown in Figure 3A, the qualitative
analyses revealed that the animals subjected to the
STD presented normal histology of the retroperitoneal
adipose tissue, with the parenchyma predominantly
filled by adipose unilocular cells and permeated by the
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Figure 1. Food consumption and organ mass of rats fed with a standard chow diet (STD) or a high-sugar diet (HSD) for 18 weeks. (A) Total food
consumption (g). (B) Total caloric intake (kcal). (C) Naso-anal length (cm). (D) Absolute mass (g) of lung, heart, and kidney. (E) Absolute mass (g) of the
gastrocnemius and soleus muscles (Ms.). Data are expressed as the mean + standard deviation of each group: STD (n = 8) and HSD (n = 12). Data tested
using Student’s t-test. * p < 0.05 compared with the STD group. The caloric intake calculations were performed based on the amount of kcal provided
by each diet (308.51 kcal/100 g of the STD and 286.36 kcal/100 g of the HSD).
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Figure 2. Changes in body composition of rats fed with a high-sugar diet (HSD). (A) Weekly body mass gain (g). (B) Total body mass gain. (C) Absolute total
fat mass (g) of white adipose tissue deposits (i.e., the sum of the mass of adipose tissues: epididymal, inguinal, and retroperitoneal). (D) Absolute mass (g) =
of the epididymal, inguinal, retroperitoneal and brown adipose tissue (BAT). (E) Lee index. (F) Adiposity index. Data are expressed as the mean =+ standard
deviation of each group: standard chow diet (STD) (n = 8) and HSD (n = 12). Data tested using Student’s t-test. * p < 0.05 compared with the STD group.
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conjunctival stroma. However, consumption of the
HSD induced hypertrophy ofadipocytes (Figure 3B). In
addition, the quantitative analyses of photomicrographs
of the retroperitoneal adipose tissue revealed that the
relative adipocyte number (p = 0.0799) (Figure 3C)
and adipocyte area (p < 0.0001) (Figure 3D) were
increased by the HSD. More specifically, the frequency
analysis of these data, represented by the histogram,
reveals a profile that tends to asymmetry with a skewed
left distribution, in comparison to the STD group.

Standart chow diet

~

Metabolic and physiological alterations induced by
the HSD

Data related to the metabolic and vascular profile of the
two groups are presented in Table 2. The results showed
that, compared with the STD, the HSD significantly
increased the serum levels of triglycerides (p = 0.0007)
and VLDL (p = 0.0083). However, it decreased the
levels of urea (p = 0.0092). The consumption of the
HSD for 18 weeks increased the heart rate compared
with the STD. However, the systolic blood pressure,

High-sugar diet
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Figure 3. Effect of high-sugar diet (HSD) on the number and area of adipocytes on the retroperitoneal adipose tissue. (A and B) Representative

photomicrographs of retroperitoneal adipose tissue — histological sections stained with hematoxylin & eosin under x 400 magnification. (G) Relative
number of adipocytes on retroperitoneal adipose tissue, histogram scale bars: 75000.0. (D) Adipocyte area on the retroperitoneal adipose tissue,

- histogram scale bars: 100000.0. Data are expressed as the mean + standard deviation of each group: standard chow diet (STD) (n = 8) and HSD
(n = 12). Data tested using Student’s t-test. * p < 0.05 compared with the STD group.
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diastolic blood pressure and mean blood pressure were ~ OGTT (p = 0.0022), serum insulin (p = 0.0077),
similar in both groups. Furthermore, prolonged intake =~ HOMA-IR |(p = 0.0080), and HOMA-B (p = 0.020)
of the HSD increased the area under the curve in the  index (Figure 4).

Table 2. Metabolic and vascular profile of rats fed with a standard chow diet or a high-sugar diet during the 18-week experiment

Standard chow diet (n = 8) High-sugar diet (n = 12)
Parameters p value
M = SD / MED M = SD / MED
Cholesterol (mg/dL) 132.62 + 30.42 136.11 + 31.21 0.8071
LDL (mg/dL) 67.43 + 24.31 61.24 +30.79 0.6390
VLDL (mg/dL) 16.10 £ 7.81 27.34 + 8.60* 0.0083
HDL (mg/dL) 4716 +£7.35 48.23 £ 5.41 0.7028
Triglycerides (mg/dL) 67.32 +18.22 137.55 + 42.04* 0.0007
AST (UL 290.9 (219-336.4) 246.1 (200-630.6) 0.3813
ALT (UL) 103.23 (77.77-121.1) 105.23 (70.53-525.1) 0.8230
Creatinine (mg/dL) 0.84 +0.06 0.89 +0.04 0.0557
Urea (mg/dL) 56.96 + 11.97 44.63 +6.19 0.0092
Heart rate (bpm) 425.80 + 27.32 384.83 +15.96* 0.0013
Systolic pressure (mmHg) 147.78 +11.93 140.21 +11.20 01717
Diastolic pressure (mmHg) 114.87 +11.87 110.14 £ 8.40 0.3440
Mean pressure (mmHg) 126.49 + 10.14 117.83 + 8.80 0.0647

Data tested using Student’s t-test or the Wilcoxon—Mann—Whitney test are expressed as the mean + standard deviation (M =+ SD) or median (MED) (minimum and maximum values), respectively.
*p < 0.05 compared with the standard chow diet group.
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Figure 4. Effects of high-sugar diet (HSD) on insulin sensitivity/resistance. (A) Fasting blood glucose (mg/dL). (B) Oral glucose tolerance test (OGTT)/area
under the curve (AUC) in mg/dL. (C) Fasting serum insulin (ulU/mL). (D) Homeostatic model assessment for insulin resistance (HOMA-IR). (E) Homeostatic
model assessment for B-cell function (HOMA-B). Data tested using Student’s t-test or the Wilcoxon-Mann-Whitney test are expressed as the mean +
standard deviation or as the median (minimum and maximum values) of each group: standard chow diet (STD) (n = 8) and HSD (n = 12). *p < 0.05 =
compared with the STD group. g
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Effects of the HSD on the accumulation of lipids in
the liver

As shown in Figures 5A and 5B, the results obtained
demonstrate that the prolonged consumption of the
HSD led to an increase in the organ mass (p = 0.0123)
and lipid content in the liver (p = 0.0002). In relation
to lipids extracted from the liver (Figure 5C), our
results showed increased levels in the livers of rats fed
with the HSD versus the STD: triglycerides (258.6
mg/dL vs. 63.02 mg/dL, respectively, p < 0.0001)
and cholesterol (49.62 mg/dL vs. 36.75 mg/dL,
respectively, p = 0.0298).

DISCUSSION

The present study provides several levels of evidence
that early and prolonged exposure to a HSD leads to
obesity and the metabolic syndrome phenotype even in
the absence of an increased caloric intake. Firstly, newly
weaned rats fed with the HSD exhibited increased body
weights and fat deposits of white adipose tissue with
hypertrophy and hyperplasia of retroperitoneal visceral
fat. Secondly, HSD-fed animals showed increased levels
of serum triglyceride and VLDL, glucose intolerance,
insulin resistance, increase of the secretory function
of the B cells, development of hepatomegaly, and
accumulation of hepatic lipids.

Appetite control is not exclusively regulated by
the energy balance. Food intake is modulated by
several factors, including hormones and metabolites
of the biochemical pathways (18,19). Moreover, the
composition of the macronutrients included in diets is
an important modulator of appetite (19). According to

A 2 O s B 2515 s
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20 20-
—_ —_ *
c * S
2 »
£ 154 815
g o
= g
£ 104 210
3 s
< S ——
5 5
0 0

our data, the animals subjected to the HSD consumed
fewer calories compared with those subjected to the
STD. This finding corroborates previous data published
by our research group showing that the HSD induces an
increase in the concentration of leptin —a hormone that
acts in the hypothalamus to reduce food intake (20). In
fact, the consumption of sugar modulates the control
of appetite through different mechanisms. For example,
glucose is the main indicator of the global energy status.
Changes in the levels of glucose reflect the energetic
state of the cells and modulate key intermediates
in the hypothalamic signaling cascade (i.e., AMP-
activated protein kinase and malonyl-CoA), which
regulate hunger and energy expenditure. In this case,
the consumption of a HSD leads to increased levels of
glucose and consequently, the production of malonyl-
CoA. In turn, hypothalamic malonyl-CoA acts on the
signaling of the anorectic-orexigenic neuropeptide
system, suppressing the energy intake (18). Sinchez and
cols. also observed that expression of ghrelin (a peptide
increasing food intake and body weight) in the stomach
was recovered after the administration of a high-fat diet.
However, in rats fed with a carbohydrate diet, the levels
of ghrelin remained low (21).

Body weight, fat deposits weight, Lee index, and
adiposity index are the biometric parameters used in
several studies for the evaluation of obesity in animal
models (14,15). Prior to the present research, members
of this research group demonstrated that the post-
weaning consumption of the HSD for 12 weeks led
to increased adiposity without altering body weight
and the Lee index (4). However, in the present study,
the HSD induced an increase in body weight (from
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Figure 5. Effects of high-sugar diet (HSD) on the liver. (A) Absolute liver mass (g). (B) Percentage of hepatic lipid content. (C) Biochemical analysis of lipids
extracted from the liver (mg/dL). Data tested using Student’s t-test or the Wilcoxon—Mann—Whitney test are expressed as the mean + standard deviation or
as the median (minimum and maximum values) of each group: standard chow diet (STD) (n = 8) and HSD (n = 12). * p < 0.05 compared with the STD group.
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week 13), white adipose tissue weight, Lee index, and
adiposity index. Collectively, these results allow us to
infer that time is important in the induction of obesity in
the present model of high-sugar dietary manipulation.
We emphasize, that the relative total caloric intake
and relative mass of adipose tissues maintained the
same profile observed in the absolute mass analysis
(data not shown). Our results are in agreement with
those of other studies showing that the post-weaning
exposure of Wistar rats to diets containing excess sugar
led to a progressive increase in body weight and /or fat
mass, independent of the total energy intake (6,20). As
reviewed by Olsen and Heitmann, it appears that sugar
intake and the consequent development of obesity is
not associated with an increased energy consumption
(22). These findings may be associated with the effects
of sugar on insulin signaling and consequent resistance
to this hormone and hyperinsulinemia. Since insulin as a
lipogenic and anabolic hormone is a direct contributor
to increasing body mass (23).

Increased body fat deposition in obesity may be
the result of an increased number of adipocytes (i.c.,
hyperplasia), increased size of pre-existing adipocytes
(i.e., hypertrophy), or both (24). In childhood obesity,
the expansion of white adipose tissue is the result of
both hypertrophy and hyperplasia. However, in adults,
the number of adipocytes remains fixed and changes
in the percentage of fat mass are mainly attributed
to the altered adipocyte volume. Thus, the number
of adipocytes induced in infancy is a key factor in
the accumulation of fat mass in adults (25,26). We
previously reported that the use of the HSD and STD
induced time-dependent (i.e., at 4, 8, and 12 weeks)
hypertrophy in the retroperitoneal adipose tissue.
However, in relation to the number of adipocytes,
this profile was observed only in animals subjected to
the HSD. In addition, these results were associated
with the downregulation of adipogenic genes initially
observed at the 8-week period in the STD group.
However, this observation was not reported in the
HSD group, suggesting that this diet modulates at the
transcriptional level the anti-adipogenic signals naturally
induced by aging (4). In the present study, we found
that post-weaning consumption of an HSD by rats until
adulthood also led to hyperplasia and hypertrophy in
adipose tissue. Collectively, these results propose that
the early and chronic exposure to the HSD is extremely
detrimental to health, promoting and sustaining
hyperplasia of adipose tissue from the early years of life
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to adulthood. In addition, it leads to hypertrophy of
adipose tissue, irrespective of caloric consumption.

By focusing exclusively on the calories, we may
overlook the metabolic effects of each macronutrient.
Therefore, it should be noted that the metabolization
of macronutrients follows distinct biochemical
pathways which may not be equal in energy (27,28).
For example, consumption of a high-carbohydrate diet
drastically decreases gluconeogenesis (i.e., pathway
that consumes four adenosine triphosphates and two
guanosine triphosphates). However, it also leads to an
increase in glycolysis (i.¢., pathway with energy balance
of two adenosine triphosphates) (29). Macronutrients
may also produce differences in energy balance through
thermogenesis (i.e., thermal effect of feeding). The
metabolization of proteins consumes approximately
25%-30% of their whereas the
metabolization of carbohydrates and lipids consumes
6%-8% and 2%-3%, respectively (30). Considering
this, studies have shown that there is a “metabolic

energy value,

advantage” in diets with low carbohydrate content.
This type of diet leads to greater weight loss compared
with other isocaloric diets of different macronutrient
composition (28,31). Consistent with these findings,
in the present study, we showed that nutritional quality
is more important than the caloric amount and that
diet composition exerts an important effect on the
development of obesity.

Regarding glycemic control, our results revealed
that HSD-fed animals exhibited glucose intolerance,
hyperinsulinemia, insulin resistance and increased
secretory function of pancreatic B-cells, although
fasting glycemia levels were comparable in both groups.
Thus, glucose homeostasis observed in this model is
marked by the robust plasticity of B-cells (compensatory
increase of insulin secretion) in the face of progressive
insulin resistance occurring during 18 weeks of HSD
consumption. However, this dysfunction is of concern,
since the high demand for insulin secretion in response
to chronic resistance to this hormone results in the
progressive impairment of pancreatic f-cells and
consequently the development of type 2 diabetes (32).
Our results indicate that the HSD significantly increases
the levels of triglycerides and VLDL in the serum. The
relevant literature describes that excess dietary sugar

=
3
5
@

induces the endogenous synthesis of triglycerides
through the de novo lipogenesis (DNL) pathway, which
may lead to increased synthesis and secretion of VLDL
lipoprotein into the bloodstream (33). Relevant for this

S
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discussion, insulin resistance is linked with increased
secretion of VLDL and increased plasma triglycerides,
as well as the development of hepatic steatosis. In
states of chronic systemic hyperinsulinemia, the loss
of responsiveness to insulin-targeting of apoB for
degradation together with increased fatty acid flux
to the liver, and increased DNL, results in increased
VLDL secretion (34). In addition, our results showed
that the HSD decreased the concentration of urea in
the serum compared with the STD. Urea is a metabolite
produced by the liver as a result of the metabolization
of feed proteins (29). Therefore, this difference may be
attributed to a higher amount of protein present in the
STD versus the HSD (28.09% vs. 17.89%, respectively).

As stated by Rippe and Angelopoulos, the effect
of sugar consumption on blood pressure remains
controversial, with the majority of studies observing
this type of interaction in diets with extremely high
concentrations of sugars (7). In our study, there was
no statistically significant difference in blood pressure
between the groups. However, the HSD induced
an increase in heart rate. Lima described that the
consumption of a HSD by Wistar rats did not induce
changes in blood pressure; however, it induced a
reduction in baroreflex sensitivity (35). In the present
study, the HSD led to a 47.61% increase in lipid content
in the liver compared with the STD. Ectopic lipid
deposition in the liver is strongly characterized as the
result of an imbalance between lipid acquisition and
elimination of these lipids in the liver. More specifically,
such an event can be caused when the uptake of
circulating lipids and the de novo synthesis of fatty acids
exceed the compensatory capacity of fatty acid oxidation
(B-oxidation) and the synthesis and secretion of lipids
in VLD in the liver (34). This type of dysfunction is
mainly triggered by insulin resistance (34).

In conclusion, the present study demonstrated that
the early and prolonged consumption of HSD leads to
metabolic syndrome phenotype, irrespective of energy
intake. This phenotype was triggered even in the face
of adaptive responses (hyperplasia and hypertrophy of
adipose tissue) to preserve metabolic homeostasis in
obesity induced by this diet. These findings contribute
to the consolidation of a direct pathway (independent
of the positive energy balance) of induction of obesity
and metabolic alterations by sugar intake.
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