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Introduction: Hypercaloric nutrition and physical inactivity cause obesity, a potential driver of myocardial apoptosis and senescence that may accelerate cardiac aging. Although physical activity reduces mortality, its impact on myocardial aging is insufficiently understood. Here we investigated the effects of a hypercaloric high-fat diet (HFD) and regular exercise training on cardiac cells telomeres and histomorphometric indices of cardiac aging.

Methods: Ninety-six 4-months old female Sprague-Dawley rats were fed for 10 months normal (ND) or a HFD diet. Half of the animals in each group performed 30 min treadmill-running sessions on 5 consecutive days per week. At study end, cardiomyocyte cross-sectional area (CSA), interstitial collagen content, vascular density, apoptotic and senescent cells, relative telomere length (RTL), and expression of telomerase-reverse transcriptase (Tert) as marker of telomere-related senescence and apoptosis were analyzed.

Results: Compared to ND, the HFD group developed obesity, higher CSA, lower capillary density and tended to have more apoptotic cardiomyocytes and interstitials cells. Myocardial RTL and the expression of Terf-1 and Terf-2 were comparable in sedentary HFD and ND animals. In the HFD group, regular moderate endurance exercise improved myocardial vascularization, but had no effect on CSA or apoptosis. Notably, the combination of exercise and HFD increased senescence when compared to sedentary ND or HFD, and reduced RTL when compared to exercise ND animals. Exercising HFD animals also showed a trend toward higher Tert expression compared to all other groups. In addition, exercise reduced Terf-1 expression regardless of diet.

Conclusion: HFD-induced obesity showed no effects on myocardial telomeres and induced only mild morphologic alterations. Summarized, long-term moderate endurance exercise partially reverses HFD-induced effects but may even trigger cardiac remodeling in the context of obesity.
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1. Introduction

Despite continuously improving diagnostic and therapeutic strategies, cardiovascular disease (CVD) still causes over 18.5 million deaths per year worldwide (1). The aging cardiovascular system is characterized by vascular changes, such as endothelial dysfunction, intimal thickening, and increased arterial stiffness. Ultimately, these age-related changes increase arterial pressure and impose mechanical stress on the heart. In response, the myocardium develops hypertrophy, leading to left ventricular (LV) diastolic, and eventually systolic, dysfunction (2–4). While cardiovascular aging is inevitable, lifestyle factors, such as diet and physical activity, have a major impact on this complex process. Although there is substantial evidence demonstrating adverse effects of unhealthy eating habits, obesity, and physical inactivity on the cardiovascular system, the underlying mechanisms are still insufficiently understood. Especially the interaction between dietary habits and physical activity is poorly studied. In Western societies, many people try to compensate unhealthy eating habits with exercise, but evidence for the efficacy of this approach is lacking.

A hypercaloric nutrition with high intake of saturated fat in combination with a sedentary lifestyle leads to obesity and metabolic syndrome (5). Both conditions are associated with increased mortality due to premature CVD (6), LV hypertrophy (7), and diastolic dysfunction, that, coupled with left atrial (LA) enlargement, is a risk factor for atrial fibrillation (8). In contrast, aerobic training has favorable effects on vascular and myocardial structure and function (9), which reduces CVD risk and cardiovascular mortality (10, 11). Large studies have consistently shown that 1 h per day of walking or 3 h per week of moderate-intensity jogging reduces mortality risk by up to 40% (10, 11). Regular exercise favors physiologic over pathologic hypertrophy (12), promotes myocardial autophagy (13), and ensures a healthy vascularization of the heart with adequate vascular density (14).

Recently, senescent cells have been identified as important promotors of cardiac aging and CVD (15). Cellular senescence refers to the reversible or irreversible withdrawal of cells from the cell cycle in response to a variety of stressors, such as telomere attrition, oncogene activation, genotoxic agents, mitochondrial dysfunction, inflammatory cytokines, and oxidative stress (16). In vivo experiments have shown that the removal of senescent cells prolongs the median life span of mice (17). These observations have sparked speculations that an unhealthy nutrition and a sedentary lifestyle promote cardiac aging and CVD through accelerated telomere shortening. Critically short telomeres are known to induce senescence and apoptosis (18). Physical activity is believed to preserve telomere length by increasing telomerase activity (19–22), an enzyme that counteracts telomere shortening through the addition of new nucleotides to telomeric ends. An upregulation of Tert expression in pre-senescent cells has been shown also to slow down senescence and tumorigenesis (23). Furthermore, exercise seems to modulate the expression of shelterin proteins, such as TRF2, which are essential for the protection of telomeres and their function (24).

Although the concept that lifestyle interventions may modulate telomere shortening and cardiac senescence by regulating telomerase activity and shelterin expression has attracted much attention, existing evidence is limited. Human studies that show differences in telomere biology between athletes and sedentary controls are mostly cross-sectional and focused on blood leucocytes rather than cells of the cardiovascular system (21, 25). So far, only one intervention study has shown a preservation of leucocyte telomere length and an induction of telomerase after 6 months of aerobic endurance exercise or high-intensity interval training, but not resistance training (21). Furthermore, results from the very few existing animal studies are also inconsistent. While voluntary wheel-running prevented cellular senescence in the thoracic aorta of C57/BL6 mice (25), it had no impact on the cardiac telomere length (26). In contrast, 1 year of voluntary wheel running attenuated the age-related shortening of telomeres in cardiomyocytes of CAST/EiJ mice (27).

Considering the lack of long-term studies that addressed the interaction between western-type diet and regular physical activity on telomere biology and cardiac aging, here we explored the impact of regular moderate exercise and a hypercaloric high-fat diet on cardiovascular remodeling, myocardial telomeres, senescence, and apoptosis.



2. Results


2.1. Impact of HFD and exercise on body weight and myocardial mass

Of the 96 rats that have been included, six had to be sacrificed before the end of the study because of general health issues. Additional 18 animals were excluded from statistical analyses because they developed tumors. Of note, animals on HFD were more frequently affected by tumors than animals on ND (36 vs. 4% respectively, p = 1.289 × 10−4). Interestingly, exercise did neither affect tumor incidence (coND vs. exeND, p = 0.975; coHFD vs. exeHFD, p = 0.347) nor the tumor types that were encountered upon HFD feeding (p = 0.197).

During the 10 months study period, sedentary ND rats (coND) showed an average increase in body weight corresponding to ~17% (p < 0.0001). At the same time, heart weight increased by 7% (p = 0.029), when adjusted for tibia length as an indicator of body size. Feeding the animals with HFD resulted in higher body weight at end of the study than in the respective ND controls (Figure 1A). In sedentary animals, body weight differed by 110 g (p < 0.0001), whereas their exercising counterparts showed a difference of 102 g (p < 0.0001). Although the impact of exercise on body weight was rather small, factorial ANOVA confirmed that both factors, diet (F = 83.38, p = 2.28 × 10−13) and exercise (F = 9.05, p = 0.004), had a significant influence on body weight. However, no significant interaction between diet and exercise was detected (F = 0.13, p = 0.72). In contrast to body weight, adjusted heart weight was only affected by HFD (F = 10.07, p = 0.002), but not exercise (Figure 1B). Again, there was no interaction between diet and exercise.
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FIGURE 1
 (A) Violin plots showing the distribution of body weight and (B) Normalized heart weight; the dashed line represents the group median whereas the dotted lines show the 25th−75th interquartile range. The circles indicate the scatter of the data. Group differences have been calculated by two-way ANOVA with Sidak post-hoc tests for multiple comparisons. p-values are only shown for pre-specified group comparisons. #### p < 0.0001 compared to the sedentary normal diet control group; ££££ p < 0.0001 compared to the exercise normal diet group.




2.2. Impact of HFD and exercise on myocardial hypertrophy and fibrosis

Figure 2A provides representative histological images illustrating a greater cross-sectional area (CSA) in HFD-fed animals. Statistical comparison of CSA in coHFD and coND revealed significant hypertrophy of cardiomyocytes in obese animals (p = 0.008, Figure 2C). Factorial ANOVA confirmed HFD (F = 12.6, p = 0.001), but not exercise, as a significant modulator of cardiac hypertrophy. In contrast, HFD had no impact on interstitial collagen content (Figures 2B, D), an indicator of cardiac fibrosis.
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FIGURE 2
 (A) Representative histological images of left ventricular cardiomyocytes showing a greater CSA in HFD animals. The sections have been stained with fluorescent anti -Sarcomeric alpha Actin (ASA) antibody and 4′,6-diamidino-2-phenylindole (DAPI). (B) Representative histological images of left ventricular myocardial tissue showing comparable amounts of interstitial collagen. The slides have been stained with Masson Trichrome and Haematoxylin-Eosin. (C) Violin plot showing the distribution of CSA in the different experimental groups. (D) Violin plot showing the distribution of interstitial collagen (%) in the different experimental groups. From each experimental group 10 animals were selected for histomorphometry analysis. Statistical differences between groups were analyzed by two-way ANOVA with Sidak post-hoc tests for multiple comparisons. p values are only shown for pre-specified group comparisons. ##p < 0.01 compared to the sedentary normal diet group.




2.3. Impact of HFD and exercise on myocardial apoptosis and senescence

Apoptosis is a physiological process that eliminates old and damaged cells. The consumption of HFD increased the number of apoptotic cardiomyocytes, but this effect was only significant in exercising animals (p = 0.001, Figures 3A, B). Similar results were observed in interstitial cells of the myocardium (p = 0.001, Figure 3C).
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FIGURE 3
 (A) Representative histological images of left ventricular sections showing an increased number of apoptotic cardiomyocytes in HFD groups. The sections have been stained with a commercial kit for terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay. Arrows point to apoptotic nuclei. (B) Violin plot showing the left ventricular fraction of Sarcomeric alpha-actinin positive cardiomyocytes that are also TUNEL positive. (C) Violin plot showing the left ventricular fraction of Sarcomeric alpha-actinin negative TUNEL positive interstitial cells. From each experimental group 10 animals were selected for histomorphometry analysis. Statistical differences between groups were calculated with the Kruskal-Wallis test adjusted by the Bonferroni correction for multiple tests. p-values are only shown for pre-specified group comparisons. ££p < 0.01 compared to the exercise normal diet group.


Senescence is another way of limiting the potential harm that can arise from old and damaged cells. Although senescent cells can no longer replicate, they remain metabolically active. They can be identified by immunohistochemistry using markers, such as p53, p21 or p16INK4A. Here we have analyzed p16INK4A, a final regulator of senescence that is mainly expressed when senescence is permanently established (28). In the present study, expression of the senescence marker p16INK4A was not affected by HFD alone (Figures 4A–C). Instead, exercise increased the number of senescent cardiomyocytes in the myocardium (p = 0.008, Figures 4B, C). Factorial ANOVA confirmed the significant impact of exercise, but not HFD, on the number of senescent cardiomyocytes (F = 15.36, p < 0.001) and interstitial cells (F = 7.88, p = 0.008).
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FIGURE 4
 (A) Representative histological images of the left ventricle showing an increased number of senescent cardiomyocytes in HFD groups. The sections were co-immunostained with an anti-p16INK4A antibody, an anti-Sarcomeric alpha Actin (ASA) antibody, and DAPI. Arrows point to senescent nuclei. (B) Violin plot showing the left ventricular fraction of Sarcomeric alpha-actin positive cardiomyocytes that are also p16INK4A positive. (C) Violin plot showing the fraction of Sarcomeric alpha-actin negative p16INK4A positive interstitial cells. From each experimental group 10 animals were selected for histomorphometry analysis. Statistical differences between groups were calculated with the two-way ANOVA with Sidak post-hoc tests for multiple comparisons. p-values are only shown for pre-specified group comparisons. §§p < 0.01 compared to the high fat diet sedentary control group.




2.4. Impact of HFD and exercise on myocardial vascularization

Myocardial vascularization is pivotal for tissue vitality and function. Histomorphometry analyses revealed a significant reduction of myocardial capillaries (p = 0.005, Figures 5A, B), but not arteries (Figures 6A–C), in HFD animals. In contrast, moderate regular exercise mitigated the reduction of myocardial capillaries in HFD animals (p < 0.05) but had no effect in ND animals (Figure 5B). The factorial ANOVA confirmed the previously described interaction of diet and exercise on capillary density (F = 24.04, p = 2.458 × 10−5). Also, exercising animals showed an increased number of small arteries with a diameter < 40 μm, but only upon ND, this effect reached statistical significance (p = 0.008, Figure 6C). In exeHFD animals, there was also a higher wall-to-lumen ratio, which was not observed in any of the other groups (p < 0.05, Figure 6E). Large myocardial arteries with a diameter equal to or >40 μm were neither affected by HFD nor by exercise (Figures 2B, D).
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FIGURE 5
 (A) Representative histological images of the left ventricle showing capillary density. The sections have been stained with anti-isolectin B4 (ILEB4), anti-Smooth Muscle alpha-Actin (SMA) antibodies and DAPI. (B) Violin plot showing the change in capillary density of the left ventricles of HFD groups. From each experimental group 10 animals were selected for histomorphometry analysis. Statistical differences between groups were calculated with the two-way ANOVA with Sidak post-hoc tests for multiple comparisons. p-values are only shown for pre-specified group comparisons. ##p < 0.01 compared to the sedentary normal diet group; £p = 0.025 compared to the exercise normal diet group; §§§§p < 0.00001 compared to the sedentary high fat diet group.
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FIGURE 6
 (A) Representative histological images of left ventricular myocardium showing coronary arteries of large and medium-small caliber. The sections were co-immunostained with ILEB4, anti-SMA antibody, and DAPI. (B) Violin plot showing the total number of large coronary arteries of left ventricular cardiomyocytes. (C) Violin plot showing the total number of medium-small coronary arteries of left ventricular cardiomyocytes. (D) Violin plot showing the wall-to-lumen ratio of large arteries. (E) Violin plot showing the wall-to-lumen ration of medium-small arteries. From each experimental group 10 animals were selected for histomorphometry analysis. Statistical differences between groups were calculated with the Kruskal-Wallis test adjusted by the Bonferroni correction for multiple tests. p-values are only shown for pre-specified group comparisons. ##p < 0.01 compared to the sedentary normal diet group; £p = 0.039 compared to the exercise normal diet group; §§p = 0.007 compared to the sedentary high fat diet group.




2.5. Impact of HFD and exercise on myocardial telomeres

Telomere shortening is an established mechanism of aging that can trigger cell senescence or apoptosis when a critical length is reached. In the present study, HFD alone did not affect myocardial RTL (Figure 7A). Also, exercise alone did not modify myocardial RTL in exeND animals. Only exeHFD animals, where exercise and HFD were combined, showed slightly shorter telomeres than the respective controls. Factorial ANOVA confirmed the RTL shortening effect of HFD (F = 9.07, p = 0.004).
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FIGURE 7
 (A) Violin plot showing the myocardial RTL. (B) Violin plot showing the Tert mRNA gene expression. (C, D) Violin plot showing the Terf-1 and Terf-2 mRNA gene expression; the dashed line represents the group median whereas the dotted lines show the 25th−75th interquartile range. The circles indicate the scatter of the data. Group differences have been calculated in (A–C) by the two-way ANOVA with Sidak post-hoc tests for multiple comparisons; whereas in (D) with the Mann-Whitney U-test. £p = 0.017 compared to the exercise normal diet control group; ####p < 0.0001 compared to the sedentary normal diet control group; §§§§p < 0.0001 compared to the sedentary high fat diet group.


The expression of the catalytic unit of telomerase (Tert), an enzyme that can counteract telomere shortening by adding new hexanucleotides to telomeric ends, did not differ between groups (Figure 7B). However, factorial ANOVA showed a weak interaction of HFD and exercise, which was of borderline significance (F = 4.04, p = 0.049). Analyzing the mRNA expression of Terf-1 and Terf-2, two proteins of the telomere-protecting shelterin complex, showed no significant effect of HFD (Figures 7C, D). In contrast, exercise strongly reduced the expression of Terf-1, but not Terf-2 (Figures 7C, D). Factorial ANOVA confirmed a significant effect of exercise (F = 55.30, p = 3.77 × 10−10), but not HFD, on Terf-1 expression.




3. Discussion

The long-term consumption of HFD induced obesity without affecting cardiac cells TL. In addition, there were only small alterations of the myocardium including moderate hypertrophy, a reduction of capillary density and a trend toward more apoptotic cardiomyocytes as well as interstitials cells. Moderate endurance exercise improved the HFD-induced reduction of myocardial vascularization but did not reverse hypertrophy or apoptosis. Furthermore, exercising obese animals had shorter telomeres than exercising lean animals. In lean animals, the exercise protocol had neither significant effect on myocardial RTL nor on various histological indices of aging.

Long-term HFD feeding did not affect cardiac telomeres and induced only minor structural changes in the myocardium. Such small effects may appear paradoxical when considering the broad spectrum of obesity-induced metabolic alterations in humans, such as dyslipidemia, hypertension, type 2 diabetes, and insulin resistance (8, 29). Obesity is further characterized by a hyperdynamic circulatory status with higher blood volume, increased heart rate, and an activated angiotensin-renin axis. The resulting hemodynamic stress triggers myocardial remodeling with myocardial hypertrophy and fibrosis. Ultimately, the progression of these metabolic and hemodynamic effects leads to cardiovascular disease, myocardial dysfunction, and heart failure (HF) (8, 29, 30). Some observational studies also suggest accelerated telomere attrition in the context of obesity and metabolic syndrome (31–33), whereas weight loss seems to preserve telomere length (34). However, existing studies in humans and rodents are inconsistent, and controversies remain (35–38). The modest cardiovascular alterations observed in the HFD animals of our study are most likely explained by the beef-tallow-based HFD that has a high content of saturated and polyunsaturated fat, but only moderate amounts of carbohydrates. In a previous study, this diet has been shown to provoke obesity with only small metabolic and inflammatory changes (39). This rather mild metabolic phenotype is probably due to species-specific differences in lipid trafficking and adipocyte lipid-storage capacity (40). The modest cardiovascular alterations despite marked obesity, support the concept that dyslipidemia and inflammation are crucial for the development and progression of coronary atherosclerosis, cardiac remodeling, and HF. In the absence of additional metabolic and inflammatory factors, an excess of dietary lipids may be of limited harm as they represent the predominant substrate for oxidative phosphorylation in cardiac mitochondria (41, 42). This concept is supported by human studies where isolated obesity was associated with a lower risk for CVD and cardiac dysfunction (43, 44). In the present study, HFD induced a significant increase in body weight (Figure 1A), but only mild LV hypertrophy without evidence of fibrosis (Figure 2). Moreover, myocardial hypertrophy is characterized by enlarged cardiomyocytes that push interstitial capillaries apart resulting in capillary rarefaction (45), which has also been observed in our HFD animals (Figure 5).

In contrast to the experimental model of our study, human obesity is usually the result of a diet that is high in saturated fat (SFA) and refined carbohydrates. Although a high dietary uptake of lipids with only a small fraction of polyunsaturated fatty acid (PUFA) species promotes inflammation and lipotoxicity (46, 47), excessive carbohydrate intake seems to dominate the detrimental cardiac effects in obese individuals (48–50). For example, hypertensive rats fed for 8 weeks a diet rich in carbohydrates showed an elevated end-systolic volume with a lower left ventricular ejection fraction, a higher number of apoptotic cardiomyocytes, and increased mortality when compared to rats on HFD (48). Also, nurturing men for several weeks with a high-sugar diet resulted in unfavorable changes in lipid metabolism and signs of hepatic lipid accumulation (51). In addition to metabolic, hemodynamic, and lipotoxic effects, also increased leptin concentrations promote myocardial hypertrophy and incident HF in obese individuals (52). For example, leptin treatment of cardiomyocytes from humans and neonatal rats has been found to induce TNF-α-/IL-6-mediated redox stress and cardiac hypertrophy (53–55). Despite high serum leptin, the HFD animals in the present study showed only a minor increase in oxidative-nitrosative stress (39), which may explain the lack of telomeric and apoptotic effects.

Regular exercise is believed to improve obesity, metabolic dysfunction, and chronic inflammation and slow down cellular aging, which ultimately reduces mortality. In a previous study we have shown that exercise ameliorated the pro-inflammatory profile of HFD-fed rats (39). While the present results indicate that exeHFD animals had also improved body weight and myocardial vascularization (Figures 1, 6), LV hypertrophy, interstitial fibrosis, and RTL were not altered (Figures 2, 7). Although there was no change in capillary density, the number of small arteries increased in response to exercise suggesting improved myocardial vascularization (Figure 6C). This concept is substantiated by an increase in RTL, Terf-1, and Terf-2 expression in the aortic tissue of exercising animals (56). While moderate exercise has only mild cardiac effects, intensive exercise seems to induce cardiac hypertrophy, fibrosis, apoptosis, and inflammation in SD rats (57). Exercise-induced myocardial hypertrophy is a well-known physiologic reaction to high volume endurance exercise with a significant proportion of high-intensity training that is controlled by C/EBPbeta (12, 58). For example, 6-weeks of interval exercise with increasing intensity induced eccentric cardiac hypertrophy without fibrosis in 3-month-old male SD rats (59). In contrast, the metabolic stimulus of mild exercise, such as in the present study, is apparently insufficient to induce hypertrophy, but still has multiple beneficial anti-inflammatory, metabolic and vascular effects (58). However, a direct comparison of studies is often hampered by differences in age, sex, exercise protocol and nutrition.

Previous studies by Werner et al. demonstrated significant effects of voluntary wheel running on telomerase and shelterin expression as well as on survival pathways in blood leucocytes, aortic tissue, and the myocardium of 6-month-old C57/BI6 mice. Similar to the present study, these effects were not accompanied by alterations in myocardial RTL (25, 26). Others have shown an exercise-induced attenuation of myocardial telomere erosion in 1-year old CAST/EiJ mice (27). In this study, natural telomere shortening was accompanied by a decreased expression of the shelterins Terf-1 and Terf-2. Therefore, contrasting results in existing studies may be due to differences in species, exercise protocols, study duration, and group size. While some studies worked with voluntary wheel running (25–27), others used motorized treadmills, where continuous running is imposed by mild electric stimuli (57). Although exercise volume and intensity are well standardized with this approach, the perceived psychological stress may be higher, which could explain some of the controversial effects. The fact that telomere shortening in cardiomyocytes is only detectable at older age may also be due to the post-mitotic nature of this cell type, where the end-replication problem does not exist. In such cells, telomere shortening is probably the result of other mechanisms that involve typical age-related effects, including metabolic dysfunction, chronic inflammation, and oxidative stress. Therefore, also the beneficial effects of lifestyle factors, such as exercise, may become more evident at older age. Notably, there is some evidence suggesting that the association between age and RTL is stronger in males than in females (60). Therefore, it cannot be excluded that age and lifestyle factors have more pronounced effects on the cardiovascular system in males than in females. However, this hypothesis is purely speculative, and the use of both sexes is warranted in future aging studies.

While all studies discussed before investigated the effects of exercise in lean animals, here we explored the effects of regular moderate running exercise in the context of obesity. Our exercise protocol reversed the reduction of myocardial vascularization in obese HFD animals (Figure 6) but did not affect the size of cardiomyocytes or myocardial apoptosis (Figures 2–4). Despite the improvement of myocardial vascularization and the lack of fibrotic tissue, exercise was accompanied by evidence of arterial remodeling (Figure 6E) which is one of the earliest signs of target organ damage in hypertension (61). Together with shorter telomeres (Figure 7A) and higher numbers of p16INK4A positive cardiomyocytes (Figure 4B), the higher wall-to-lumen ratio in HFD animals questions the beneficial nature of forced endurance exercise in obese individuals. In analogy to observations by Agrimi et al., the psychological stress induced by frequent forced running might have caused an adaptive stress response with increased myocardial apoptosis, senescence, and oxidative-nitrosative stress (39, 62). Increased oxidative-nitrosative stress might be a potential mechanism that mediates adaptive stress responses in our animals including telomeric dysfunction. This hypothesis is supported by a positive correlation between the serum NOx concentration and cardiac Terf-1 expression in our animals. A relationship between eNOS and telomere function in exercising mice has also been reported by Werner et al. (25). However, the exeHFD animals also showed a moderate upregulation of Tert expression (Figure 7B), which might reflect an altered DNA-damage-repair and checkpoint response to short-telomere-induced DNA damage (23). Thus, the upregulation of Tert expression in these animals could reflect a protective mechanism aiming to prevent myocardial degeneration due to premature telomere attrition and chronic cellular senescence.

In conclusion, isolated obesity induced by a hypercaloric HFD with low carbohydrate content has no telomeric effects in the myocardium and induces only mild morphologic alterations suggesting that this treatment does not significantly accelerate cardiac aging. Also, long-term moderate endurance exercise was not associated with clear cardioprotective effects. Therefore, obesity without additional risk factors or comorbidities may be less harmful than expected. Furthermore, moderate exercise appears to be of limited relevance for myocardial telomere biology and cardiovascular remodeling. Of note, the results from this study cannot easily be translated to humans where cardiovascular aging is usually a multifactorial process. In conjunction with the existing literature, our findings emphasize once more the importance of the experimental setting, which may profoundly impact the results.



4. Materials and methods


4.1. Animal and experimental protocol

Four-month-old healthy female SD rats (n = 96) with an average body weight of ~300 g were purchased from Janvier Labs (Le Genest-Saint-Isle, France) and kept in groups of three animals per cage under constant housing conditions on a 12 h light and 12 h dark cycle in the Core Facility Experimental Biomodels, Division of Biomedical Research of the Medical University of Graz (Austria). After 1 week of acclimatization, the animals were randomly assigned to receive a standard diet (ND) (Altromin, Lage, Germany) with 3,226 kcal/kg and 11% fat or a purified beef-tallow high-fat diet (HFD), rich in SFAs and MUFAs, in particular C16:0 (8.27%), C18:0 (6.06%), and C18:1 (12.29%), with 5,150 kcal/kg and 60% fat (ssniff, Soest, Germany). Food and tap water were provided ad libitum.


4.1.1. Study design

Animals were randomly allocated to 4 groups, each consisting of 24 animals. After the acclimatization period, the animals were divided in a 1:1 ratio to receive either ND or HFD for the entire 10-month study period. Half of the ND and HFD-fed rats were assigned to a standardized exercise program that consisted of 30 min of running on a 5-lane treadmill (Panlab, Barcelona, Spain) on five consecutive days per week (in a time frame between 10:00 am and 2:00 pm) with 2 days of rest. Running speed was kept constant at 30 cm/s. These two groups are referred to as exeND and exeHFD. The remaining animals were used as sedentary controls and are referred to as coND and coHFD. Of note, only female SD rats were used in this study because the expected final weight upon HFD feeding was rather high (>500 g) and, considering that male SD rats naturally exceed the weight of females already on a normal diet chow, there was a risk that they would not fit into the appropriate space in our multilane treadmill. Furthermore, females are less aggressive than males, making them more suitable for long-term studies. After the exclusion of dropouts, 72 eligible animals were included in the final statistical analyses.



4.1.2. Euthanasia and sample preparation

At the end of the 10-months study protocol, blood was drawn by heart puncture under deep isoflurane anesthesia (Forane, Abbott, Austria). Blood and plasma were collected using S-Monovette Serum-Gel tubes and S-Monovette Plasma-EDTA tubes (Sarstedt, Nümbrecht, Germany), respectively. Blood collection was performed in a non-fasting state. From 10 animals per group, the base and mid-ventricular portion of the myocardium were formalin-fixed for 24 h and stored in EtOH at 4°C until analysis. The samples have been rehydrated overnight in PBS at 4°C before sectioning. The apical portion of the ventricles was snap frozen from all animals and stored at −80°C for subsequent molecular analyses.




4.2. Analysis of relative telomere length in cardiac tissue

Approximately 10 mg derived from ventricular tissue were homogenized in 300μl Magna Pure Lysis Buffer (Roche, Vienna, Austria) using the MagnaLyser (Roche, Vienna, Austria). DNA was isolated with the MagNA Pure LC instrument (Roche, Vienna, Austria) using the Total Nucleic Isolation Kit (Roche, Vienna, Austria). Subsequently, relative telomere length (RTL) of peripheral blood mononuclear cells (PBMCs) was measured by quantitative real-time PCR (qPCR) using a protocol developed by Cawthon (63). This assay quantifies the ratio of average TL (T) to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as a single-copy reference gene (S). The single-copy gene is used as an amplification control for each sample and to determine the number of genome copies per sample. All qPCR analyses were performed on Thermocycler CFX384 TouchTM (Biorad, Feldkirchen, Germany) using the following primers:

• Telomere Forward: 5′-CGGTTTGTTTGGGTTTGGGTTTGGGTTTGGGTTTGGGTT-3′;

• Telomere Reverse: 3′-GGCTTGCCTTACCCTTACCCTTACCCTTACCCTTACCCT-5′;

• GAPDH Forward: 5′-CACCTAGACAAGGATGCAGAG-3′;

• GAPDH Reverse: 3′-GCATGACTGGAGGAATCACA-5′.

All primers have been purchased from Eurofins Genomics, Austria. Each run included a standard curve made by dilutions of isolated and pooled rat DNA from 21 different blood samples, to determine the quantity of the targeted templates. RTL has been calculated as the ratio of telomere quantity to single-copy reference gene quantity (T/S ratio).



4.3. The mRNA expression analyses in cardiac tissue

Tert, Terf-1, and Terf-2 gene expression was analyzed in RNA extracts of ventricular tissue. 10 mg of tissue were homogenized in 300 μl Magna Pure Lysis Buffer (Roche, Vienna, Austria) using the MagnaLyser (Roche, Vienna, Austria). RNA was extracted from these homogenates with the Total Nucleic Isolation Kit (Roche, Vienna, Austria) on a MagNA Pure LC instrument (Roche, Vienna, Austria). Subsequently, the mRNA in these extracts was transcribed into cDNA using the QuantiTect Reverse Transcription kit (Qiagen, Hilden, Germany). Finally, mRNA expression of TERT, TERF-1, and TERF-2 was analyzed by qPCR with TaqMan probes (Life Technologies dba Invitrogen, Waltham, MA, USA). The expression of each target gene was calculated with the ΔΔCT method using β-actin as a reference gene. The sequences of the probes used are listed below:

• B-actin: 5′-CTTCCTTCCTGGGTATGGAATCCTG-3′;

• Tert: 5′-ATCGAGCAGAGCATCTCCATGAATG-3′;

• Terf-1: 5′-AAAACAGACATGGCTTTGGGAAGAA-3′;

• Terf-2: 5′-GAGAAAATTTAGACTGTTCCTTTGA-3′.



4.4. Histological analyses

The base and mid-ventricular portion of the myocardium was formalin-fixed. Following fixation, the pathologist (APB) subsampled rat hearts. The most proximal section of the base of the heart and the most distal transverse section of the heart (mid-section to apex junction) were included in the same paraffin-embedded (FFPE) block facing the section plan. 5 μm-thick sections were obtained from FFPE blocks, so that 2 plans of the same heart were included in each slide: base and mid-section. Then the slides were deparaffinized with xylene, rehydrated with four consecutive ethanol washes (100, 95, 80, and 70%) and a 3 min wash in distilled water, and underwent antigen retrieval in Sodium Citrate 0.1 M, pH = 6, for 40 min at 98°C. After a cool-down phase of at least 40 min, and three washing steps, one in distilled water (5 min) and two in 1X PBS (5 min each), deparaffinized tissue sections were stained. TUNEL staining was used to detect myocardial apoptosis. Apoptotic cardiac cells were detected after staining with anti-Sarcomeric alpha Actinin antibody. Percent apoptotic cardiac cells and cardiomyocytes (% ×104) were calculated via the number of TUNEL-positive nuclei over the total number of cardiac cells or cardiomyocyte nuclei per field (at a magnification of 100×), respectively (64). Cardiomyocytes and non-cardiomyocytes senescence were detected with staining for p16INK4A antibody and anti-alpha-SA antibody. The percentage of p16INK4A expression was calculated from the p16INK4A positive cardiomyocytes/non-cardiomyocytes normalized to the total number of cardiomyocytes per area.

Additionally, interstitial collagen was determined via Masson Trichrome and H&E-stained sections (HT15 Trichrome Stain kit; Sigma). To assess cardiomyocyte hypertrophy, we employed the cross-sectional area–CSA, a surrogate parameter (65). To evaluate artery morphology, we counted the number of vessels positive for Smooth Muscle Actin antibody on an entire transverse section of the upper myocardium and measured both their thickness and relative caliber. Artery dimensions and cardiomyocyte cross-sectional areas were computed employing ImageJ software (66). Vessel morphology was evaluated on 15 images of Isolectin B4 stained sections of the myocardium, taken at 400× magnification, employing the AngioTool free software (67).



4.5. Statistical analysis

Data are expressed as mean ± standard deviation. Gaussian distribution of the parameters was assessed employing the Kolmogorov-Smirnov and the Shapiro-Wilk test. Qualitative variables such as tumor frequency and diversity were assessed with Fisher's exact test or the Chi-squared test. Two-way ANOVA followed by Sidak post-hoc test was employed to dissect the impact that both diet and exercise exert on the observed parameters. Differences among more than two groups non-normally distributed were assayed with the Kruskal-Wallis test adjusted by the Bonferroni correction for multiple tests. IBM® SPSS® Statistics, version 26.0 for Windows, was used for explorative data analysis, and the level of acceptance of the null hypothesis was set at p < 0.05. Python programming language with Jupyter Notebook within the data science package Anaconda3 for Windows was used for data visualization.




Data availability statement

The original contributions presented in the study are included in the article/supplementary material, further inquiries can be directed to the corresponding author.



Ethics statement

The animal study was reviewed and approved by the responsible National Ethics Committee (GZ: 66.010/0070-V/3b/2018) and conducted in accordance with the guidelines of the Animal Care and Use Committee of the Ministry of Science and Research, Vienna, Austria.



Author contributions

Conceptualization: MH, H-JG, and GA. Methodology and validation: AB, WR, and H-JG. Software, writing—original draft preparation, and visualization: MS. Formal analysis: H-JG, AB, and MS. Investigation: MS, AB, H-JG, GA, MH, and FK. Resources: FC and MH. Data curation: MS and AB. Writing—review and editing: AB, GA, SS, WR, H-JG, FC, and MH. Supervision: MH and AB. Project administration and funding acquisition: MH. All authors have read and agreed to the published version of the manuscript.



Funding

We would like to acknowledge the financial support of the Friuli Venezia Giulia region through the grant “Lo scompenso cardiaco quale morbo di Alzheimer del cuore. Opportunità diagnostiche e terapeutiche: HEARTzeimer” Bando 2017 per la concessione di contributi per la ricerca operativa clinica, traslazionale, di base, epidemiologica e organizzativa Art. 8, comma 25, L.R. 20/2015.



Acknowledgments

The authors would like to thank Sabine Pailer with the Medical University of Graz, and the Core Facility Experimental Biomodels, Division of Biomedical Research of the Medical University of Graz, 8036 Graz (Austria).



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

 1. Ritchie H, Roser M. Causes of Death. Published online at OurWorldInData.org (2020). Available online at: https://ourworldindata.org/causes-of-death (accessed January 15, 2020).

 2. Lakatta EG, Levy D. Arterial and cardiac aging: major shareholders in cardiovascular disease enterprises: Part II: the aging heart in health: links to heart disease. Circulation. (2003) 107:346–54. doi: 10.1161/01.CIR.0000048893.62841.F7

 3. Lakatta EG. Arterial and cardiac aging: major shareholders in cardiovascular disease enterprises: Part III: cellular and molecular clues to heart and arterial aging. Circulation. (2003) 107:490–7. doi: 10.1161/01.CIR.0000048894.99865.02

 4. Kim SA, Park JB, O'Rourke MF. Vasculopathy of aging and the revised cardiovascular continuum. Pulse (Basel). (2015) 3:141–7. doi: 10.1159/000435901

 5. Romieu I, Dossus L, Barquera S, Blottière HM, Franks PW, Gunter M, et al. Energy balance and obesity: what are the main drivers? Cancer Causes Control. (2017) 28:247–58. doi: 10.1007/s10552-017-0869-z

 6. Przybyszewski EM, Targher G, Roden M, Corey KE. Nonalcoholic fatty liver disease and cardiovascular disease. Clin Liver Dis. (2021) 17:19–22. doi: 10.1002/cld.1017

 7. Anaruma CP, Pereira RM, da Cruz Rodrigues KC, da Silva AS, Cintra DE, Ropelle ER, et al. Rock protein as cardiac hypertrophy modulator in obesity and physical exercise. Life Sci. (2020). 254:116955. doi: 10.1016/j.lfs.2019.116955

 8. Halade GV, Kain V. Obesity and cardiometabolic defects in heart failure pathology. Compr Physiol. (2017) 7:1463–77. doi: 10.1002/cphy.c170011

 9. Bernardo BC, Weeks KL, Pretorius L, McMullen JR. Molecular distinction between physiological and pathological cardiac hypertrophy: experimental findings and therapeutic strategies. Pharmacol Ther. (2010) 128:191–227. doi: 10.1016/j.pharmthera.2010.04.005

 10. Arem H, Moore SC, Patel A, Hartge P, de Gonzalez AB, Visvanathan K, et al. Leisure time physical activity and mortality: a detailed pooled analysis of the dose-response relationship. JAMA Intern Med. (2015) 175:959–67. doi: 10.1001/jamainternmed.2015.0533

 11. O'Donovan G, Lee I-M, Hamer M, Stamatakis E. Association of “weekend warrior” and other leisure time physical activity patterns with risks for all-cause, cardiovascular disease, and cancer mortality. JAMA Intern Med. (2017) 177:335–42. doi: 10.1001/jamainternmed.2016.8014

 12. Boström P, Mann N, Wu J, Quintero PA, Plovie ER, Panáková D, et al. C/EBPbeta controls exercise-induced cardiac growth and protects against pathological cardiac remodeling. Cell. (2010) 143:1072–83. doi: 10.1016/j.cell.2010.11.036

 13. He C, Bassik MC, Moresi V, Sun K, Wei Y, Zou Z, et al. Exercise-induced BCL2-regulated autophagy is required for muscle glucose homeostasis. Nature. (2012) 481:511–5. doi: 10.1038/nature10758

 14. Iemitsu M, Maeda S, Jesmin S, Otsuki T, Miyauchi T. Exercise training improves aging-induced downregulation of VEGF angiogenic signaling cascade in hearts. Am J Physiol Heart Circ Physiol. (2006) 291:H1290–8. doi: 10.1152/ajpheart.00820.2005

 15. Wang C-Y, Kim H-H, Hiroi Y, Sawada N, Salomone S, Benjamin LE, et al. Obesity increases vascular senescence and susceptibility to ischemic injury through chronic activation of Akt and mTOR. Sci Signal. (2009) 2:ra11. doi: 10.1126/scisignal.2000143

 16. Rolle IG, Crivellari I, Caragnano A, Cervellin C, Aleksova A, Cesselli D, et al. Cell senescence in cardiac repair and failure. Curr Stem Cell Res Ther. (2020) 15:685–95. doi: 10.2174/1574888X15666200106144345

 17. Baker DJ, Childs BG, Durik M, Wijers ME, Sieben CJ, Zhong J, et al. Naturally occurring p16(Ink4a)-positive cells shorten healthy lifespan. Nature. (2016) 530:184–9. doi: 10.1038/nature16932

 18. Kurz DJ, Kloeckener-Gruissem B, Akhmedov A, Eberli FR, Bühler I, Berger W, et al. Degenerative aortic valve stenosis, but not coronary disease, is associated with shorter telomere length in the elderly. Arterioscler Thromb Vasc Biol. (2006) 26:e114–7. doi: 10.1161/atvb.26.6.1303

 19. Cherkas LF, Hunkin JL, Kato BS, Richards JB, Gardner JP, Surdulescu GL, et al. The association between physical activity in leisure time and leukocyte telomere length. Arch Intern Med. (2008) 168:154–8. doi: 10.1001/archinternmed.2007.39

 20. Ludlow AT, Zimmerman JB, Witkowski S, Hearn JW, Hatfield BD, Roth SM. Relationship between physical activity level, telomere length, and telomerase activity. Med Sci Sports Exerc. (2008) 40:1764. doi: 10.1249/MSS.0b013e31817c92aa

 21. Werner CM, Hecksteden A, Morsch A, Zundler J, Wegmann M, Kratzsch J, et al. Differential effects of endurance, interval, and resistance training on telomerase activity and telomere length in a randomized, controlled study. Eur Heart J. (2018) 40:34–46. doi: 10.1093/eurheartj/ehy585

 22. Semeraro MD, Smith C, Kaiser M, Levinger I, Duque G, Gruber H-J, et al. Physical activity, a modulator of aging through effects on telomere biology. Aging. (2020) 12:13803–23. doi: 10.18632/aging.103504

 23. Sun L, Chiang JY, Choi JY, Xiong Z-M, Mao X, Collins FS, et al. Transient induction of telomerase expression mediates senescence and reduces tumorigenesis in primary fibroblasts. Proc Natl Acad Sci USA. (2019) 116:18983–93. doi: 10.1073/pnas.1907199116

 24. Wang J, Uryga AK, Reinhold J, Figg N, Baker L, Finigan A, et al. Vascular smooth muscle cell senescence promotes atherosclerosis and features of plaque vulnerability. Circulation. (2015) 132:1909–19. doi: 10.1161/CIRCULATIONAHA.115.016457

 25. Werner C, Fürster T, Widmann T, Pöss J, Roggia C, Hanhoun M, et al. Physical exercise prevents cellular senescence in circulating leukocytes and in the vessel wall. Circulation. (2009) 120:2438–47. doi: 10.1161/CIRCULATIONAHA.109.861005

 26. Werner C, Hanhoun M, Widmann T, Kazakov A, Semenov A, Pöss J, et al. Effects of physical exercise on myocardial telomere-regulating proteins, survival pathways, and apoptosis. J Am Coll Cardiol. (2008) 52:470. doi: 10.1016/j.jacc.2008.04.034

 27. Ludlow AT, Witkowski S, Marshall MR, Wang J, Lima LCJ, Guth LM, et al. Chronic exercise modifies age-related telomere dynamics in a tissue-specific fashion. J Gerontol A Biol Sci Med Sci. (2012) 67:911–26. doi: 10.1093/gerona/gls002

 28. Prašnikar E, Borišek J, Perdih A. Senescent cells as promising targets to tackle age-related diseases. Ageing Res Rev. (2021) 66:101251. doi: 10.1016/j.arr.2020.101251

 29. Verhoye E, Langlois MR. Circulating oxidized low-density lipoprotein: a biomarker of atherosclerosis and cardiovascular risk? Clin Chem Lab Med. (2009) 47:128–37. doi: 10.1515/CCLM.2009.037

 30. Powell-Wiley TM, Poirier P, Burke LE, Després J-P, Gordon-Larsen P, Lavie CJ, et al. Obesity and cardiovascular disease: a scientific statement from the American Heart Association. Circulation. (2021) 143:e984–e1010. doi: 10.1161/CIR.0000000000000973

 31. Moreno-Navarrete JM, Ortega F, Sabater M, Ricart W, Fernández-Real JM. Telomere length of subcutaneous adipose tissue cells is shorter in obese and formerly obese subjects. Int J Obes (Lond). (2010) 34:1345–8. doi: 10.1038/ijo.2010.49

 32. Monickaraj F, Gokulakrishnan K, Prabu P, Sathishkumar C, Anjana RM, Rajkumar JS, et al. Convergence of adipocyte hypertrophy, telomere shortening and hypoadiponectinemia in obese subjects and in patients with type 2 diabetes. Clin Biochem. (2012) 45:1432–8. doi: 10.1016/j.clinbiochem.2012.07.097

 33. Jones DA, Prior SL, Barry JD, Caplin S, Baxter JN, Stephens JW. Changes in markers of oxidative stress and DNA damage in human visceral adipose tissue from subjects with obesity and type 2 diabetes. Diabetes Res Clin Pract. (2014) 106:627–33. doi: 10.1016/j.diabres.2014.09.054

 34. Zhang J, Rane G, Dai X, Shanmugam MK, Arfuso F, Samy RP, et al. Ageing and the telomere connection: an intimate relationship with inflammation. Ageing Res Rev. (2016) 25:55–69. doi: 10.1016/j.arr.2015.11.006

 35. Formichi C, Cantara S, Ciuoli C, Neri O, Chiofalo F, Selmi F, et al. Weight loss associated with bariatric surgery does not restore short telomere length of severe obese patients after 1 year. Obes Surg. (2014) 24:2089–93. doi: 10.1007/s11695-014-1300-4

 36. Takahashi K, Takatsu M, Hattori T, Murase T, Ohura S, Takeshita Y, et al. Premature cardiac senescence in DahlS.Z-Lepr(fa)/Lepr(fa) rats as a new animal model of metabolic syndrome. Nagoya J Med Sci. (2014) 76:35–49.

 37. Latifovic L, Peacock SD, Massey TE, King WD. The influence of alcohol consumption, cigarette smoking, and physical activity on leukocyte telomere length. Cancer Epidemiol Biomarkers Prev. (2016) 25:374–80. doi: 10.1158/1055-9965.EPI-14-1364

 38. Burchfield JG, Kebede MA, Meoli CC, Stöckli J, Whitworth PT, Wright AL, et al. High dietary fat and sucrose results in an extensive and time-dependent deterioration in health of multiple physiological systems in mice. J Biol Chem. (2018) 293:5731–45. doi: 10.1074/jbc.RA117.000808

 39. Semeraro MD, Almer G, Kaiser M, Zelzer S, Meinitzer A, Scharnagl H, et al. The effects of long-term moderate exercise and Western-type diet on oxidative/nitrosative stress, serum lipids and cytokines in female Sprague Dawley rats. Eur J Nutr. (2022) 61:255–68. doi: 10.1007/s00394-021-02639-4

 40. Bergen WG, Mersmann HJ. Comparative aspects of lipid metabolism: impact on contemporary research and use of animal models. J Nutr. (2005) 135:2499–502. doi: 10.1093/jn/135.11.2499

 41. Gertz EW, Wisneski JA, Stanley WC, Neese RA. Myocardial substrate utilization during exercise in humans. Dual carbon-labeled carbohydrate isotope experiments. J Clin Invest. (1988) 82:2017–25. doi: 10.1172/JCI113822

 42. Stanley WC, Dabkowski ER, Jr RFR, O'Connell KA. Dietary fat and heart failure: moving from lipotoxicity to lipoprotection. Circ Res. (2012) 110:764–76. doi: 10.1161/CIRCRESAHA.111.253104

 43. Antonopoulos AS, Tousoulis D. The molecular mechanisms of obesity paradox. Cardiovasc Res. (2017) 113:1074–86. doi: 10.1093/cvr/cvx106

 44. Carbone S, Canada JM, Billingsley HE, Siddiqui MS, Elagizi A, Lavie CJ. Obesity paradox in cardiovascular disease: where do we stand? Vasc Health Risk Manag. (2019) 15:89–100. doi: 10.2147/VHRM.S168946

 45. Paavonsalo S, Hariharan S, Lackman MH, Karaman S. Capillary rarefaction in obesity and metabolic diseases-organ-specificity and possible mechanisms. Cells. (2020) 9:2683. doi: 10.3390/cells9122683

 46. Lawrence GD. Dietary fats and health: dietary recommendations in the context of scientific evidence. Adv Nutr. (2013) 4:294–302. doi: 10.3945/an.113.003657

 47. Marangoni F, Novo G, Perna G, Filardi PP, Pirelli S, Ceroti M, et al. Omega-6 and omega-3 polyunsaturated fatty acid levels are reduced in whole blood of Italian patients with a recent myocardial infarction: the AGE-IM study. Atherosclerosis. (2014) 232:334–8. doi: 10.1016/j.atherosclerosis.2013.11.048

 48. Sharma N, Okere IC, Barrows BR, Lei B, Duda MK, Yuan CL, et al. High-sugar diets increase cardiac dysfunction and mortality in hypertension compared to low-carbohydrate or high-starch diets. J Hypertens. (2008) 26:1402–10. doi: 10.1097/HJH.0b013e3283007dda

 49. Moughaizel M, Dagher E, Jablaoui A, Thorin C, Rhimi M, Desfontis J-C, et al. Long-term high-fructose high-fat diet feeding elicits insulin resistance, exacerbates dyslipidemia and induces gut microbiota dysbiosis in WHHL rabbits. PLoS ONE. (2022) 17:e0264215. doi: 10.1371/journal.pone.0264215

 50. Zhao Y, Wang Q-Y, Zeng L-T, Wang J-J, Liu Z, Fan G-Q, et al. Long-term high-fat high-fructose diet induces type 2 diabetes in rats through oxidative stress. Nutrients. (2022) 14:2181. doi: 10.3390/nu14112181

 51. Umpleby AM, Shojaee-Moradie F, Fielding B, Li X, Marino A, Alsini N, et al. Impact of liver fat on the differential partitioning of hepatic triacylglycerol into VLDL subclasses on high and low sugar diets. Clin Sci. (2017) 131:2561–73. doi: 10.1042/CS20171208

 52. Wannamethee SG, Shaper AG, Whincup PH, Lennon L, Sattar N. Obesity and risk of incident heart failure in older men with and without pre-existing coronary heart disease: does leptin have a role? J Am Coll Cardiol. (2011) 58:1870–7. doi: 10.1016/j.jacc.2011.06.057

 53. Xu FP, Chen MS, Wang YZ, Yi Q, Lin SB, Chen AF, et al. Leptin induces hypertrophy via endothelin-1; reactive oxygen species pathway in cultured neonatal rat cardiomyocytes. Circulation. (2004) 110:1269–75. doi: 10.1161/01.CIR.0000140766.52771.6D

 54. Madani S, De Girolamo S, Muñoz DM, Li R-K, Sweeney G. Direct effects of leptin on size and extracellular matrix components of human pediatric ventricular myocytes. Cardiovasc Res. (2006) 69:716–25. doi: 10.1016/j.cardiores.2005.11.022

 55. Bobbert P, Jenke A, Bobbert T, Kühl U, Rauch U, Lassner D, et al. High leptin and resistin expression in chronic heart failure: adverse outcome in patients with dilated and inflammatory cardiomyopathy. Eur J Heart Fail. (2012) 14:1265–75. doi: 10.1093/eurjhf/hfs111

 56. Semeraro MD, Almer G, Renner W, Gruber H-J, Herrmann M. Influences of long-term exercise and high-fat diet on age-related telomere shortening in rats. Cells. (2022) 11:1605. doi: 10.3390/cells11101605

 57. Ho TJ, Huang CC, Huang CY, Lin WT. Fasudil, a Rho-kinase inhibitor, protects against excessive endurance exercise training-induced cardiac hypertrophy, apoptosis and fibrosis in rats. Eur J Appl Physiol. (2012) 112:2943–55. doi: 10.1007/s00421-011-2270-z

 58. Sharma S, Merghani A, Mont L. Exercise and the heart: the good, the bad, and the ugly. Eur Heart J. (2015) 36:1445–53. doi: 10.1093/eurheartj/ehv090

 59. Thienpont B, Aronsen JM, Robinson EL, Okkenhaug H, Loche E, Ferrini A, et al. The H3K9 dimethyltransferases EHMT1/2 protect against pathological cardiac hypertrophy. J Clin Invest. (2017) 127:335–48. doi: 10.1172/JCI88353

 60. Demanelis K, Jasmine F, Chen LS, Chernoff M, Tong L, Delgado D, et al. Determinants of telomere length across human tissues. Science. (2020) 369:aaz6876. doi: 10.1126/science.aaz6876

 61. Park JB, Schiffrin EL. Small artery remodeling is the most prevalent (earliest?) form of target organ damage in mild essential hypertension. J Hypertens. (2001) 19:921–30. doi: 10.1097/00004872-200105000-00013

 62. Agrimi J, Spalletti C, Baroni C, Keceli G, Zhu G, Caragnano A, et al. Obese mice exposed to psychosocial stress display cardiac and hippocampal dysfunction associated with local brain-derived neurotrophic factor depletion. EBioMedicine. (2019) 47:384–401. doi: 10.1016/j.ebiom.2019.08.042

 63. Cawthon RM. Telomere measurement by quantitative PCR. Nucleic Acids Res. (2002) 30:e47–e47. doi: 10.1093/nar/30.10.e47

 64. Lionetti V, Matteucci M, Ribezzo M, Di Silvestre D, Brambilla F, Agostini S, et al. Regional mapping of myocardial hibernation phenotype in idiopathic end-stage dilated cardiomyopathy. J Cell Mol Med. (2014) 18:396–414. doi: 10.1111/jcmm.12198

 65. Tseliou E, de Couto G, Terrovitis J, Sun B, Weixin L, Marbán L, et al. Angiogenesis, cardiomyocyte proliferation and anti-fibrotic effects underlie structural preservation post-infarction by intramyocardially-injected cardiospheres. PLoS ONE. (2014) 9:e88590. doi: 10.1371/journal.pone.0088590

 66. Schneider CA, Rasband WS, Eliceiri KW, NIH. Image to ImageJ: 25 years of image analysis. Nat Methods. (2012) 9:671–5. doi: 10.1038/nmeth.2089

 67. Zudaire E, Gambardella L, Kurcz C, Vermeren S. A computational tool for quantitative analysis of vascular networks. PLoS ONE. (2011) 6:e27385. doi: 10.1371/journal.pone.0027385



OPS/images/fcvm-09-1080077-g005.gif
DAt






OPS/images/fcvm-09-1080077-g006.gif
QLT —






OPS/images/fcvm-09-1080077-g003.gif
LActinin Overlay






OPS/images/fcvm-09-1080077-g004.gif
5 o]






OPS/images/fcvm-09-1080077-g007.gif
LT ) iy

40 eyl

=y X33 o X

N Y






OPS/images/fcvm-09-1080077-i001.gif





OPS/xhtml/Nav.xhtml




Contents





		Cover



		The impact of moderate endurance exercise on cardiac telomeres and cardiovascular remodeling in obese rats



		1. Introduction



		2. Results



		2.1. Impact of HFD and exercise on body weight and myocardial mass



		2.2. Impact of HFD and exercise on myocardial hypertrophy and fibrosis



		2.3. Impact of HFD and exercise on myocardial apoptosis and senescence



		2.4. Impact of HFD and exercise on myocardial vascularization



		2.5. Impact of HFD and exercise on myocardial telomeres







		3. Discussion



		4. Materials and methods



		4.1. Animal and experimental protocol



		4.1.1. Study design



		4.1.2. Euthanasia and sample preparation









		4.2. Analysis of relative telomere length in cardiac tissue



		4.3. The mRNA expression analyses in cardiac tissue



		4.4. Histological analyses



		4.5. Statistical analysis







		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher's note



		References

















OPS/images/cover.jpg
& frontiers | Frontiers in Cardiovascular Medicine

The impact of moderate
endurance exercise on cardiac
telomeres and cardiovascular

remodeling in obese rats





OPS/images/fcvm-09-1080077-g001.gif
iy o e

es ) Lot






OPS/images/fcvm-09-1080077-g002.gif









OPS/images/crossmark.jpg
(®) Check for updates





OPS/images/logo.jpg
¥ frontiers | Frontiers in Cardiovascular Medicine





