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Abstract

Background/Aims: Obesity resistance is associated with the complex interaction of stringent
and environmental factors that confer the ability to resist mass gain and body fat deposition,
even when eating high-calorie diets. Considering that there are numerous gaps in the
literature on the metabolic processes that explain Obesity resistance, specifically in relation
to oxidative stress, the purpose of the study was to investigate whether obesity-resistant (OR)
rats develop elevated reactive oxygen species in cardiac tissue. Methods: Wistar rats were
initially randomized into two groups: a standard diet (SD) and a high-fat diet (HFD) group.
The SD and HFD groups were further divided into control (C), OR, and obese prone (OP)
subgroups based on body weight. This criterion consisted of organizing the animals in each
group in ascending order according to body weight (BW), and the cutoff point was identified
in the animals by terciles: 1) lower BW; 2) intermediate BW; and 3) higher BW. Rats were
sacrificed on the 14" week, and serum and organs were collected. Nutritional assessment,
food profiles, histological analysis, comorbidities, and cardiovascular characteristics were
determined. Results: BW showed a significant difference between the standard diet and high-
fat diet groups in the 4" week of the experimental protocol, characterizing obesity. In the 4"
week, after the characterization of Obesity resistance, there was a significant difference in
BW between groups C, OP, and OR. The OP and OR groups showed a significant increase in
caloric intake in relation to the C group. The OP group showed a significant increase in final
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BW, retroperitoneal fat pad mass, sum of corporal fat deposits and reactive oxygen species, in
relation to groups C and OR. The area under the glycemic curve, insulin resistance index and
basal glucose were elevated in the OP group in relation to the C. OP also promoted an increase
in HOMA-IR when compared with C. OR rats showed a non-significant increase in insulin and
HOMA-IR in OR vs. C (p = ~0.1), but no significant differences were observed between OP
vs. OR for these parameters, suggesting that both groups suffered from decreased metabolic
health. Total cardiac mass, left ventricular cross-sectional area, and cholesterol levels were
significantly elevated in the OP and OR groups compared with the C group. Conclusion: A
high-fat diet induces cardiac damage in obesity-resistant rodents with reduction in metabolic
health.

© 2023 The Author(s). Published by

Cell Physiol Biochem Press GmbH&Co. KG

Introduction

Several experimental models have been used to reproduce obesity and obesity resistance
in animals [1-4]. The model that best demonstrates these characteristics is the one that uses
a high-fat diet in mice without genetic modifications [1], [5, 6]. Animals exposed to this type
of offer faithfully mimic the development of experimental obesity as seen in humans [7].

In addition, a high-fat diet is ideal for inducing these models of obesity, as it provides a
higher energy density in the same amount of food when compared with a standard diet [8,
9]. However, some animals exposed to a high-fat diet gain less BW than those that are obesity
prone (OP), and these animals are called obesity resistant (OR) [1, 10]. Within this context,
this multi-factorial condition is related to several metabolic and environmental factors that
gives it the ability to lower weight gain and deposition of body fat even when ingesting
high-calorie diets [11-13]. This situation is associated with a decrease in lipogenesis and
increased lipid oxidation, respectively [11].

It is worth highlighting that those animals submitted to hypercaloric diets with a fat
percentage greater than 40% present dysregulation in energy metabolism, developing after
a long period, increased body adiposity, such as changes in fat deposits and hyperphagia,
as well as insulin resistance and systemic inflammation [14, 15]. Animal studies have
shown that high intake of a high-fat diet promotes excessive reactive oxygen species (ROS)
production and induces oxidative stress [16, 17], causing damage to mitochondria, as well
as metabolic disorders [18]. These factors lead to oxidative stress and insulin resistance in
the cardiac tissue, generating an increase in leptin, insulin, triglycerides, and glucose in the
bloodstream [19].

Free radicals are naturally generated in response to cellular metabolism of oxygen, and
when in moderate production, they are essential for the body, regulating mitochondrial
function and cell signaling [20, 21]. The antioxidant system is a defense system, which
has the function of inhibiting and/or reducing damage caused by excess free radicals,
maintaining cellular homeostasis. The enzymatic antioxidant defense system includes the
enzymes superoxide dismutase (SOD), catalase (CAT) and glutathione peroxidase (GPx) [22].
This situation promotes balance in transcription conditions and in the antioxidant system;
however, when exacerbated, it can cause oxidative damage to cell structures, lipids (lipid
peroxidation), and proteins (protein carbonylation and breakdown of sulfhydryl groups),
altering their functions with consequent oxidative stress [23-25].

Therefore, oxidative stress is a process in which a homeostatic imbalance occurs
between oxidant and antioxidant compounds, resulting in the accumulation of free
radicals, including ROS, which can affect the biological functions of affected cells [26]. This
involvement is associated with obesity, metabolic syndrome, insulin resistance, cancer, and
neurodegenerative and cardiovascular diseases [27, 28].

The literature suggests a close relationship between obesity and oxidative stress, to
which the individual presents factors that make him susceptible to comorbidities [29-33],
for example, hyperglycemia [34], high tissue lipid levels [35], insufficient antioxidant defense
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[36] and chronic inflammation [37], among others.

Cardiometabolic changes arising from oxidative stress are related to a reduction in
contractile function, fibrosis, and cardiac remodeling [38]. These physiological pathologies
are affected through lipid peroxidation, protein oxidation, DNA damage, cell dysfunction,
fibroblast proliferation, metalloproteinase activation, changes in intracellular calcium
transport, and activation of hypertrophic signaling pathways [39, 40].

Considering changes in cardiac tissue resulting from oxidative stress, the literature
has demonstrated endothelial dysfunction with increased inflammatory activity, which can
cause atherosclerosis and heart failure [41, 42]. In addition, studies show that the increase
in ROS generates an increased risk of cardiovascular diseases [43].

Studies conducted with knowledge about the differences between resistant and
obesity-prone animals have pointed out that OR rats are more resistant to weight gain
because they have higher energy expenditure than OP animals, suggesting the involvement
of improved mitochondrial antioxidant activity in OR rats [1, 44]. In addition, OR is
probably cardioprotective, since a high-calorie diet was not sufficient to trigger onset of
cardiometabolic diseases [2, 3].

Despite the existing molecular differences between obesity-prone and obesity-resistant
groups shown in studies of proteomics, physiological signaling, and neuromodulation [45],
there are still few studies that show the difference in the condition of mitochondrial redox
homeostasis and energy metabolism between these two groups [1]. Furthermore, the
development or absence of cardiac oxidative stress in Obesity resistance condition is scarce,
and there is a lack of consistent information about the possible signaling pathways involved
in this process. Given this context, the purpose of the study was to investigate whether OR
rats develop elevated ROS and biomarkers of oxidative stress in cardiac tissue.

Materials and Methods

Animal care and experimental design

Wistar rats (n = 71), 30 days of age, were obtained from the Central Biotério of Federal University
of Espirito Santo (UFES), Vitéria, Espirito Santo, Brazil. The experimental procedures were conducted in
accordance with the Manual of Care and Use of Laboratory Animals and approved by the Animal Use Ethics
Committee (CEUA) of UFES under number 53/2019. Rats were housed in a controlled environment (a12/12
h light/dark cycle, humidity: 55 + 5%, temperature: 24 * 2 °C). After acclimatization for one week receiving
a standard diet, all rats were randomly assigned to two groups and fed either a standard diet - AIN-93 (SD,
n = 35, 9.47% of calories from fat, energy density 3.80 kcal/g) or a high-fat diet (HFD, n = 36, 45.4% of
calories from fat, energy density 4.81 kcal/g). The detailed diet
composition is shown in Table 1. All rats had free access to purified
water and chow (40 g/day) throughout the study. Furthermore,
during the study period, all rats were weighed weekly, and their

Table 1. Composition  and
macronutrient values of diets. HFD:

¢ . ) high-fat diet
food intake was recorded. The experimental protocol consisted

of a total period of 14 weeks, divided into two stages, induction  components (g/kg) - [AIND—igtBS) ED
(4 weeks) and maintenance of obesity and characterization of ¢ - 265 271
Obesity resistance (10 weeks). The moment of initiation of obesity =~ Casein 140 170
was defined as the point when there was a significant increase in SDEZ‘:;::Z“ starch 133 16505
the body weight of HFD rats in relation to SD rats. Soy oil 40 28
Cellulose 50 50

Criteria for the composition and redistribution of groups ‘1\/,[1:32;? 2:: ;g ;(5)

At the initial moment of obesity (4 weeks), in order to form  Vitamin mix 10 10
homogeneous groups, one criterion based on body weight was E;t;gate choline 2:5 221'55
used to redistribute the SD and HFD groups into control (C),  Total 1000 1000
obese-resistant (OR), and obese prone (OP) groups. This criterion glraocti‘i’:“triem (%) 147 141
consisted of organizing the animals in each group in ascending  carbohydrate 75.8 404

order according to body weight, and the following tercile cutoff  Lipids 947 45.4
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points were identified: 1) lower body weight; 2) intermediate body weight; and 3) higher body weight.
Thus, animals fed with SD and HFD diets and those with lower body weight were classified as C and OR,
respectively. Likewise, animals that received the HFD and those that presented higher body weight were
classified as obese prone. Animals with intermediate BW were excluded from the study.

Nutritional assessment

Nutritional assessment was determined by analyzing BW and fat, as well as the adiposity index,
parameters used to characterize experimental obesity. The BW of the animals was measured weekly. The
amount of body fat was determined from the sum of epididymal, retroperitoneal, and visceral fat deposits.
The adiposity index was calculated by dividing the body fat by the final BW and multiplying by 100 [46, 47].

Biochemical and hormonal profiles

The animals’ glycemic profiles were evaluated after a 6-hour fast, and the glycemic levels were
analyzed at baseline and after an intraperitoneal overload of 25% glucose (Sigma-Aldrich, ® St Louis, MO,
USA), equivalent to 2 g/kg. Blood samples were collected from the tip of the tail at baseline and after 30,
60, 90, and 120 minutes. Glycemic levels were measured using an Accu-Chek Go Kit portable glucometer
(Roche Diagnostic Brazil Ltda., Sdo Paulo, Brazil). Glucose tolerance was assessed by using the area under
the curve (AUC) for glucose. In addition, the same serum sample was used to perform hormonal (leptin and
insulin) profiling using specific kits (Millipore, Sigma Aldrich, Spruce Street, Saint Louis, MO, USA) and the
ELISA method, with the aid of a microplate reader (Biochrom EZ Read 800 Plus, Holliston, MA, USA). Insulin
resistance was measured by serum concentrations of glucose and fasting insulin, using the HOMA-IR index
(homeostatic model assessment). The lipid profile was evaluated through serum triglyceride (TG) and total
cholesterol concentrations using specific kits (Bioclin Bioquimica®, Belo Horizonte, Minas Gerais, Brazil).

Cardiac characteristics

The cardiac remodeling process was evaluated macroscopically by determining the weights of the
heart, left ventricle (LV), right ventricle (RV), and total atrium (TA) and their relationships with tibial length
[48]. Cardiac morphology was also analyzed microscopically by analyzing the cross-sectional area (CSA)
and collagen fraction. The measurement of cardiac muscle injury markers was performed by measuring
the concentrations of the enzymes total creatine kinase (CK), CKM{ (the most expressed isoform in the
heart), and lactate dehydrogenase (LDH), indicators of myocardial damage, determined using commerecial
kits (Bioclin Bioquimica®, Minas Gerais, Brazil).

Cardiac oxidative stress markers

Oxidative stress was analyzed by determining ROS by the dihydroethide (DHE) fluorescence method,
a non-fluorescent precursor that, when oxidized by the superoxide radical, forms the fluorescent product
2-hydroxyetide, allowing analysis of the “in situ” production of superoxide radical [49]. The evaluation of
membrane lipid peroxidation was performed using the thiobarbituric acid reactive substances (TBARS)
method [50, 51]. Carbonyl proteins were measured using a method adapted from [52], which consists of
using the 2, 4-dinitrophenylhydrazine (DNPH) derivatizer and spectrophotometric detection of any proteins
modified by the carbonylation process.

Statistical analysis

The analysis was conducted in the statistical program GraphPad Prism 8. The data were expressed
using the mean # standard error of the mean (SEM) and submitted to the Shapiro-Wilk test to verify
adherence to normality. Analyses between experimental and control groups were performed using the
Student’s t-test (comparison between two independent groups) and one-way analysis of variance (ANOVA)
complemented with Tukey’s multiple comparison test (comparison between three groups). The evolution of
BW and the glucose tolerance test were submitted to two-way ANOVA for the repeated measures model and
complemented with Bonferroni’s multiple comparison test. The level of significance was 5%.

Results

267



Cellular Physiology Cell Physiol Biochem 2023;57:264-278

DOI: 10.33594/000000642

and Biochemistry Published online: 16 Augu

© 2023 The Author(s). Published by

st, 2023 |Cell Physiol Biochem Press GmbH&Co. KG

Cardoso et al.: High-Fat Diet Induces Cardiac Damage in Obesity-Resistant Rodents

Nutritional assessment

Table 2 illustrates the nutritional
characteristics of the experimental groups
after 14 weeks of treatment. There was no
difference between groups in daily food intake.
The results show that the food efficiency and
caloric intake were similar in the OP and OR
groups but were higher than those in group C.

Body composition of the experimental

groups

Table 3 illustrates the body composition
of the experimental groups after the 14-week
experimental protocol. The results show that
the final BW of the OP group was significantly
higher than that of the OR and C groups,

Table 2. Nutritional Characteristics. 7 animals
per group. C: control; OR: obesity resistant
and OP: obese prone. Data express as mean *
standard error. * p<0.05 - Experimental groups
vs. C; # p<0.05 - OP vs. OR. ANOVA for independent
samples, followed by Tukey post hoc test

Groups
C OoP OR
Food intake (g/day) 165+0.66 17.7+0.21 169 +0.45
Caloric intake (Kcal/day) 62.6+2.52 81.4+0.97* 78.1+2.12*
Feed efficiency (%) 3.04+0.12 4.41+0.14* 4.75+0.12*

Variables

Table 3. Body composition and leptin. 7 animals
per group. C: control; OR: obesity resistant
and OP: obese prone. Data express as mean *
standard error. * p<0,05 - Experimental groups
vs. C; # p<0.05 - OP vs. OR. ANOVA for independent
samples, followed by Tukey post hoc test

respectively, and the OR group also showed [, ipkes . Groups o
an increase in final BW in relation to the C T vodyweight@) 358218 587+ 10% c14:7
group. The retroperitoneal fat deposits and  Teypemiem s o
the sum of all fat deposits showed a statistical =~ Retroperitoneal fat () 197072 195+13% 13017
difference between experimental groups when VST ® | 0 S0107 ot
compared with the C group (OP and OR > C,  Adiposityindex (%) ~ 1.08%033 567027*  481%0.57*
and OP > OR) There was no Statistical Leptin (ng/mL) 0.77+0.14  10.01+0.87* 10.17 +1.76*
difference in the other parameters
between the OP and OR groups. sy e wo o [l . €.
Biochemical ~ and  hormonal ol g S g
characteristics of the experimental o 2w £os
groups P e T o o 8 or or
The results of the glucose w O o« w
tolerance test, presented in Fig. 1A, L 0 Sw] =
show that at times 0 (baseline), 90, i N S0
and 120, the glycemia values of the =, B 3o
OP group were significantly higher LW L oL

than those in the C group. There was
no difference in glucose tolerance
between the C and OR groups. The
area under the curve (AUC) (Fig. 1B) of
the OP group was significantly greater
than that of the C group; however,
there was no significant difference
between the OP and OR groups nor
between the OR and C groups. In Fig.
1C, it is observed that the OP group
presented an increase in insulin values
in relation to the C group. The HOMA-

Fig. 1. Biochemical and hormonal characteristics of the
experimental groups. Control (C), obesity resistant (OR)
and obese prone (OP) groups. 7 animals per group. A)
Glucose Tolerance Test; B) Area under the curve (AUC)
for glucose; C) Insulin; D) HOMA-IR (Homeostatic Model
Assessment - Insulin Resistance); E) Triglycerides (TG)
and; F) Cholesterol. Data expressed as mean * standard
error. * p<0.05 - vs. C. Two-way ANOVA for repeated
measures, complemented with Tukey’s post-hoc test.

IR results show a significantly increased value in the OP group compared with the C group;
however, there was no difference between the OP and OR groups (Fig. 1D). The results also
demonstrated that OR rats showed a non-significant increase in insulin (p = 0.10) and HOMA-
IR (p = 0.09) in OR vs. C (Figs. 1C and D), respectively. The lipid profile demonstrated that
the cholesterol values (mg/dL) were significantly higher in the experimental groups OP and
OR when compared with group C; however, the TG levels were similar between the groups
(Figs. 1E and F). In addition, our results showed that serum leptin levels were significantly
elevated in the OP and OR groups relative to the C group (Table 1).

Cardiac morphological characteristics
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Table 4 presents the effects of diet on
cardiac morphological characteristics. The
effects of the obesity-inducing diet were
evidenced in the results of the OR and OP
animals, which showed higher values for the
heart, left ventricle (LV), and direct ventricle
(RV)/tibia compared with C. In addition, the
values for the atrium (AT), heart/tibia, LV/
tibia, and atrium/tibia were higher in the OP
group compared with the C group. The RV
weight was greater in the OP and OR groups
when compared with the C group, and in
the OP group, the value was significantly
higher than that in the OR group. The

Table 4. Cardiac morphological. 7 animals per
group. C: control; OR: obesity resistant and OP:
obese prone. Data express as mean * standard
error. * p<0.05 - Experimental groups vs. C;
# p<0.05 - OP vs. OR. ANOVA for independent
samples, followed by Tukey post hoc test

. Groups
Variables C oP OR
Heart 0.86+0.08 1.22+0.02* 1.09+0.04*

Left ventricle (LV) (g)  0.66%0.07 0.92+0.02* 0.84 +0.03*
Right ventricle (RV) (g) 0.14%0.01 0.22£0.01* 0.19 +0.01*
Atrium (AT) (g) 0.05+0.004 0.08+0.005* 0.07 +0.01

Heart/Tibia (g/cm) 022+0.02 030+0.01* 0.27+0.01

LV/Tibia (g/cm) 0.16 +0.009 0.22 +0.006* 0.21 *0.006*
RV/Tibia (g/cm) 0.04+0.002 0.05+0.002* 0.05 + 0.003*
AT/Tibia (g/cm) 0.01+0.001 0.02+0.001* 0.02 +0.002

cross-sectional area (CSA) of the OP
and OR experimental groups showed
a significant increase relative to the C
group. There was no statistical difference
between the OP and OR groups (Fig. 2).
Cardiac interstitial collagen also showed
a significant increase in the OP and OR
groups compared with the C group (Fig.
3). There was no statistical difference
between the studied groups regarding
lactate dehydrogenase (Fig. 4A) and

600

400

200

Cross-sectional area (CSA)

0
C OP OR

creatine kinase (Fig. 4B), respectively.

The CK-Mf result showed a significant
increase in the values of the experimental
groups OP and OR in relation to group C,
respectively, with no statistical difference
between them (Fig. 4C).

Cardiac oxidative stress

Fig. 2. Cross-sectional Area (CSA) determination.
Graphs and representative panels of the Cross-
sectional Area of left ventricular (LV) fragments.
Hematoxylin-eosin (40x). 7 animals per group. Control
(C), obesity resistant (OR) and obese prone (OP)
groups. Data expressed as mean * standard error.
* p<0.05 - vs. C. One-way ANOVA for independent
samples, complemented with Tukey’s post hoc test.

2.5+ .

2.0

Collagen Fraction (%)

T
C OP OR

Fig. 3. Collagen Fraction. Graphs and representative panels of collagen in the left ventricle (LV). Picrosirius
Red (40x). 7 animals per group. Control (C), obesity resistant (OR) and obese prone (OP) groups. Data
expressed as mean * standard error. * p<0.05 vs. C. One-way ANOVA for independent samples, complemented

with Tukey’s post hoc test.
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Fig. 4. Heart damage

markers. 7 animals per 3 1500 o 550

group. Control (C), obesity % S s 2400

resistant (OR) and obese %1000 g 6000 § 300

prone (OP) groups. A) E 2 o £

lactate  dehydrogenase; g § " _EIOO

B) Creatine kinase; () ;: S g

Creatine kinase Mp. Data S A e ar or A

expressed as mean =*
standard error. * p<0.05 -
vs. C. Two-way ANOVA for repeated measures, complemented with Tukey’s post-hoc test.

Fig. 5. Oxidative stress markers.7 animals per A
group. Control (C), obesity resistant (OR) and 8000 %" 80—
obese prone (OP) groups. A) Determination ~ i
of Lipid Peroxidation; B) Determination of g 60009 E 60
Protein Carbonylation. Data expressed as mean E 20004 §
+ standard error. * p<0.05 vs. C. One-way ANOVA Z * g 7
for independent samples, complemented with § E 204
Tukey’s post hoc test. £

g o

C OP OR & C_OP OR

2 4000

= * 4
=
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= 3000
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o
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Fig. 6. Determination of Reactive Oxygen Species (ROS). Graphs and representative panels of the
dihidroethidio (DHE) Fluoresence. 7 animals per group. Control (C), obesity resistant (OR) and obese prone
(OP) groups. Data expressed as mean * standard error. * p<0.05 - vs. C; # p<0.05 - OP vs. OR. One-way ANOVA
for independent samples, complemented with Tukey’s post hoc test.

The levels of MDA (nmol/mg of protein), a marker of lipid peroxidation, were higher in
the C group than in the OP and OR groups; there was no statistical difference between the
OP and OR groups for this parameter (Fig. 5A). Regarding the carbonyl protein (nmol/mg
of protein), the results show that there was no significant difference between the studied
groups (Fig. 5B). The results show that the values of the determination of reactive oxygen
species (ROS) in the OP group were significantly higher than those in the C and OR groups,
respectively (Fig. 6).
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Discussion

The present study aimed to investigate cardiac oxidative stress in obesity-resistant rats
fed a high-fat diet rich in lard. The main findings of the study were that obesity-resistant rats
fed the same diet and with a similar caloric intake as obese rats also showed damage and
cardiac hypertrophy but lower expression of reactive species.

In view of this, in our study, the BW of the group fed the high-fat diet did not obtain a
statistical difference relative to the standard group until the 37 week; however, from the 4%
week onwards, the DH group had a statistically increased BW compared with the SD group
(Fig. 2), configuring the onset of obesity. These findings are in line with the literature, which
shows that BW gain occurs gradually during the period of exposure to the high-fat diet;
although it is possible to notice a difference in mass from the 2"¢ week of the protocol in
different studies, the obesity phenotype becomes more apparent after prolonged periods,
generally from the 4" week onward [1, 53-55].

In order to reliably characterize obesity and Obesity resistance, in the 4™ week of the
experimental treatment, the groups were redistributed on the basis of the tertile criterion,
with the groups redistributed into control (C), obesity prone (OP), and obesity-resistant (OR).
The results show that from the 5" week of the protocol, there was a significant increase in BW
in the OP group relative to that of the OR and C groups, indicating the development of obesity.
However, the OR animals presented a body mass intermediate between that of the OP and C
groups, characterizing the obesity-resistant phenotype (Fig. 3). This result corroborates the
literature, since there are animals that develop greater BW gain than OR animals, despite
ingesting the same food and caloric amount [56, 57]. This behavior, in the difference in BW
gain between the groups, is associated with the fact that some of the animals submitted to
a high-fat diet make adjustments in energy intake or expenditure and do not become obese,
i.e,, are obesity-resistant [1, 58, 59]. The rest of the animals; however, do not compensate for
the intake, energy expenditure, or fat oxidation, instead becoming obese [58-61].

Studies have shown that animals fed the same high-fat diet can acquire less BW than
those considered obesity prone, with no difference in food intake, a situation currently
known as Obesity resistance [62, 63]. Regarding the nutritional profile of OR animals in the
present study, the results show that our findings corroborate those of previous studies [62,
63], since there was no difference in the nutritional parameters between the OP and OR
groups. It should be noted that the OP group had a significantly greater BW than the OR
group, as seen previously, evidencing in the OR group the characteristic of obesity resistance,
an intermediary characteristic between normality and obesity. This finding suggests that in
practice, even when consuming the same high-fat diet and with an equivalent food profile,
OP rats are more likely to gain BW than OR rats, as they do not compensate for the increase
in caloric content with an increase in lipid oxidation or energy expenditure [58, 61]. This
finding is in line with the results found by [1, 57].

Considering body fat composition and deposition, which are important for the
development of obesity and associated morbidities [64-66], our findings show that in the
OR condition, adiposity was reduced, as seen by the sum of fat deposits and retroperitoneal
fat, demonstrating that they accumulate less body fat than obesity prone animals, even when
ingesting a saturated high-fat diet, which corroborates similar studies by [1, 56, 67].

Studies show that a high-fat diet (HF) can induce the accumulation of body fat; however,
different individuals have different susceptibilities to DH-induced obesity. In this sense,
studies have shown that OR rats do not store excess lipids in adipocytes due to the higher
metabolic energy expenditure, through the maintenance of mitochondrial function and
antioxidant defense, in relation to OP rats [1, 56, 68], in agreement with the results of our
study. The literature also pointed out that OP individuals are more likely to gain more BW
due to reduced energy consumption [44, 56], which contrasts with OR individuals who use
more fat (catabolizing in greater quantity) and consume more energy.

Metabolic syndrome (MS) is defined by the occurrence of multiple concomitant factors,
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such as obesity, insulin resistance, hyperinsulinemia, dyslipidemia, and arterial hypertension
[69, 70]. High caloric intake is a causal source of MS, since visceral adiposity has been shown
to be an important trigger that activates most metabolic syndrome pathways [71, 72]. In
our study, as expected, OP rats had elevated basal glucose, hyperinsulinemia, and insulin
resistance compared with the C group, demonstrating important metabolic alterations.

Considering the possible alterations induced by obesity, our results suggest that OR rats
can release excess lipids into the circulation instead of accumulating them in adipocytes.
This situation would also explain the visualization of high plasma cholesterol in the OP
group. These findings corroborate those of [56], who observed that increased oxidation
of fatty acids regulated lipid accumulation in OR rats. On the other hand, no alterations in
triglyceride levels were evidenced.

Leptin is a peptide hormone produced mainly by white adipose tissue. Its production
is proportional to the amount of body fat. It is responsible for satiety and increased energy
expenditure through the activation of central neural receptors that favor energy balance
[74, 75]. It is known that obesity is associated with hyperleptinemia, reflecting resistance
to leptin, as obese individuals have increased body adiposity with high circulating
concentrations of this hormone [75, 76]. This insensitivity to leptin in OP individuals occurs
due to its lack of binding to its receptor, which prevents feedback via the central nervous
system (hypothalamus) [77]. Within this context, our findings show that serum leptin levels
were significantly elevated in the OP and OR groups relative to the C group. This may suggest
that OR animals do not develop resistance to leptin.

The increase in serum leptin, especially in obese individuals, should be a warning sign
of energy imbalances of insulin resistance and hyperinsulinemia with its group of anomalies
in glucose and lipid metabolism that strongly influence the increase in and development of
chronic diseases, cardiovascular disease, and type 2 diabetes [78]. However, the presence of
protein in non-overweight animals has raised important physiological functions in relation
to energy control and maintenance of BW as seen in [79], corroborating our metabolic and
body results for the animals in the OR group.

Leptin has a direct and inhibitory action in relation to insulin secretion, and in the
regulation of body weight and glucose metabolism [80]. This inhibition of insulin can occur
by activating ATP-dependent potassium channels or by interacting with the signaling of the
AMPK protein (responsible for regulating cellular energy homeostasis) and then inhibiting
the generation (lipogenesis) and stimulating the breakdown of fat (lipolysis) [81]. In the OR
group, there was an increase in leptin similar to that in OP; however, there was no increase
in adiposity and insulin resistance, suggesting an effect of leptin on insulin sensitivity and
lipolysis in the group.

Most heart diseases are followed by increased cardiac mass and morphological changes.
Cardiac remodeling is defined as a process with cellular, molecular, and interstitial cardiac
variations, clinically manifested by changes in the mass, size, and function of the heart
[82]. This remodeling occurs with the aim of maintaining cardiac function; however, after
becoming recurrent, it can lead to progressive impairment of functional capacity [83].
Considering the process of cardiac remodeling, we can say that both Obesity and Obesity
resistance promoted morphological changes such as cardiac hypertrophy (increase in
cardiac mass, LV, ventricle/tibia ratio, and AST) and fibrosis. In addition, there is an increase
in Mf3 creatine kinase levels, indicating cardiac damage in both conditions.

Despite the lower adiposity of OR compared with OP, both groups had a similar
caloric intake and consumed a similar high-fat diet, in addition to having a similar plasma
cholesterol concentration. Hypercaloric food has a higher energy density than standard
food. OR rats, despite not increasing their BW as did OP animals, undergo adjustments in
energy expenditure and lipid oxidation [1, 58, 59]. This regulation to maintain homeostasis
suggests a hemodynamic overload arising from the impossibility of cardiac cells to divide in
adulthood, resulting in cardiac remodeling [84]. From this, OR rats can present hypertrophy
and cardiac damage related to their resistance to the development of obesity, corroborating
[2, 85].

Mitochondria not only produces ATP for cellular metabolism, in oxidative
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phosphorylation it also generates ROS [86]. Some studies have reported that high fat intake
leads to excessive production of ROS and, consequently, oxidative stress, which causes
mitochondrial damage and alterations [16, 17, 87]. The production of ROS in cardiac tissue
(superoxide anion, hydroxyl radical, and hydrogen peroxide) has a signaling function for
both physiology and pathology [88]. Under physiological conditions, signaling serves to
regulate the development and maturation of cardiac cells, calcium handling, vascular toning,
and contraction/excitation [89]. Under pathological conditions, with high production of
ROS, oxidative stress occurs, with mitochondrial dysfunction, activation of the mitochondrial
permeability transition pore (uncoupling the membrane leading to apoptosis and necrosis),
and cell death [90].

Our results indicate that obesity led to an increase in ROS in cardiac tissue, more
specifically the superoxide radical; however, on the other hand, OR did not induce an increase
in ROS, but cardiac damage was still observed. However, although obesity promoted an
increase in the production of ROS, the present study did not observe an increase in oxidative
stress biomarkers in the heart. MDA is a product of lipid oxidation which, when the body is
under oxidative stress, is widely used to measure lipid peroxidation [1]. Lipid peroxidation
is a chain reaction of polyunsaturated fatty acids in cell membranes, which generates free
radicals that alter the permeability, fluidity, and integrity of membranes [91, 92]. Excessive
production stimulates radicals and promotes oxidative damage. In cardiac tissue, there is
an increase in the oxidative metabolic rate and a reduction in the activity of antioxidant
enzymes, which is susceptible to tissue damage due to increased oxidative stress [93].

In disagreement with the initial hypothesis, our results showed a significant increase in
MDA in animals exposed to the standard diet when compared with the OP and OR groups,
corroborating [94]. This result can be explained by the diet formulation, since the lipid
source is a polyunsaturated fatty acid (PUFA), which is present in soybean oil; this ingredient
is doubled in the standard diet (AIN-93) when compared with the high-fat diet of the OP and
OR groups, respectively [95, 96]. Within this context, the literature reports that PUFAs are
more susceptible to lipid peroxidation, and studies carried out in animals fed a standard diet
have also shown that the types and levels of fat in the diet interfere with susceptibility to
lipid peroxidation [97-99].

Carbonylated proteins are a good biomarker of severe oxidative protein damage [100].
Thus, in addition to lipid peroxidation, oxidative stress can cause damage at the protein
level, with protein carbonylation, which occurs by deleting cells and tissues in the body, thus
causing changes in protein function with consequent oxidative stress [23-25]. In our study,
there was no difference between groups regarding carbonylated proteins.

The limitation of the current study may be related to the fact that studies involving
animal experimentation, especially when dealing with Obesity and Obesity resistance, often
cannot be applied directly to humans. In addition, several points need to be clarified and
studied, among them the metabolism of these animals. Finally, the high-fat diet was more
calorically dense which can create a confusing factor.

In future studies, we suggest that some important points need to be elucidated and
clarified involving the obesity-resistant condition, among them, the ability and possible
mechanisms involved in resisting obesity as long as this situation is directly related to the
greater metabolic and oxidative capacity of fatty acids. Another point that is important to
study is related to the need to evaluate the locomotor activity of the animals because OR rats
would have lower body fat deposition due to greater spontaneous physical activity.

Conclusion

In conclusion, high-fat diet induces cardiac damage in obesity-resistant rodents with
reduction in metabolic health. However, Obesity resistance did not promote elevation in
reactive oxygen species increased in cardiac tissue. These findings indicate that obesity
resistance, despite not developing oxidative stress, caused damage to cardiac tissue and to

273



Cellular Physiology Cell Physiol Biochem 2023;57:264-278

. . DOI: 10.33594/000000642 © 2023 The Author(s). Published by
and BIOChemIStry Published online: 16 August, 2023 |Cell Physiol Biochem Press GmbH&Co. KG

Cardoso et al.: High-Fat Diet Induces Cardiac Damage in Obesity-Resistant Rodents

energy metabolism, which it was not able to preserve.
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