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RESUMO 

A hipertrigliceridemia está diretamente relacionada ao aumento global de doenças cardiovasculares e metabólicas. Tal condição 

clínica pode ser investigada por meio de modelos animais com alteração gênica e proteica da apolipoproteína CIII (apoCIII). 

O plexo cardíaco e o tecido adiposo epicárdico (TAE) são importantes estruturas cardíacas com papéis vitais no processamento 

nervoso do coração e na disponibilização de suporte e energia para a sua contração. Este estudo analisou o plexo cardíaco e o 

TAE de camundongos transgênicos (CIII) e não-transgênicos (NTG), submetidos a um treinamento físico em esteira, (3 dias 

na semana por 40 minutos a 60% da velocidade pico) durante 8 semanas. Os animais CIII apresentaram hipertrigliceridemia e 

hipercolesterolemia. No entanto, a superexpressão da apoCIII não modificou a glicemia, a massa corporal e cardíaca, e a área 

dos adipócitos do TAE. Todavia, a área neuronal dos animais CIII foi significativamente menor (NTG Sed 193±38 µm2 vs. 

CIII Sed 161±11 µm2) do que a dos animais não transgênicos. Com o treinamento, a área dos adipócitos do TAE foi menor, de 

modo independente da expressão da apoCIII (NTG Sed 380±60 µm2; CIII Sed 358±58 µm2; NTG Ex 305±52 µm2; CIII Ex 

307±57 µm2), mas não houve alteração na área neuronal. Conclui-se que os grupos treinados presentaram menor área nos 

neurônios do plexo cardíaco, enquanto os CIII tiveram redução deste parâmetro 

Palavras-chave: Dislipidemia. Neurônios cardíacos. Tecido adiposo epicárdico. Exercício físico. Apolipoproteína CIII. 

ABSTRACT 
Hypertriglyceridemia is directly related to the global increase in cardiovascular and metabolic diseases. This clinical condition 

can be investigated using animal models with gene and protein alterations in apolipoprotein CIII (apoCIII). The cardiac plexus 

and epicardial adipose tissue (EAT) are important cardiac structures with vital roles in the nervous processing of the heart and 

in providing support and energy for its contraction. This study analyzed the cardiac plexus and the TAE of transgenic (CIII) 

and non-transgenic (NTG) mice submitted to treadmill exercise training (3 days a week for 40 minutes at 60% of peak speed) 

for 8 weeks. The CIII animals showed hypertriglyceridemia and hypercholesterolemia. However, overexpression of apoCIII 

did not modify glycemia, body and heart mass, and the area of adipocytes in the TAE. However, the neuronal area of the CIII 

animals was significantly smaller (NTG Sed 193±38 µm2 vs. CIII Sed 161±11 µm2) than that of the non-transgenic animals. 

With training, the area of TAE adipocytes was smaller, independently of apoCIII expression (NTG Sed 380±60 µm2; CIII Sed 

358±58 µm2; NTG Ex 305±52 µm2; CIII Ex 307±57 µm2), but there was no change in neuronal area. It can be concluded that 

the training groups have a smaller, while the CIII groups have a smaller neuronal area in the cardiac plexus. 

Keywords: Dyslipidemia. Cardiac neurons. Epicardial adipose tissue. Physical exercise. Apolipoprotein CIII. 

 

Introduction 

Hypertriglyceridemia is characterized by an increase in triglycerides (TG) in the blood 

and is associated with many diseases that rank among the leading causes of global mortality1. 

Its origin is complex and multifaceted, as it can be linked to primary factors (such as genetic 

alterations)2 and secondary factors (related to lifestyle and behavior: poor diet, alcoholism, 

stress, smoking, and physical inactivity). Thus, the multiplicity in etiology highlights the need 

for personalized initial approaches that facilitate its diagnosis, treatment, and prevention3. 

The study of hypertriglyceridemia and lipid metabolism has been enabled through 

various laboratory models, among which the use of genetically modified mice that overexpress 

or lack certain genes stands out. One such experimental model uses transgenic mice that 
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overexpress human apolipoprotein CIII (apoCIII), due to the gene and protein modulation it 

performs on fat metabolism regulation4. ApoCIII is synthesized predominantly in the liver (and 

to a lesser extent in the intestine) and is found in large proportions in triglyceride-rich 

lipoproteins (chylomicrons, VLDL, and IDL). The gene and protein overexpression of this 

apolipoprotein in mice results in hypertriglyceridemia, mainly by delaying TG removal from 

lipoproteins, decreasing their affinity for lipoprotein lipase (LPL), and reducing their uptake. 

Thus, elevated levels of apoCIII can also be associated with disorders such as 

hypercholesterolemia and increased free fatty acids in the blood5-8. 

Hypertriglyceridemia is recognized as a serious risk factor for the development of 

metabolic (such as type II diabetes mellitus, hepatic steatosis, and metabolic syndrome) and 

cardiovascular diseases (such as ischemic heart diseases and atherosclerosis)9. The emergence 

of cardiovascular diseases is related to the fact that, under such conditions, various functional 

impairments occur not only in the cardiac muscle tissue but also in other important heart 

structures10-12. 

Among these structures, the cardiac plexus stands out, playing an essential role in heart 

function. Composed of a vast set of neuronal ganglia located in the atrial region, near the major 

base vessels, it is also known as the little brain or intrinsic cardiac nervous system. Its neurons 

are responsible for processing and transmitting sympathetic and parasympathetic nerve 

impulses, thus contributing to the autonomic regulation of the nodal system and, consequently, 

to cardiac efficiency13-15. Additionally, studies have indicated that morphological changes in 

the cardiac plexus can compromise its function, and its dysfunction can be associated with 

severe conditions, such as myocardial infarction16-17. 

Another important heart structure considered essential to its function and potentially 

related to hypertriglyceridemia is the epicardial adipose tissue (EAT), located between the 

myocardium and visceral pericardium. This tissue has elastic and compressibility properties 

that provide mechanical protection to the coronary vessels and represents a support structure 

for the cardiac plexus18. Furthermore, EAT can supply energy to the heart due to its ability to 

absorb and release free fatty acids, thus being considered a lipid modulation factor. Therefore, 

EAT is also understood as an endocrine organ, releasing adipokines that, in addition to 

functioning as inflammatory mediators, can regulate vascular tone19. 

Given the detrimental role of hypertriglyceridemia on cardiac health, physical training 

has been pointed out as a non-pharmacological tool for preventing and treating comorbidities 

associated with this condition. Solid evidence has highlighted the benefits of exercise for 

improving all bodily systems and is therefore considered fundamental in treating various 

diseases, including cardiovascular ones20-22. Several studies have pointed out the ability of 

physical training to improve adipose tissue function and combat metabolic diseases23, protect 

the neurons of the cardiac plexus from the degenerative effects of aging24-25, and improve 

endothelial function by reducing plasma TG concentration26-27. 

In this context, considering the relevance of hypertriglyceridemia in the development of 

severe diseases and the numerous benefits of physical training for cardiac health, this study 

aimed to deepen the understanding of the effects of moderate aerobic training and 

hypertriglyceridemia on the morphology of the cardiac plexus and EAT in transgenic mice for 

human apoCIII. 

 

 

Methods 

 

Sample  
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This study is a continuation of a previously published study by our research group28. All 

procedures were approved by the Internal Biosafety Committee - CTNBio nº 819/2013 and the 

Animal Ethics Committee (CEUA nº 7925010719) of the State University of Maringá. 

Initially, 34 male mice aged 15 months of the C57Bl/6 strain were used. Of these, 18 

animals represented the primary hypertriglyceridemia model through the overexpression of 

human apoCIII gene and protein (CIII group). The remaining 16 animals represented the non-

transgenic control group (NTG group), as they had basal apoCIII levels and did not overexpress 

human apoCIII6. All animals were bred and maintained in the sectoral animal facility of the 

Department of Physiological Sciences at the State University of Maringá (DFS-UEM), with a 

12-hour light-dark cycle, temperature at 23 ± 1°C, and free access to water and food (Nuvilab® 

balanced diet). 

The differentiation between the groups was made through genotyping29, which consisted 

of measuring triglyceridemia on the 60th postnatal day. Thus, animals with TG levels less than 

100 mg/dL were considered non-transgenic (NTG), and those with TG levels above 300 mg/dL 

were classified as transgenic (CIII). 

After confirming the genotypes, the NTG and CIII animals were subdivided into trained 

and sedentary groups: NTG Sed, NTG Ex, CIII Sed, CIII Ex (n=8). However, due to training 

adherence issues, the trained groups had a sample loss, resulting in 6 animals in the NTG Ex 

group and 5 in the CIII Ex group. 

Initially, 1 capillary (~50µL) of tail blood was collected from all animals to obtain initial 

plasma concentrations of TG and cholesterol (CHOL) using colorimetric kits. Additionally, a 

drop of blood was separated for initial blood glucose measurement using an ACCU-CHEK® 

glucometer. It is worth noting that total body mass, water, and food intake of all animals were 

measured throughout the experimental period. 

 

Treadmill Adaptation 

All animals underwent adaptation on a treadmill (Insight® model ET2000)30. The 

protocol consisted of a daily exercise session with a fixed and light load (16 cm/s) and 

progressive duration, increased daily over a week. Thus, it started with 10 minutes and ended 

with 20 minutes. After the last day of adaptation, the animals had a minimum rest of 24 hours 

before the first exercise test, which aimed to assess the aerobic capacity of the animals. 

 

Maximum Effort Test 

The effort test was also performed on all animals, on a treadmill specific for rodents 

(Panlab® model LE8700CTS Treadmill, Barcelona - Spain), coupled to a gas exchange analyzer 

(Harvard Apparatus®, model LE405 Gas Analyser). A protocol was adopted that started with 

light intensity (10 cm/s) for 5 minutes, increasing by 9 cm/s every 3 minutes until the animal 

reached fatigue31. To avoid increasing the stress load on the animal, the effort test was 

performed without external stimuli and was terminated when the animal reached fatigue. 

Fatigue was defined as the moment when the animal could no longer sustain the test speed (the 

animal supported its hind limbs on the fixed platform while the forelimbs remained on the 

treadmill). 

The maximum speed reached in the test (Vpeak) characterized the aerobic capacity of the 

animals and was used to determine the training prescription speed. Aiming for moderate-

intensity training, 60% of Vpeak was prescribed. Considering that in the effort test the animals 

presented homogeneous performance, reaching Vpeak of 64 cm/s, the prescribed training speed 

was ~38 cm/s. It is noteworthy that this same effort test was repeated on all animals at the end 

of the 8-week proposed protocol. 
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Continuous Moderate-Intensity Aerobic Training 

For the trained groups (NTG Ex and CIII Ex), training was conducted on alternate days, 

3 times a week, always after 5 PM (due to the nocturnal habits of the animals used in this 

experimental model). Each session had a total duration of 44 minutes, subdivided into 2 minutes 

of warm-up (16 cm/s), 40 minutes of training (38 cm/s), and 2 minutes of cool-down (16 cm/s). 

All training sessions were conducted on a treadmill adapted for small rodents (Inbrasport® 

model ATL 32X23), with electronic speed control. The only exclusion criterion from the study 

was the withdrawal of animals from more than five training sessions. 

To ensure the best performance and safety of the animals during training, a small plastic 

ball was placed at the bottom of each individual lane. Thus, upon reaching the end region of the 

treadmill, the animals touched the ball and were encouraged to return to the beginning of the 

treadmill. 

 

Euthanasia and Tissue Collection 

At the end of the last effort test, the animals rested for 24 hours with free access to water 

and food. Subsequently, after a 12-hour fasting period, they were subjected to a new tail blood 

collection (100 µL) for biochemical assays of TG, CHOL, and glucose. Then, the animals were 

individually anesthetized in a euthanasia chamber filled with a flow of Isoflurane anesthetic gas 

(Isoforine®), where they remained for approximately 1 minute to ensure a state of 

unconsciousness and absence of pain perception. Afterward, the animals were exsanguinated 

(via retro-orbital; using a heparinized capillary for total blood collection) and thoracotomized 

for heart extraction. 

 

Heart Collection 

The surgical removal of the heart was performed by making an incision over the great 

vessels at the base of the organ. Immediately, the heart was perfused with Phosphate Buffered 

Saline (PBS 0.1 M; pH 7.4) solution to completely remove the blood lodged in the heart 

chambers and was weighed on an analytical balance (Shimadzu®). The perfusion was 

performed by injecting PBS into the myocardial tissue (left ventricle) using a syringe (BD®; 10 

ml) and needle (BD®; 25x7). Subsequently, the heart was fixed in 4% paraformaldehyde for 48 

hours and stored in 70% alcohol until paraffin embedding32. 

 

Embedding and Sectioning 

Initially, the heart underwent histological processing to prepare it for semi-serial 

sections of 5 µm thickness using a microtome (LEICA RM 2145®). The sections were made in 

the transverse direction of the organ, from apex to base, and only sections above the 

atrioventricular septum were used, i.e., sections from the base of the atria to the blood vessels 

of the cardiac hilum33-34. 

Three histological slides with 5 sections from each animal were mounted (totaling 15 

sections/animal). All slides were stained with hematoxylin-eosin (HE). With the aid of a 

histological analysis software (Image Pro-Plus®) and microphotographs taken at a 20x 

objective, the location of the cardiac plexus was described. Additionally, the main 

morphological characteristics of the plexus were described, and morphometric analyses of both 

the cardiac plexus (by measuring 100 neurons from each animal) and the epicardial adipose 

tissue were performed. 

 

Statistical Analysis 
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All data were subjected to the Shapiro-Wilk test to check data normality. To compare the 

effect of the independent variables (training and hypertriglyceridemia), two-way analysis of 

variance (ANOVA) followed by Tukey's post-hoc test for comparison between groups was 

used. Normally distributed data were presented as mean ± standard deviation. 

 

 

Results 

 

Body Mass, Cardiac Mass, Triglycerides, Cholesterol, and Glycemia 

The CIII animals showed elevated plasma levels of TG and CHOL compared to NTG 

animals, confirming their genotypes, as reported in a recent publication from our research 

group28. The CIII Ex group exhibited reduced levels of these parameters compared to the CIII 

Sed group (Table 1). However, no statistically significant differences were found in body mass, 

cardiac mass, or glycemia among the groups. 

 

Table 1 – Body mass, heart mass, triglyceride, total cholesterol, and plasma glucose levels in 

NTG sed, NTG Ex, CIII Sed, and CIII Ex groups 

  Data per group (Mean ± SD)  Source of variation 

  
NTG 

Sed 

NTG 

Ex 

CIII 

Sed 

CIII 

Ex 

Dyslipide

mia 

Exerci

se 

Interacti

on 

Body mass (g) 
25,9 ± 

1,1 

26,5 ± 

2,1 

26,1 ± 

0.3 

25,2 

±2,3 
ns ns ns 

Heart mass (g) 
0,17 ± 

0,02 

0,17 ± 

0,01 

0,18 ± 

0,04 

0,15 ± 

0,01 
ns ns ns 

Triglyceride 

(mg/dL) 
67 ± 14 61 ± 10 

562 ± 

163 
362 ± 58 <0.0001 <0.05 <0.05 

Total Cholesterol 

(mg/dL) 

164 ± 

44,1a 

174 ± 

42a 

248 ± 

35 

166 ± 

57a 
<0.05 <0.05 <0.05 

Glycemia (mg/dL) 
87,8 ± 

9,3 
85 ± 11 90 ± 13 96 ± 10 ns ns ns 

Note: Mean ± standard deviation. ANOVA Two-way and Tukey's post hoc test. a = p<0.05 in Tukey's post hoc 

test vs. CIII Sed. 

Source: Authors  adapted28. 

 

Location and Morphological Characteristics of the Cardiac Plexus 

The ganglia that comprise the cardiac plexus were located between the myocardium and 

the adipose tissue near the base of the heart, where the roots of the major vessels are found. In 

terms of morphological characteristics, the cardiac plexus ganglia varied in shape and size. 

Hematoxylin and eosin (HE) staining revealed oval-shaped neurons with decentralized nuclei 

(Figure 1). 
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Figure 1. Overview of Cardiac Plexus Morphology 
Note: Photomicrograph obtained with a 20x objective lens and HE staining. Cross-sectional view of the basal 

cardiac region near the major vessel emergence, highlighting a cardiac plexus ganglion. A (adipose tissue), G 

(ganglion), M (myocardium). 

Source: Authors 

 

Morphometric Analysis of the Cardiac Plexus 

ANOVA results showed that all CIII animals had a significantly smaller neuronal area 

compared to NTG animals (p=0.01): NTG Sed 193±38 µm², CIII Sed 161±11 µm², NTG Ex 

194±45 µm², and CIII Ex 160±19 µm². However, physical training did not alter this parameter 

(Figure 2). 

 

 
Figure 2. Photomicrographs of the Cardiac Plexus in Mice 
Note: A: NTG Sed group (n=8); B: CIII Sed group (n=8); C: NTG Ex group (n=6); D: CIII Ex group (n=5). E = 

Mean ± standard deviation. ANOVA Two-way with Tukey's post hoc test. (*) p<0.05 for apoCIII overexpression 

in ANOVA test. A (adipose tissue), G (ganglion), M (myocardium). 

Source: Authors 
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Morphometric Analysis of Epicardial Adipose Tissue 

Histological analysis of epicardial adipose tissue (EAT) showed that 

hypertriglyceridemia did not affect the adipocyte area in any of the groups (NTG Sed 380±60 

µm²; CIII Sed 358±58 µm²; NTG Ex 305±52 µm²; CIII Ex 307±57 µm²). However, ANOVA 

identified that trained groups had a smaller adipocyte area in EAT, regardless of apoCIII 

overexpression (p=0.03). 

 

 
Figure 3. Photomicrographs of Epicardial Adipose Tissue in Mice 
Note: A = NTG Sed group (n=8); B = CIII Sed group (n=8); C = NTG Ex group (n=6); D = CIII Ex group (n=5). 

E = Mean ± standard deviation. ANOVA Two-way with Tukey's post hoc test. (*) p<0.05 for exercise variable in 

ANOVA test. 

Source: Authors 

 

Discussion 

 

This study is innovative in relating the morphology of the cardiac plexus and epicardial 

adipose tissue (EAT) in transgenic mice for human apolipoprotein CIII, using a moderate-

intensity continuous training (MICT) method. To enhance understanding of a potential exercise 

effect on these variables, biochemical analyses of lipid and glucose metabolism, as well as 

morphological and morphometric analyses of the cardiac plexus ganglion neurons and EAT, 

were conducted, as EAT is a significant component in the metabolic and pathophysiological 

regulation of the heart. 

This study showed that apoCIII overexpression did not alter glycemia, body mass, or 

cardiac mass in the animals. Although training can increase food intake28, all groups had free 

access to water and food, and all animals were of the same age at the time of euthanasia. Thus, 

this result is consistent with the literature14, which indicates that CIII mice have cardiac mass 

equivalent to their NTG controls. 

In a previous study by our research group28, biochemical analyses confirmed the 

genotype of this animal model. Besides identifying a state of hypertriglyceridemia caused by 

human apoCIII overexpression in CIII animals, hypercholesterolemia (total cholesterol > 200 

mg/dL) was also found. Furthermore, with the application of MICT, the CIII group exhibited 

TG and COL levels about 30% lower than the sedentary control group. This effect suggests a 
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physiological adaptation of CIII animals to training due to the hydrolysis of TG and beta-

oxidation of fatty acids present in VLDL and chylomicrons35. 

The morphological analysis of the cardiac plexus and its location in these animals 

showed that our findings align with the current literature, as ganglia were observed in 

emergence of the major vessels at the heart's base, between the muscular and adipose tissues. 

Additionally, the neurons were oval-shaped with decentralized nuclei and occasionally 

multinucleated14,16,36. 

Furthermore, an isolated effect of apoCIII overexpression was observed, as the 

morphometric analysis of cardiac plexus neurons showed that the neuronal area in CIII animals 

was significantly smaller, regardless of physical training. Contrary to our findings, a study14 

with CIII mice aged eight and 12 months found that only older mice had an altered (larger) 

neuronal area, highlighting the effect of aging independent of apoCIII overexpression. This 

contradiction suggests that the physiological mechanisms involving neuronal area modification 

due to hypertriglyceridemia remain controversial and require further elucidation. However, 

evidence suggests that not only aging but also metabolic issues14 can be directly related to these 

mechanisms. In agreement with this hypothesis, other animal models with metabolic alterations 

(such as rats with laboratory-induced diabetes mellitus) showed reduced neuronal area 

associated with remodelling of the cardiac plexus33. 

Evaluating the effect of training on cardiac plexus morphology, the data obtained in this 

study showed that eight weeks of MICT did not significantly alter the neuronal area in any of 

the trained groups, regardless of apoCIII overexpression. On the other hand, a study26 

evaluating the cardiac plexus of rats under physical training conditions observed that MICT 

(applied five times a week for 10 months) reduced neuronal area. According to the authors, 

training-induced adaptation was beneficial and protected the cardiac plexus from degenerative 

effects of aging, as smaller neurons have a lower excitatory threshold than larger neurons, thus 

having greater excitability. 

From the above, it is observed that the relationship between the cardiac plexus and 

physical training is still not fully conclusive. This is because, although some modulatory factors 

of this important cardiac structure are well described (such as age and heart diseases)16-18, the 

mechanisms explaining the modulation of the plexus through exercise still need more in-depth 

investigation. Additionally, MICT requires further attention as it differs from other training 

modalities; although there is evidence that it can promote morphological changes in the plexus, 

the involved mechanisms and the relationship between volume and intensity necessary to 

induce such adaptations remain unclear. 

The morphometry of epicardial adipose tissue (EAT) was preserved and did not show 

significant differences due to apoCIII overexpression. Thus, although this experimental model 

is related to obesity predisposition37, EAT remained conserved even under hypertriglyceridemia 

and hypercholesterolemia conditions. In a previous study16 by our research group using 

sedentary animals, CIII mice had a larger area of EAT adipocytes compared to NTG animals. 

Additionally, the area of these adipocytes was greater with aging (comparing eight- and 12-

month-old animals). This difference in findings may be due to the modulatory effect of aging 

on EAT, as the animals in this study were 15 months old, i.e., middle-aged38. Thus, it is possible 

that there is indeed an as-yet-unnamed mechanism correlating the morphology of this tissue to 

aging observed in this animal model. 

Conversely, physical training reduced the area of EAT adipocytes. This effect is 

consistent with current literature, as exercise can effectively cause remodelling of adipose 

tissue39. Moreover, a previous study28 from our group on visceral adipose tissue (perigonadal) 
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showed that MICT could reduce the area of such fat. It is worth noting that this effect has also 

been described in other animal models, such as rats on different types of diets40. 

The main limitation of this study was the establishment of the experimental model itself, 

due to its complexity and difficulty in replicating the apoCIII colony, as the mice were crossed 

among themselves. Additionally, in accordance with the exclusion criteria for the training 

protocol, animals that did not complete at least 80% of the protocol were excluded from the 

final analysis. Thus, due to the challenges faced with training, the sample size was reduced from 

10 animals to 5 in the CIII Ex group and 6 animals in the NTG Ex group. 

 

Conclusion 

 

It can be concluded that hypertriglyceridemia induced by apoCIII overexpression did 

not alter glycemia, body and cardiac masses, or the area of adipocytes in epicardial adipose 

tissue in the animals. However, CIII animals had smaller ganglionic neuronal areas in the 

cardiac plexus. Additionally, continuous moderate-intensity aerobic training did not alter the 

morphometry of cardiac plexus neurons, even though it reduced TG and blood COL. 

Furthermore, it reduced the area of EAT adipocytes, regardless of the dyslipidemia caused by 

apoCIII overexpression. Therefore, more studies are needed to elucidate the mechanisms that 

modify cardiac plexus neurons due to physical training, as well as the relationship between 

different training modalities, volumes, and intensities in these experimental conditions. 
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