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Abstract. Obesity is classified as a non‑communicable 
chronic disease, and the impetus for investigating the role 
of the sympathetic nervous system in obesity arises from its 
potential involvement in the development of cardiovascular, 
metabolic and renal complications commonly observed in 
obese individuals. Alterations in cardiac sympathetic nervous 
activity can cause structural and functional disruptions in the 
heart. For this reason, the aim of the present study was to 
investigate the association between heart innervation and its 
structure in a rat model of obesity. For this purpose, the left 
ventricular volume, the total volume of cardiac muscle fibers 
and the total volume of neurons in the stellate ganglion in 
obese Zucker rats were estimated using three‑dimensional 
quantitative methods based on stereology, a more accurate 
and unbiased method of quantification. Cholesterol and 
triglyceride levels were also measured. The mean cholesterol 
level was 75.6 mg/dl in the control group and 145.16 mg/dl in 
the obese group. The mean triglyceride level was 30.36 mg/dl 
in the control group and 504.16 mg/dl in the obese group. 
The following quantitative results were obtained: A left 
ventricular volume of 1.25 cm³ for the control group and 
1.60  cm³ for the obese group, a total volume of cardiac 
muscle fibers of 1.16 mm³ for the control group and 2.34 mm³ 
for the obese group, and a total volume of neurons in the 
stellate ganglion of 34.3x106 µm³ for the control group and 
23.01x106 µm³ for the obese group. On the whole, the present 
study demonstrates that obese Zucker rats exhibit elevated 

cholesterol and triglyceride levels. Obesity induces cardiac 
structural alterations, characterized by an increase in cardiac 
lumen and ventricular wall thickness. In the nervous system, 
the total volume of neurons in the stellate ganglia decrease, 
suggesting a potential reduction in cardiac sympathetic 
activity. From a translational perspective, the present study 
has proven that the animal model used herein is a useful tool 
for investigating the interactions between the sympathetic 
nervous system and heart morphology in obesity. It may also 
prove to be useful for preventive and therapeutic measures 
for cardiovascular diseases in obese individuals.

Introduction

Rodents are the most widely used animal models for the study 
of obesity. They play a crucial role in enhancing the under‑
standing of the pathophysiology of obesity and in developing 
potential preventive measures and treatments. The Zucker 
fatty rat is a well‑established obesity model discovered in the 
1960s. This type of rat arose from a spontaneous mutation in 
the recessive fa/fa genotype, leading to obesity and hyperten‑
sion in these animals (1,2). The novelty of the present study lies 
in validating the use of this animal model for evaluating the 
consequences of obesity on the sympathetic nervous system 
and its effects on heart morphology.

The rising prevalence of obesity and the concurrent 
increase in obesity‑related illnesses have placed a significant 
amount of pressure on healthcare systems worldwide. While 
the combination of reduced amounts of exercise, increased 
sedentary behavior, poor diet and genetic predisposition is 
undoubtedly crucial in causing obesity and elevating the risk 
of disease, extensive research indicates that the sympathetic 
nervous system also plays a role in the development and 
progression of obesity‑related diseases (3).

Obesity has multifactorial causes that facilitate the 
development and association of dermatological, respiratory, 
neurological, musculoskeletal, gastrointestinal, genitourinary, 
locomotor, endocrine, cardiovascular and other disorders (4‑7).
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When considering the effects of obesity on the cardiovas‑
cular system, it is worth highlighting hypertrophy and the loss 
of cardiomyocytes due to apoptosis, as well as the accumula‑
tion of intracellular lipids, which predispose to eccentric left 
ventricular impairment, specifically during diastole (8‑10). 
Furthermore, alterations in the sympathetic nervous system 
can also lead to changes in cardiac structure, such as the hyper‑
trophy of smooth muscle cells, contributing to an increase in 
heart rate, blood pressure and microvascular tone (7).

Given the high number of obese patients presenting 
with heart diseases, the objective of the present study was to 
investigate, in a classic animal model of obesity, the extrinsic 
sympathetic innervation by estimating the total volume of 
neurons in the stellate ganglion. Additionally, the present study 
aimed to analyze cardiac structure by examining the volume of 
the left ventricle and the total volume of cardiac muscle fibers.

Materials and methods

Experimental groups. A total of 12 Zucker rats, comprising 6 
lean and 6 obese rats, all male and 12 weeks old were used in 
the present study. The present study opted to use only males to 
reduce variability associated with hormonal differences, which 
can markedly influence outcomes in studies related to cardio‑
vascular function, sympathetic nervous system activity and 
metabolic processes. These rats were obtained from the Center 
for the Development of Experimental Models for Biology and 
Medicine (CEDEME) at the Federal University of São Paulo 
(UNIFESP), São Paulo, Brazil. To prevent and alleviate pain, 
discomfort and distress, the animals were euthanized following 
an acclimation period of 15 days. The experiment lasted for 
17 days. All individuals responsible for inspecting the animals 
were trained veterinarians, specialized in evaluating the physi‑
ology, behavior and overall condition of the animals. All rats 
were housed in plastic cages (2 animals/cage) in an experimental 
room maintained under controlled conditions of temperature 
(22±2˚C) and humidity (50±10%) with 12‑h light‑dark cycle 
and ad libitum access to standard feed and water at the Animal 
Facility of the Faculty of Veterinary Medicine and Animal 
Science of the University of São Paulo.

The animals were inspected daily, and no abnormalities or 
health issues were reported during the experimental period; 
thus, no interventions were necessary. The rats were euthanized 
using sodium pentobarbital (Cristália Produtos Químicos e 
Farmacêuticos Ltdal; 200 mg/kg, intraperitoneal injection). The 
animals were healthy at the time of euthanasia. Animal death 
was confirmed by a combination of the cessation of heartbeat 
and respiration, the loss of corneal and toe‑pinch reflexes, pale‑
ness of the mucous membranes, or the presence of rigor mortis.

The present study was conducted following the approval of the 
Ethics Committee for the Use of Animals (CEUA) of the Faculty 
of Veterinary Medicine and Animal Science at the University of 
São Paulo (CEUA/FMVZ, protocol no. 7564110418).

Sample collection. All personnel involved in the experiment 
possessed the knowledge and skills to handle the animals 
in order to avoid pain and discomfort. The rats were indi‑
vidually weighed (g) using an electronic scale (Mettler Toledo 
Indústria e Comércio Ltda). Immediately after weighing, 
blood samples (1 ml) were collected from all the rats through 

tail vein puncture (11), using a venous catheter attached to a 
hypodermic syringe (BD Precision Glide, Becton & Dickinson 
Indústria Cirúrgica Ltda). These blood samples were used for 
the measurements of triglyceride (mg/dl) and total cholesterol 
(mg/dl) levels.

Blood aliquots were stored in microtubes without ethyl‑
enediaminetetraacetic acid (EDTA), individually labeled 
and processed at the Clinical Laboratory of the Veterinary 
Hospital of the University of Franca using conventional 
techniques (12). The samples were processed in an automated 
biochemical analyzer (Chemwell model‑Labtest Diagnóstica) 
using the Liquiform Triglycerides kit and Liquiform 
Cholesterol kit (Labtest Diagnóstica S.A.) for triglyceride and 
total cholesterol measurements, respectively, both based on the 
enzymatic‑Trinder methodology (13).

Following blood collection, the rats were euthanized 
using sodium pentobarbital (Cristália Produtos Químicos e 
Farmacêuticos Ltda; 200 mg/kg, intraperitoneal injection) (14).

Subsequently, the thoracic cavities were accessed using 
a conventional technique (15), to cannulate the ascending aorta 
for perfusion with phosphate‑buffered saline (PBS; Laborclin®), 
followed by 4% paraformaldehyde (PFA) (Neon Reagentes 
Analíticos) in PBS to wash the vascular system.

Subsequently, the hearts were removed from the thoracic 
cavity and weighed (g) using a precision semi‑analytical scale 
(Mettler Toledo Indústria e Comércio Ltda).

Stereological analyses
Total volume of the left ventricle. The total volumes of the left 
ventricles were estimated using the Cavalieri method (16‑18). 
For this purpose, the cardiac chambers were sectioned into 
~1‑mm‑thick fragments perpendicular to the base‑apex axis 
and photographed (Canon® EOS 400D coupled with a digital 
Sigma lens 1:1,000 macro). A point system was randomly over‑
laid on each of the photographic images, with points counted 
that touched both the wall and the lumen of this cardiac 
compartment (Fig. 1). The total volume of the left ventricle 
was estimated by summing the wall volume and lumen wall; 
V(W) + V(L) in cm³. The following formula was used to 
calculate the volume of the left ventricle:

Volume of the left ventricle: V(LV)=[∑p(w) x a(pw)] + 
[∑p(L) x a(pl)] xt 

where ∑p represents the sum of points touching the left ventric‑
ular wall (w) and the lumen of left ventricle (L); a(p) represents 
the area associated with each point of the point grid area per point 
(W): 0.043 cm²; and t represents section thickness at 20 µm.

Total volume of cardiac muscle fibers. After estimating the 
total volume of the left ventricle, the fragments of this cardiac 
compartment were sectioned into various sizes and organized 
in ascending order following the smooth fractionator prin‑
ciple (16,17) (Fig. 1). Subsequently, these fragments were fixed 
in a 4% formaldehyde solution (Neon Reagentes Analíticos) 
for 72 h at a temperature of 4˚C and then in a cryoprotective 
solution (30% sucrose, Neon Reagentes Analíticos) for 24 h 
at a temperature of 4 to 8˚C. They were embedded in Tissue 
Tek (Tissue‑Tek O.C.T. Compound, Sakura) and frozen in 
liquid nitrogen at ‑180˚C. The blocks were cut to a thickness of 
20 µm using a cryostat (CM1850; Leica Biosystems, Inc.) and 
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the slides were stained with toluidine blue (MilliporeSigma), 
at room temperature for 2  min, for observation under a 
light microscope (Nikon Eclipse 80i; Nikon Corporation) at 
the Advanced Imaging Diagnostics Center of the School of 
Veterinary Medicine and Animal Science at the University of 
São Paulo (CADI‑FMVZ USP). The sections were sampled 
following the SURS pattern and over each histological section, 
a point‑counting system was overlaid (Fig. 2). The points 
touching the muscle fibers (Vv FM) were counted. The ratio 
between the number of points hitting the muscle fiber (FM) 
and the entire myocardium (M) was estimated as follows:

Vv (FM)=Σp (FM)/Σp (M)

To estimate the total volume of muscle fibers (VFM) in 
mm³, the following formulas were applied:

V(FM)=Vv (FM) xV(W)

where V(FM) represents the total volume of muscle fibers 
(in mm³), Vv (FM) represents the volume fraction of muscle 

fibers and V(W) represents the total volume of the left ventricle 
wall estimated previously.

Total volume of neurons in the stellate ganglia. To 
generate uniform and random vertical sections, the right and 
left stellate ganglia (Fig. 3) were rotated along their major axis 
and subsequently processed for cryostat sections (CM1850; 
Leica Biosystems, Inc.). The sections were sampled following 
the SURS pattern and a point system was overlaid on each 
histological section.

To estimate the total volume of neurons in the stellate 
ganglia, the Vv (neuron) was multiplied by the total volume 
of the stellate ganglia (Vge), previously calculated using the 
Cavalieri's Principle. For the calculation of Vge, a random 
point system was overlaid on the histological sections of the 
stellate ganglia:

V(ge)=∑p [a(p) x t x k] 

where ∑p represents the summation of points that touched 
the stellate ganglia; a(p) represents the area associated with 
each point of the point grid=330 µm²; t represents the thick‑
ness of the section=15 µm; and k represents the distance=5 
sections.

For the estimation of the total volume of neurons in the 
stellate ganglia, the following formula was applied:

V(NGe)=Vv (neuron) xVge.

Vv was estimated as follows:

Vv (Neuron)=∑p (N)/∑p (G)

where ∑p (N) represents the summation of points that inter‑
sected the neurons and ∑p (G) represents the summation of 
points that intersected the stellate ganglia.

Statistical analysis. The frequency distribution of the 
estimated parameters was conducted using the Shapiro‑Wilk 
test. Non‑parametric data were compared using the 
Mann‑Whitney U test and parametric data were compared 
using the unpaired Student's t‑test. Correlation analyses 
were performed using Spearman's correlation analysis. 
These analyses were performed using the statistical software 
GraphPad Prism 8.4.3 (Dotmatics). The results are expressed 
as the group median followed by the coefficient of variation 
in parentheses. A P‑value <0.05 was considered to indicate 
a statistically significant difference.

Results

Body weight. The body weight of the rats was 279.58 g (0.01) 
and 452.12 g (0.09) for the Zucker lean and fat rats, respec‑
tively. When comparing the body weights of the Zucker 
lean and Zucker fat rats, the difference between groups was 
significant (P<0.05; Fig. 4A).

Biochemical analysis. The cholesterol level for the Zucker lean 
rats was 75.6 mg/dl (0.06) and 145.16 mg/dl (0.01) for the Zucker fat 
rats. The triglyceride level for the Zucker lean rats was 30.36 mg/dl 
(0.41) and 504.16 mg/dl (0.42) for the fat rats. For both cholesterol 

Figure 2. Photomicrograph of cardiac heart fiber. The image shows an 
example of the frame used to counting the points hitting the heart muscular 
fibers. Toluidine blue staining was used. Scale bar, 100 µm.

Figure 1. Heart sampling. The cardiac chambers sectioned into 1‑mm‑thick 
fragments (first row). A point system was randomly overlaid on each fragment. 
Points that touched both the wall and the lumen of the cardiac compartments 
were counted (second row). The fragments of these cardiac compartments 
were sectioned into various sizes and organized according to the smooth 
fractionator principle (third, fourth and fifth rows). Scale bar, 1 mm.
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and triglyceride measurements, the differences between groups 
were statistically significant (P<0.05; Fig. 4B and C).

Stereological analysis
Total volume of ventricular lumen. The ventricular lumen 
volume was 0.36 cm3 (0.32) and 0.75 cm3 (0.18) for the Zucker 
lean and fat rats, respectively. The total volume of ventricular 
lumen differed significantly when comparing the groups 
(P<0.05; Figs. 5A, 6A and B).

Total volume of ventricular wall. The ventricular wall 
volume was 0.67 cm3 (0.3) and 0.88 cm3 (0.17) or the Zucker 
lean and Zucker fat rats, respectively. When comparing the 
groups, the total volume of the ventricular wall did not differ 
significantly between the groups (P>0.05; Figs. 5B, 6A and B).

Total volume of left ventricle. The left ventricle volume 
was 1.24 cm3 (0.27) and 1.60 cm3 (0.12) for the Zucker lean 
and Zucker fat rats, respectively. When comparing the groups, 
the total volume of left ventricle differed significantly (P<0.05; 
Fig. 5C).

Total volume of cardiac muscular fiber. The cardiac 
muscular fiber was 1.16 mm3 (0.09) for the Zucker lean rats 
and 2.34 mm3 (0.20) for the Zucker fat rats. The total volume 
of cardiac muscular fiber differed significantly between the 
groups (P<0.05; Figs. 5D and 7).

Total volume of neurons in stellate ganglia. The volume 
of neurons in stellate ganglia was 34.29x106 µm3 (0.20) and 
23.01x106 µm3 (0.16). The total volume of neurons in the stel‑
late ganglia differed significantly between the Zucker lean and 
Zucker fat rats (P<0.05; Fig. 5E).

Correlation analysis. A correlation analysis was performed 
between the following parameters: body weight, left ventricle 
volume, and neuron volume in the stellate ganglia (Fig. 7).

Discussion

Obesity frequently leads to hyperlipidemia, and both are 
significant factors for cardiovascular diseases. These condi‑
tions affect the structure and function of the heart, as well as 
its autonomic innervation. The implications of these altera‑
tions are extensive, encompassing a range of conditions from 
ventricular hypertrophy to autonomic dysfunctions, which can 
predispose individuals to arrhythmias (19‑21).

In the present study, a positive correlation was observed 
between cholesterol and triglycerides levels, and heart structure. 
The left ventricle and volume wall increased by ~30% in Zucker 
fat rats, and the ventricular lumen volume almost doubled 
compared with the lean rats. In their study, Aung et al (22), 
using magnetic resonance analysis, revealed a connection 

Figure 3. Stellate ganglia in Zucker rats. (A) The stellate ganglia in situ is indicated by the ‘*’ symbol, the common carotid artery is indicated in blue and the 
subclavian artery is indicated in green. (B) Right stellate ganglia and left stellate ganglia are shown. RSG, right stellate ganglia; LSG, left stellate ganglia.

Figure 4. Graphs of (A) body weight, (B) serum cholesterol levels and (C) serum triglyceride levels in Zucker lean and Zucker fat rats.
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between low‑density lipoprotein (LDL) cholesterol and triglyc‑
eride levels, and unfavorable alterations in cardiac structure 
and function, particularly in relation to left ventricular mass. 
These results suggest that LDL cholesterol and triglycerides 
play a causative role in shaping cardiac morphology, beyond 
their well‑established role in atherosclerosis.

Aurigemma et al  (23), stated that obesity is one of the 
primary factors involved in the development of cardiovascular 
diseases, primarily affecting cardiac structure and function, 
given that the high metabolic demands of lean and visceral 
adipose body mass predispose to increased cardiac output and 
workload.

In the present study, a 2‑fold increase in the total volume 
of cardiac muscle fibers was observed in the obese animals. 
When considering these parameters, it is evident that there 

is a structural alteration of the left ventricle, as evidenced by 
the enlargement of the ventricular lumen and the increase in 
the total volume of cardiac fibers in the ventricular wall. This 
structural reorganization of the left ventricle in obese animals 
is consistent with the findings of echocardiographic research 
that indicates eccentric ventricular hypertrophy in obese 
patients (24). The increase in preload raises diastolic stress on 
the ventricular wall, resulting in an increase in the radius of 

Figure 5. Graphs of (A) ventricular lumen volume, (B) ventricular wall volume, (C) left ventricular volume, (D) muscular fibers volume and (E) total volume 
of neurons in Zucker lean and Zucker fat rats.

Figure 7. Spearman's correlation analysis between the following parameters: 
Body weight, left ventricle volume and neurons volume in the stellate ganglia.

Figure 6. Perceptual value of the ventricular wall and ventricular lumen in 
(A) Zucker lean rats and (B) Zucker fat rats. VL, ventricular lumen; VW, 
ventricular wall.
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the left ventricular cavity and, consequently, an increase in the 
thickness of the left ventricle (Law of Laplace) (25). Body mass 
and left ventricular mass are significantly elevated in obese 
individuals. The left ventricular hypertrophy was accompa‑
nied by a significant increase in cardiomyocyte lipid droplets 
and total myocyte volume. It has also been shown that obesity 
leads to noteworthy structural changes in cardiomyocytes and 
capillaries, but no structural modifications have been observed 
in myocardial innervation (6).

Herein, although there was a negative correlation between 
the volume of neurons in the stellate ganglion and the param‑
eters related to cardiac morphology, cholesterol, triglycerides 
and body weight, it is known that excess weight is associated 
with the dysfunction of the sympathetic nervous system. The 
results of the present study indicated a 32% reduction in the 
total volume of neurons in the stellate ganglion in obese 
rats, suggesting a potential decrease in cardiac sympathetic 
activity since the cervicothoracic ganglion is the primary 
component of extrinsic cardiac sympathetic innervation. 
Such a reduction was also reported by Bray (26), who used 
the acronym ‘MONA LISA (most obesities known are 
low in sympathetic activity)’ to describe the hypothesis 
that the majority of known cases of obesity are associated 
with a low sympathetic activity. According to the study by 
Davy and Orr (27), a low sympathetic nervous system activity 
has been suggested as a risk factor for weight gain and the 
development of obesity. Landsberg (28), however, reported 
the activation of the sympathetic nervous system and its 
association with hypertension and obesity.

Davy and Orr (27) and Landsberg (28) described that a 
low activity of the sympathetic nervous system functions 
as a risk factor for weight gain, obesity and hypertension. 
Conversely, the activation of this system is a characteristic 
feature of metabolic and cardiovascular diseases. Various 
medications may focus on addressing the metabolic disrup‑
tions associated with obesity that result in dysfunction 
of both cardiac and non‑cardiac organs. These include 
targeting the excessive reliance on circulating free fatty 
acids as an energy source, using drugs, such as partial 
inhibitors of fatty acid oxidation, inhibitors of carnitine 
palmitoyltransferase 1, and antioxidants specifically aimed 
at the mitochondria (29). Promising treatment agents, such 
as semaglutide, a glucagon‑like peptide‑1 receptor agonist, 
have been shown to result in significantly greater reductions 
in symptoms related to heart failure, physical limitations 
and weight loss compared to a placebo over a period of 
1  year  (30,31). The present study strongly supports the 
integration of comprehensive cardiovascular assessments 
and sympathetic nervous system monitoring into the stan‑
dard clinical management of obese patients. This approach 
highlights a multifaceted strategy that integrates lifestyle 
modifications, pharmacological interventions, neuromodu‑
lation techniques, and surgical options. These strategies aim 
to address both the structural changes in the heart, such 
as increased ventricular wall thickness and the alterations 
in sympathetic nervous system activity that contribute to 
heightened cardiovascular risk.

In conclusion, the quantitative assessment of cardiac 
structure and extrinsic sympathetic innervation in obese 
Zucker rats is of utmost importance for a better understanding 

of cardiovascular alterations that occur in obesity. The 
results obtained in the present study suggest that obese 
Zucker rats exhibit structural changes in the heart that may 
affect cardiac function, such as an increase in ventricular 
wall thickness. Additionally, sympathetic innervation is 
also affected, which may lead to a higher susceptibility 
to obesity. Therefore, therapeutic interventions aimed at 
reducing obesity and controlling the sympathetic nervous 
system can be considered as preventive and therapeutic 
measures to prevent or treat cardiovascular diseases in obese 
individuals. The present study provides results which may 
enhance the understanding the cardiovascular and auto‑
nomic nervous system alterations associated with obesity, 
with findings that are broadly relevant to human health. 
However, further research in human subjects is warranted 
in order to fully validate the translational potential of these 
findings.
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