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resumo 
 

 

A insuficiência cardíaca com fração de ejeção preservada (ICFEP) é uma 
síndrome clínica complexa caracterizada por congestão pulmonar, dispneia, 
pressões de enchimento do ventrículo esquerdo elevadas, fração de ejeção 
ventricular esquerda normal (FEVE ≥ 50%) e intolerância ao exercício físico. 
Embora seja uma síndrome cada vez mais comum, o seu tratamento continua 
bastante limitado, sendo que as terapias disponíveis se focam maioritariamente 
no alívio dos sintomas. A intolerância ao exercício fisíco é um dos principais 
sintomas apresentados pelos pacientes com ICFEP. Devido aos benefícios já 
conhecidos da prática de exercício físico para o sistema cardiovascular, este 
tem vindo a ser recomendado como terapia não farmacológica adjuvante no 
tratamento da ICFEP. Embora os benefícios do exercício fisíco tenham já sido 
documentados na ICFEP, os mecanismos moleculares subjacantes a esses 
benefícios permanecem pouco compreendidos. Este trabalho teve como 
objetivo global estudar as alterações moleculares subjacentes à prática de 
exercício fisíco na ICFEP. Foi utilizado um modelo animal de ICFEP, 
nomeadamente ratos ZSF1 obesos. Os animais foram submetidos a um 
protocolo de exercício em tapete rolante durante 4 semanas, ao fim das quais 
se procedeu ao teste de intolerância ao esforço e à avaliação hemodinâmica. 
Após o sacrifício dos animais, o músculo gastrocnemius foi colectado para 
realização de uma análise metabólomica por espetroscopia de Ressonância 
Magnética Nuclear e avaliação da expressão proteica por Western Blot. A 
comparação entre os perfis metabólicos do gastrocnemius de ratos ZSF1 
obesos com o de ratos ZSF1 magros (controlo) permitiu caracterizar as 
alterações inerentes à doença. Os resultados mostram que a ICFEP promoveu 
a degradação do glicogénio em pequenos oligossacarídeos, de onde resultou a 
libertação de glucose-1-fosfato, havendo também acumulação de glucose-6-
fosfato e glucose. Para além disso, destacam-se a diminuição da expressão da 
AMPK, o comprometimento do metabolismo de corpos cetónicos e um aumento 
da metabolização de aminoácidos como a glutamina e o glutamato. O impacto 
do exercício físico no metabolismo do gastrocnemius deste modelo animal foi 
avaliado através da comparação entre animais obesos sedentários e 
exercitados. Os resultados obtidos mostram que, tal como nos animais 
sedentários, também os animais exercitados apresentaram uma elevada taxa 
de degradação de glicogénio, não se notando grande impacto do exercício no 
metabolismo da glucose. Também o metabolismo dos aminoácidos 
permaneceu inalterado. No entanto, o grupo exercitado mostrou alterações que 
sugerem um aumento da beta-oxidação de ácidos gordos e da fosforilação 
oxidativa, bem como o restabelecimento do metabolismo de corpos cetónicos. 
Globalmente, este trabalho demonstrou que o exercício físico tem um impacto 
positivo no metabolismo do gastrocnemius suportando assim a sua prescrição 
supervisionada a pacientes com ICFEP. 
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Heart failure with preserved ejection fraction (HFpEF) is a complex clinical 

syndrome characterized by pulmonary congestion, dyspnea, elevated left 

ventricular filling pressures, normal left ventricular ejection fraction (LVEF ≥ 

50%) and exercise intolerance. Although it is an increasingly common 

syndrome, its treatment remains quite limited, with available therapies focusing 

mostly on symptom relief. Intolerance to exercise training is one of the main 

symptoms presented by patients with HFpEF. Due to the known benefits of 

exercise training at cardiovascular levels, it has been recommended as adjuvant 

non-pharmacological therapy in the treatment of HFpEF. Indeed, the benefits of 

exercise training have already been documented in HFpEF, however the 

molecular mechanisms underlying those benefits remain poorly understood.  

Thus, this study aimed to study the molecular changes underlying exercise 

training effects in HFpEF. An animal model of HFpEF was used, namely obese 

ZSF1 rats. The animals were submitted to a treadmill exercise protocol for 4 

weeks, after which exercise intolerance test and hemodynamic evaluation were 

performed. After animal sacrifice, the gastrocnemius muscle was collected for 

metabolic analysis by Nuclear Magnetic Resonance Spectroscopy and Western 

Blot protein expression evaluation. Comparison between the metabolic profiles 

of gastrocnemius of ZSF1 obese rats and ZSF1 lean (control) rats allowed to 

characterize the changes inherent to the disease. The results show that HFpEF 

promoted glycogen degradation in small oligosaccharides, resulting in the 

release of glucose-1-phosphate, as well as glucose-6-phosphate and glucose 

accumulation. In addition, decreased AMPK expression, impaired metabolism of 

ketone bodies and increased metabolism of amino acids such as glutamine and 

glutamate were also observed in the sedentary HFpEF group. The impact of 

exercise on gastrocnemius metabolism of this animal model was evaluated by 

comparing sedentary and exercised obese animals. The results obtained show 

that, as in sedentary animals, the exercised animals also showed a high rate of 

glycogen degradation, with no significant impact of exercise on glucose 

metabolism. Also, amino acid metabolism remained unchanged. However, the 

exercised group showed changes that suggest an increment in fatty acid beta-

oxidation and oxidative phosphorylation, as well as the reestablishment of 

ketone body metabolism. Overall, this work has shown that exercise has a 

positive impact on gastrocnemius metabolism thus supporting its supervised 

prescription to patients with HFpEF. 
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1. Introduction  

Heart failure with preserved ejection fraction (HFpEF) is a complex clinical syndrome 

associated with diastolic dysfunction (DD), whilst systolic function is normal or near 

normal [1]. This syndrome is characterized by lung congestion, dyspnea, elevated left 

ventricle (LV) filling pressures, exercise intolerance [2,3] and normal left ventricular 

ejection fraction (LVEF ≥ 50%) [4]. The prevalence of HFpEF is higher in patients who 

are elderly, female, and with a high prevalence of comorbidities [4–6]. The 

pathophysiology of HFpEF is still poorly understood and current pharmacological 

treatments show modest beneficial effects in patients’ mortality and morbidity [7,8]. In 

order to develop effective therapies, further research is needed on the molecular 

mechanisms underlying this syndrome. Recently, a new paradigm was proposed, where 

comorbidities are an important contributor to HFpEF development and progression. In 

particular, it has been suggested that comorbidities induce functional and structural 

remodeling in the heart of HFpEF patients through systemic inflammation [9]. Skeletal 

muscle abnormalities have been suggested to be an important contributor to the reduced 

exercise capacity displayed by HFpEF patients [10]. However, studies addressing the 

molecular changes induced by HFpEF in this tissue are lacking, and further investigation is 

needed.  

Exercise training (ET) was already shown to have beneficial effects in cardiovascular 

diseases, and in comorbidities frequently displayed by HFpEF patients such as obesity and 

diabetes mellitus (DM) [11–13], suggesting that ET may also have beneficial effects in 

HFpEF individuals. Indeed, ET has been shown to improve the quality of life of HFpEF 

patients and to reduce exercise intolerance [14,15], however the molecular changes 

underlying these benefits remain poorly comprehended. Thus, the present work focuses on 

the study of the effects of exercise training in the remodeling of gastrocnemius muscle in 

HFpEF, using an animal model of this syndrome. 

1.1. Heart Failure with Preserved Ejection Fraction 

Heart failure (HF) is a clinical condition that results from functional and/or structural 

cardiac abnormalities, which causes a reduction in the cardiac output (CO) and/or an 

elevation of the intracardiac pressure both at rest and in stress conditions [8]. Heart failure 

may be related with a wide spectrum of LV abnormalities which can range from patients 

with reduced LV ejection fraction (LVEF) (LVEF < 40%, considered HF with reduced 
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ejection fraction (EF) (HFrEF)), mid-range ejection fraction (LVEF 40-49%, considered 

HF with mid-range EF (HFmEF)), and preserved LVEF (LVEF ≥ 50%, considered HF 

with preserved EF (HFpEF)) [4]. Heart failure with preserved ejection fraction is the most 

common condition within the three HF groups. Indeed, studies have reported that the 

prevalence of HFpEF in patients with clinical HF is approximately 50% [5,6]. The 

mortality among patients with HFpEF ranges from 30 to 60%, hospitalization rates are 

high and the quality of life of these patients is often severely affected [16,17].  

This clinical syndrome is associated with DD whilst systolic function is normal or near 

normal [1]. Furthermore, HFpEF is characterized by lung congestion, dyspnea, high LV 

filling pressures (both at rest and during exercise) and exercise intolerance [2,3]. Usually, 

patients presenting symptoms (such as dyspnea and fatigue) and signs (elevated jugular 

venous pressure, alterations in the heart rate, among others) of HF, while presenting 

normal LVEF are suspected to suffer from HFpEF [8,18]. However, these parameters are 

usually non-specific, and often do not allow the differentiation between HF and other non-

cardiac conditions [8]. Thus, in recent years, more specific diagnose criteria have been 

elaborated. These new criteria comprise clear evidence of DD, elevated LV filling 

pressures, symptoms and/or signs of HF, elevated plasma concentrations of natriuretic 

peptides (NPs) (B-type natriuretic peptide (BNP) > 35 pg/mL and/or N-terminal pro-BNP 

(NT-proBNP) > 125 pg/mL) and structural heart disease (left atrial enlargement, and/or left 

ventricle hypertrophy (LVH)) [8,18].  

Several epidemiological studies show that HFpEF patients are generally old, female, 

and have a high prevalence of comorbidities [4–6], such as obesity, renal or pulmonary 

disease, atrial fibrillation, DM, hypertension and anemia [19–23]. Among these, obesity, 

hypertension and DM are the most common in HFpEF scenario [16]. Epidemiological 

studies also suggest that, with the aging of population and the increment in comorbidities 

burden, HFpEF may reach epidemic proportions [6,22,24,25]. The heterogeneity among 

HFpEF patients, due to the different comorbidities displayed by these patients, makes it 

harder to unveil the pathophysiological mechanisms behind this syndrome [3,24] and 

contributes to the lack of specific treatments [3,18]. Thus, considering the proportions that 

HFpEF is reaching and the incomplete knowledge of its pathophysiology, it is mandatory 

to study this syndrome, in order to better understand the underlying mechanisms and 

therefore develop more efficient therapies. 
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1.2. Pathophysiology of HFpEF 

Heart failure with preserved ejection fraction was previously referred to as “diastolic 

heart failure” [26,27], but over the past years it has been shown that HFpEF is not caused 

only by DD, but by a complex interplay of several impairments [28,29]. Some of the 

frequent impairments presented by HFpEF patients are pulmonary hypertension, 

endothelial dysfunction, impaired ventricular systolic and diastolic reserve function, heart 

rate reserve and rhythm, vasodilatation, atrial dysfunction, stiffening of the vasculature and 

peripheral abnormalities, such as skeletal muscle alterations [3,29–31]. Also, investigators 

have been recently focusing their attention on systemic abnormalities, such as oxidative 

stress, mitochondrial dysfunction and inflammation [9,32,33]. 

1.2.1. Cardiac remodeling in HFpEF 

The main changes in cardiac function of HFpEF patients occur in the diastolic 

properties and manifest as incomplete myocardial relaxation and elevated LV stiffness, 

which results in increased filling pressures of the LV, hence dyspnea symptoms and 

decreased exercise tolerance [31,34–37]. Still, the pathophysiology of HFpEF is not 

completely understood, a novel paradigm has been recently proposed [9]. According to this 

paradigm, comorbidities such as obesity, DM and hypertension promote a systemic 

inflammatory state that leads to endothelium dysfunction, together with functional and 

structural remodeling of the heart (Figure 1), thus playing an important role in HFpEF 

pathophysiology [9]. In fact, a systemic inflammatory state was evident in HF patients, 

given the high circulating levels of proinflammatory molecules, such as interleukin-6 (IL-

6) and tumor necrosis factor-α (TNF-α) [38]. The correlation between the systemic 

inflammatory state induced by comorbidities and the inflammation of the coronary 

microvascular endothelium was established through the evident expression of endothelial 

adhesion molecules in myocardial samples of HFpEF individuals. Both E-selectin and 

vascular cell adhesion molecule (VCAM) were shown to be highly expressed in the 

myocardium of HFpEF patients [39,40]. The expression of these molecules triggers the 

activation of subendothelial migration of circulating monocytes [39]. Monocytes 

infiltration through the inflamed endothelium is proposed to have a role in myocardial 

collagen deposition observed in HFpEF. Indeed, a histological study of HFpEF patients’ 

myocardium biopsies revealed an increased collagen volume fraction, high levels of 

collagen type I expression and more collagen cross-linking [41]. In another study, high 
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levels of collagen type III were reported in myocardial biopsies of HFpEF individuals. 

Furthermore, increased collagen expression was coupled with reduced levels of matrix 

metalloproteinase-1 (MMP1), a major human collagenase, and increased tissue inhibitor of 

matrix metalloproteinase-1 (TIMP-1) expression [39]. Additionally, increased serum levels 

of pro-collagen type I, a marker of collagen production, were also reported. It has been 

proposed that collagen deposition results from the differentiation of fibroblasts into 

myofibroblasts due to release of transforming growth factor-β (TGF-β) by monocytes 

[39,42]. Endothelial dysfunction was also reported in the aorta of two HFpEF experimental 

models, namely male Zucker fatty spontaneously hypertensive heart failure F1 hybrid rats 

(ZSF1) and female Dahl salt-sensitive rats [43,44]. In the ZSF1 obese rat model, the 

expression levels of endothelial nitric oxide synthase (eNOS) did not differ between 

Control and HFpEF animals [43]. However, the ratio of phosphorylated eNOS (ph-eNOS) 

(the activated form of eNOS) over total eNOS was found to be reduced in the HFpEF 

group compared to the Control group. Moreover, increased levels of nicotinamide adenine 

dinucleotide phosphate (NADPH) oxidase, and nitrotyrosine modified proteins expression 

were reported in the HFpEF animals, in comparison with the non-HFpEF animals [43]. 

The activation of the c-Jun N-terminal protein kinase (JNK) pathway, in the aorta of ZSF1 

obese rats, was also evaluated. Two different isoforms of JNK were evaluated in this study, 

namely p54 and p46 splice isoforms. The phosphorylation of the p46 splice isoform did not 

differ between HFpEF and non-HFpEF control animals, whereas the phosphorylation of 

the p54 splice isoform was found to be increased in the HFpEF group, compared with the 

Control group. It has been speculated that the increment in inflammation mediated by the 

activation of JNK, results in an increment of NADPH expression, which culminates in an 

increment of reactive oxygen species (ROS) production [43]. In the female Dahl salt-

sensitive rats, eNOS protein expression was reduced in the HFpEF group, when compared 

with the Control group, while no difference was observed in the expression of NADPH 

oxidase between HFpEF and non-HFpEF animals [44]. Furthermore, both studies revealed 

molecular alterations that promote vascular stiffness, such as increased matrix 

metalloproteinases (MMPs) activity, namely matrix metalloproteinase-2 (MMP2) and 

matrix metalloproteinase-9 (MMP9) [44], increased advanced glycation end product 

(AGE)-modified proteins [44], and reduced collagen I/III ratio [43]. 
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Figure 1: The role of systemic inflammation in HFpEF. The presence of comorbidities induces a low-

grade systemic pro-inflammatory state, with increased circulating levels of interleukin-6 (IL-6) and tumor 

necrosis factor-α (TNF-α) that, when prolonged, will promote coronary microvascular endothelium 

dysfunction, through increased production of reactive oxygen species (ROS) and increased expression of cell 

adhesion molecules, such as E-selectin and vascular cell adhesion molecule (VCAM). The dysfunctional 

endothelium will affect the signaling from the endothelium to adjacent cardiomyocytes. The production of 

ROS induces the formation of peroxynitrite (ONOO-), hence a decrease in nitric oxide (NO) bioavailability, 

that leads to a reduction of soluble guanylate cyclase (sGC) activity in adjacent cardiomyocytes. Lower sGC 

activity decreases cyclic guanosine monophosphate concentration (cGMP) and protein kinase G (PKG), 

which promotes cardiomyocytes hypertrophy and increases resting tension due to titin hypophosphorylation. 

Moreover, cell adhesion molecules promote the infiltration of monocytes which release transforming growth 

factor-β (TGF-β). TGF-β triggers the differentiation of fibroblasts into myofibroblasts, thus increasing 

collagen deposition in interstitial space. Figure made using Servier Medical Art (https://smart.servier.com/). 

 

 

Cytokines also induce endothelial production of ROS through activation of NADPH 

oxidase [45]. ROS production leads to the formation of peroxynitrite (ONOO-), hence 

limiting nitric oxide (NO) bioavailability due to the deviation of NO to ONOO- production 

[9]. Low NO bioavailability and high ONOO- levels in cardiomyocytes adjacent to 

dysfunctional endothelium, result in lower activity of soluble guanylate cyclase (sGC) in 

the cardiomyocytes, hence, decreased cyclic guanosine monophosphate (cGMP) 

concentration and protein kinase G (PKG) activity [36,46]. Myocardial sGC-cGMP-PKG 

signaling pathway is fundamental for normal cardiac physiology, by inhibiting maladaptive 

hypertrophy, and enhancing cardiomyocyte compliance through PKG-mediated 

phosphorylation of the sarcomeric protein titin [47–49]. The second messenger cGMP is 
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generated through activation of sGC by NO [48]. cGMP activates PKG allowing PKG-

mediated phosphorylation of several target proteins, which have a vast range of 

downstream effects, such as inhibition of calcium (Ca2+) influx, enhanced reuptake of Ca2+ 

into the sarcoplasmic reticulum, suppression of hypertrophic signaling through inhibition 

of G-protein coupled receptors and the transient receptor potential canonical channel and 

stimulation of LV relaxation and distensibility by phosphorylation of titin [48]. Titin is a 

sarcomeric protein which functions as a bidirectional spring and is responsible for early 

diastolic recoil and late diastolic distensibility [47]. Titin phosphorylation by PKG 

increases its compliance, promoting cardiomyocyte stiffness reduction [36,40,50–52]. 

Titin-based cardiomyocyte stiffness results from changes in the expression of compliant 

(N2BA) and stiff (N2B) titin isoforms, as well as in isoform phosphorylation status [47]. 

Dynamic changes in the expression of both isoforms, favoring the expression of N2B and 

hypophosphorylation of this isoform results in increased cardiomyocyte stiffness 

[47,49,51]. Several studies with endomyocardial tissue samples from HFrEF, HFpEF and 

aortic stenosis patients, demonstrated significantly stiffer cardiomyocytes [36,40,50–52]. 

The described molecular alterations are associated with structural and functional 

remodeling of the heart. Structural changes comprise cardiomyocyte hypertrophy 

[36,40,50–52], varying degrees of myocardial interstitial fibrosis [40,50,51,53] and 

reduced density of capillaries [53]. 

In addition to the molecular, structural and functional alterations mentioned in the 

heart, energy metabolism impairments also seem to contribute to HFpEF pathophysiology 

[54]. Indeed, new evidence is restoring interest in metabolic impairment as an important 

contributor to HFpEF development and progression [9,32,55–58]. In HFpEF, the 

myocardium undergoes major metabolic changes, although not all of those changes are 

well characterized [59]. Myocardial energy metabolism is compromised in HF due to 

impairments in metabolic flexibility, adenosine triphosphate (ATP) transfer and utilization, 

mitochondrial tricarboxylic acid cycle (TCA) activity, and overall oxidative metabolism 

[60,61]. Myocardial ATP content can decrease by 40% in ischemic HF in comparison with 

normal heart, due to impaired mitochondrial function and oxidative capacity. This energy 

deficit can contribute to exercise intolerance in HFpEF patients [59,60,62,63]. Some 

studies have shown decreased phosphocreatine and ATP levels in HF myocardium of both 

animals and humans [64–67]. This energy deprivation in myocardium could result from an 
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uncoupling between glucose oxidation and glycolysis [59]. In fact, it has been reported in 

experimental models of HFpEF that this syndrome is usually accompanied by an increment 

in glucose uptake, and an overall increment in glycolytic efflux, while glucose oxidation is 

found to be reduced. Even though, there is an higher glycolytic efflux, this is not sufficient 

to fulfill the energetic needs of the heart, since the energy obtained through glycolysis is 

lower than the energy obtained when glucose is completely oxidized [59]. 

Furthermore, inefficient β-oxidation in HFpEF was been described in recent studies 

where the metabolic profiles of patients’ blood serum or plasma were characterized by 

metabolomics [57,58]. In the first study, 181 serum metabolites were quantified by nuclear 

magnetic resonance (NMR) spectroscopy and liquid chromatography mass spectrometry 

[57]. Higher serum concentrations of carnitine, short-, -medium and long-chain 

acylcarnitines were reported in HFpEF patients in comparison with the age-matched non-

HF Controls [57]. Changes in carnitine and acylcarnitines had already been associated with 

HF progression [68]. Indeed, both carnitine and its acyl derivates play an important role in 

fatty acids uptake and oxidation [69,70]. Consequently, an increment in the serum levels of 

these molecules could reflect inefficient β-oxidation in HFpEF patients [71]. Furthermore, 

the serum concentrations of creatinine and several amino acids (e.g., arginine, asparagine, 

histidine, phenylalanine, threonine and alanine) were higher in HFpEF individuals than in 

non-HF Controls. High serum levels of amino acids could be due to a hypercatabolic state 

that has been documented in HF patients [72], while high serum levels of creatinine could 

reflect renal impairment, a condition frequently observed in HF patients [73]. Furthermore, 

HFpEF patients presented lower levels of lysophosphatidylcholines, phosphatidylcholines 

and sphingomyelins compared to the Control group [57]. This decrease in serum 

phosphatidylcholines was accompanied by an increase in serum betaine levels. These 

findings could indicate a shift in choline metabolism towards more betaine and less 

phosphatidylcholines production [57]. Indeed, choline deficiency has been reported to 

induce cardiac dysfunction in male Wistar Albino rats, and it is thought to be involved in 

HF pathophysiology [74]. In another study, 63 metabolites were quantified in fasting 

plasma by tandem flow-injection targeted mass spectrometry and enzymatic assays [58]. 

Long-chain acylcarnitine levels were also found elevated in the HFpEF group compared to 

the non-HF Control group. A drawback of these studies is the fact that both evaluated 

circulating molecules, which are difficult to trace back to where they were synthesized or 
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to where they took action. Still, while these studies do not allow the determination of the 

exact tissues were metabolic dysregulations occur, they demonstrate that such 

abnormalities are present in HFpEF and are reflected at the systemic level. 

The molecular changes in HFpEF go beyond the heart and vascular system. As the 

pathophysiology of HFpEF is unveiled, more attention has been paid to alterations in other 

tissues, namely in skeletal muscle. Its study could be especially relevant, since little is 

known about the alterations induced by HFpEF in this tissue. Considering the importance 

of exercise intolerance in HFpEF it is reasonable to suggest that skeletal muscle may 

represent a potential therapeutic target in HFpEF [10,75].  

1.2.2. Skeletal muscle remodeling in HFpEF 

Exercise intolerance is one of the main symptoms reported by HFpEF patients [3], and 

it can be objectively measured by oxygen consumption (VO2) [76]. This symptom limits 

patients’ daily activities and is a major contributor to the reduced quality of life displayed 

by HFpEF patients [3]. New evidence shows that peripheral “non-cardiopulmonary” 

factors are important contributors to reduced VO2 in HFpEF patients [76,77], hence 

reduced exercise capacity. Skeletal muscle alterations have been suggested as contributors 

to the development of exercise intolerance by patients. In particular, skeletal muscle 

dysfunctions reported in HFpEF comprise muscle atrophy, fiber-type shifting, impaired 

contractile function and mitochondrial dysfunction [10,78]. All these impairments 

contribute to impaired oxygen utilization [79]. 

Lean muscle mass and VO2 were measured in HFpEF patients older than 60 years and 

in 40 age-matched healthy Controls, using dual-energy X-ray absorptiometry [80]. HFpEF 

individuals had reduced percentage of total and leg lean mass, and severely reduced VO2 in 

comparison with healthy Controls [80]. Furthermore, the skeletal muscle of HFpEF 

patients has been found to display increased intermuscular fat content in comparison to 

both HFrEF and age-matched healthy Control individuals [81,82]. Intermuscular fat 

content was inversely correlated with exercise capacity [81]. 

Multiple molecular changes induced by HFpEF in skeletal muscle have already been 

documented both in humans and animal models (Figure 2) [10,78,83–85].  
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Figure 2: Skeletal muscle changes induced by heart failure with preserved ejection fraction in patients 

and in experimental models of heart failure with preserved ejection fraction. Figure made using Servier 

Medical Art (https://smart.servier.com/). Legend: ↑, increase; ↓, decrease; =, no change; IL-6, interleukin-6; 

LC3, microtubule-associated protein A1/1B-light chain; LDH, lactate dehydrogenase; Mfn2, mitofusin 2; 

MuRF1, muscle Ring Finger protein-1; MuRF2, muscle Ring Finger protein-2; NADPH, nicotinamide 

adenine dinucleotide phosphate; PGC1-α, peroxisome proliferator-activated receptor-γ coactivator-1α; SOD, 

superoxide dismutase; VO2, oxygen consumption; XO, xanthine oxidase; ZSF1, Zucker fatty spontaneously 

hypertensive heart failure F1 hybrid rat. 

An histological analysis of vastus lateralis muscle biopsies from HFpEF patients 

revealed a reduced percentage of oxidative (type I) and a greater percentage of glycolytic 

(type II) muscle fibers [10]. Furthermore, lower ratio of type I-to-type II muscle fibers and 

lower capillary-to-fiber ratio have been linked to the reduced exercise tolerance displayed 

by HFpEF old patients [10]. Skeletal muscle mitochondrial content and oxidative capacity 

were also evaluated in vastus lateralis muscle biopsies of HFpEF patients [83]. The vastus 
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lateralis muscle of HFpEF patients showed lower levels of porin expression, and citrate 

synthase activity, suggesting reduced mitochondrial content, hence oxidative capacity [83]. 

Deficits in these mitochondrial parameters may have a role in reduced exercise capacity 

displayed by HFpEF patients [83]. In the same study, the expression of mitofusin 2 

(Mfn2), an important mediator in the elimination of dysfunctional mitochondria through 

autophagy, was also reduced in HFpEF patients compared to healthy Controls. Low 

expression of Mfn2 may lead to the accumulation of dysfunctional mitochondria, 

compromising the overall oxidative capacity of the skeletal muscle [83]. Skeletal muscle 

alterations induced by HFpEF were also evaluated in two different animal models of 

HFpEF, namely Dhal salt-sensitive and ZSF1 obese rat models [78,84,85]. The analysis of 

extensor digitorum longus (EDL) muscle of ZSF1 obese male rats revealed a reduction in 

muscle fiber cross-sectional area and in capillarity, in the HFpEF group compared to non-

HFpEF group [84]. These findings were accompanied by the measurement of lactate 

dehydrogenase (LDH) activity, a glycolytic enzyme, while using microtubule-associated 

protein A1/ 1B-light chain (LC3) II/I ratio as an autophagy marker. In the EDL muscle of 

HFpEF animals, LC3 II/I ratio was reduced, while LDH activity levels did not vary in 

comparison to non-HFpEF animals. An histological analysis of the soleus muscle in female 

Dahl salt-sensitive rats showed no differences in muscle fiber type percentage, while only 

type I muscle fibers cross-sectional area was reduced, and no differences were found in 

type II muscle fibers cross-sectional area [78]. In another study, the soleus muscle of ZSF1 

obese male rats showed a reduction in both muscle fibers cross-sectional area and 

capillarity [84]. Mitochondrial volume density was evaluated, through the measurement of 

citrate synthase activity, in the soleus muscle of Dahl salt-sensitive rat model, where its 

activity was reduced [78], suggesting reduced mitochondrial content. In addition, NADPH 

oxidase and xanthine oxidase (XO) expression, which represent possible ROS sources, did 

not vary between HFpEF and Control groups, neither did catalase activity. However, 

superoxide dismutase (SOD) activity was reduced in the soleus muscle of this animal 

model [78]. The molecular analysis of the soleus muscle of the ZSF1 obese rat model 

reveal that, LDH activity and LC3 II/I ratio did not differ between HFpEF animals and 

non-HFpEF animals [84]. Furthermore, markers of mitochondrial content and antioxidant 

capacity, such as peroxisome proliferator-activated receptor-γ coactivator-1 α (PGC1-α) 

and citrate synthase activity, as well as catalase activity did not differ between the soleus 
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muscle of HFpEF and non-HFpEF animals. The expression of atrophy-related proteins, 

such as muscle Ring Finger protein-1 (MuRF1) and muscle Ring Finger protein-2 

(MuRF2), was also evaluated in the soleus muscle of the ZSF1 obese rat model. The 

expression levels of both MuRF1 and MuRF2 did not vary between HFpEF and non-

HFpEF animals [85]. In the diaphragm muscle of female Dahl salt-sensitive rats, a 

reduction in the percentage of type II muscle fibers and an increment in the percentage of 

type I muscle fibers was reported [78]. These alterations resulted in an increment in the 

type I-to-type II muscle fiber ratio in HFpEF animals, in comparison to the non-HFpEF 

Control group. Furthermore, a reduction on cross-sectional area of both type I and type II 

muscle fibers was observed in diaphragm muscle of Dhal salt-sensitive rats [78]. In 

contrast, ZSF1 obese rats diaphragm muscle showed an increment in fiber cross-sectional 

area of type I muscle fibers, while fiber cross-sectional area of type II muscle fibers did not 

vary between HFpEF and Control animals [85]. A molecular analysis of the diaphragm 

muscle of female Dahl salt-sensitive rats showed no difference in citrate synthase activity, 

between HFpEF and Control animals. In addition, NADPH oxidase and XO expression 

were reduced in the diaphragm muscle of HFpEF animals, while catalase activity was 

higher and SOD activity showed no changes between HFpEF and Control animals [78]. 

The expression levels of atrophy-related proteins were also measured in the diaphragm 

muscle of ZSF1 obese rats, and it was reported that MuRF1 expression levels were not 

different between HFpEF and non-HFpEF animals, while MuRF2 expression levels were 

reduced in HFpEF group [85]. Furthermore, citrate synthase and catalase activity, as well 

as PGC1-α expression levels were increased in diaphragm muscle of ZSF1 obese animals, 

compared to the Control group [85]. 

1.3. Experimental models of HFpEF 

Animal models are a fundamental tool to better understand the pathophysiology of 

cardiovascular diseases like HFpEF, even though the experimental results obtained may 

not be readily transferable to the human setting. Ideally, an animal model should mimic all 

the clinical features of the disease, although this is rarely possible, particularly in HFpEF 

[2,24]. The heterogeneity and complexity of HFpEF makes it difficult to establish an 

adequate animal model [21,24]. In fact, only a few animal models of HFpEF have been 

proposed. However, none of the models present all the characteristics displayed by 

patients, significantly reducing their utility for testing new therapies [24]. Until now only a 
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few animal models have been validated for the preclinical evaluation of novel therapies for 

HFpEF [2]. 

In spite of the difficulties mentioned, animal models of HFpEF have become more 

widely available and more representative of the fundamental pathophysiological 

mechanisms of the disease. These models try to replicate the main factors reported to cause 

DD, particularly, hypertension, aging and DM, and can be obtained through surgical 

procedure, exposure to specific drugs or through genetic modification [2]. Heart failure 

models have been developed in both small and large animals. Large animal models are 

highly desirable since they better mimic human physiology, but the research using these 

models is limited mainly by ethical concerns [2]. On the other hand, small animal models 

have lower maintenance and housing costs [2,86], which favors their utilization in 

research.    

The HFpEF rodent models can be divided into groups according to risk factor, such as 

hypertension (such as Dahl salt-sensitive rat, aldosterone-infused uninephrectomized 

mouse, angiotensin II-infused mouse and transverse aortic constriction-induced pressure 

overload mouse), DM and obesity (such as leptin-deficient ob/ob mice, leptin receptor-

deficient db/db mice, obese Zucker rat and obese diabetic Zucker rat), cardiometabolic 

syndrome (such as Dahl salt-sensitive obese rat and ZSF1) and age (spontaneous 

senescence-prone mouse and Fischer 344 rat) [2,87]. Within the available models, only 

aldosterone-infused uninephrectomized mouse, angiotensin II-infused mouse, db/db mouse 

and ZSF1 obese rat model have shown HFpEF phenotype, presenting concentric LVH, 

preserved systolic function, DD, pulmonary congestion and exercise intolerance [87].  

1.3.1. Murine models of HFpEF 

The aldosterone-infused uninephrectomized mouse model is achieved by subjecting the 

animals to uninephrectomy and aldosterone infusion for four weeks, in combination with 

1% sodium chloride intake. The animals develop HFpEF with moderate hypertension, 

pulmonary congestion, concentric LVH, echocardiographic evidence of DD, while LVEF 

remains normal/preserved [88,89], and exercise intolerance [90]. The angiotensin II-

infused mouse model is obtained through the administration in mice of angiotensin II for a 

variable period of time (1 to 8 weeks). The administration of angiotensin II results in 

elevated blood pressure accompanied by cardiac remodeling and hypertrophy [91–94]. The 

db/db leptin receptor-deficient mouse has a point mutation in the diabetes (db) gene 
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encoding the leptin receptor. This mutation results in spontaneous morbid obesity 

accompanied by type II DM [95]. Even though both hyperleptinemia and hyperinsulinemia 

are present, mice do not show cardiac hypertrophy at an early age [95–97], but it 

eventually develops at older ages [98,99]. Furthermore, at 12 weeks of age this model 

displays severely reduced exercise tolerance [100] and shows evidence of pulmonary 

congestion [101]. Recently, ZSF1 obese rat has been described as a new model of 

cardiometabolic syndrome [102]. The ZSF1 obese rat model, used in this work, is 

presented in more detail in the next section. 

1.3.2. The ZSF1 obese rat model 

The ZSF1 obese rat model results from the crossing of a lean female Zucker diabetic 

fatty rat (ZDF, +/fa) with a lean spontaneously hypertensive heart failure prone male rat 

(SHHF/Mcc, +/facp) [103]. This model was previously described as a model of diabetic 

cardiomyopathy [104]; however, a recent study proposed it as a promising experimental 

model for preclinical research in HFpEF [49]. Both obese and lean ZSF1 rats present high 

blood pressure, which suggest that the ZSF1 rats inherits a hypertensive gene from the 

spontaneously hypertensive parent [49,103].  

At 20 weeks of age, ZSF1 obese rats have already developed HFpEF and represent a 

robust model of cardiometabolic syndrome, displaying obesity, hypertension, insulin 

resistance, type II DM, hyperinsulinemia, hypercholesterolemia and heart failure [49,105]. 

Besides, this animal model also presents concentric LV remodeling, DD, evidenced by 

echocardiographic evaluation, preserved LVEF, prolonged Tau (τ - time constant of 

relaxation), elevated arterial elastance and pulmonary congestion [49,106]. Additionally, 

one of the most important characteristics displayed by ZSF1 obese rats is reduced VO2 

hence,  effort intolerance [49,107]. In terms of systolic function, ZSF1 obese rats have a 

similar systolic function to HFpEF patients, since the indexes of LV systolic function, such 

as LVEF, are preserved [49].  

The similarities between this model and the human phenotype of HFpEF go beyond 

functional parameters. At the cellular level, ZSF1 rats present cardiomyocyte hypertrophy 

[49]. Cardiac fibrosis was also reported, but it develops later, and it seems to be induced by 

a hyperproliferative vascular reaction, which results from the replacement of functional 

vascular structures by fibrotic tissue [106]. This model also shows increased myocardial 

stiffness, largely due to increased cardiomyocyte stiffness resulting from 
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hypophosphorylation of N2B titin isoform [49]. These findings are very similar to what is 

observed in HFpEF patients, where both increased cardiac expression and 

hypophosphorylation of the N2B titin isoform were described [52]. All these features make 

the ZSF1 obese rats an adequate preclinical model of HFpEF. Additionally, the ZSF1 

obese rat model has other advantages compared to the other models mentioned. One of the 

major limitations of mice models is their size, which complicates surgical procedures and 

limits the amount of tissue available for post-mortem analysis [2,86]. Being a rat model, 

ZSF1 shares many attractive features of mice models (such as, easy handle and reduced 

maintenance cost), while having enough size to facilitate surgical procedures and provide a 

higher amount of tissue for subsequent analysis [108]. Another drawback of the three mice 

models mentioned above is the fact that they represent only one or two risk factors 

associated with HFpEF [87–89,91–94], when the most common scenario in the human 

clinical setting is a combination of different risk factors [109]. The ZSF1 obese rat model, 

on the other hand, is representative of a substantial portion of HFpEF patients, since it 

displays a combination of the most prevalent comorbidities presented by patients [109]. 

Thus, the ZSF1 obese rat model seems to be an appropriated model to provide insights into 

the mechanisms underlying HFpEF development and potential therapeutic strategies.  

1.4. Treatment of HFpEF 

Even though a large number of clinical trials have already been performed in HFpEF to 

evaluate the effects of distinct pharmacological therapies, only a few showed modest 

beneficial effects in patients’ mortality and morbidity [7,8]. An efficient treatment for 

HFpEF has not been identified yet, given the incomplete understanding of its 

pathophysiology and the difficulty in reproducing the human clinical setting in animal 

models [24]. Currently, the treatment is largely empirical and based on the comorbidities 

displayed by patients [3,7,8,110]. Most of the clinical trials performed in HFpEF evaluated 

the effects of drugs used in the treatment of HFrEF. However, treatments that showed 

benefits in HFrEF mortality and morbidity did not show the same beneficial effects in 

HFpEF [7,32,111].  

The general approach to HFpEF consists on treating the comorbidities, intending to 

improve the functional capacity and the patients’ quality of life. Nowadays, the treatment 

of HFpEF is based on pharmacological and non-pharmacological strategies [2]. The 

pharmacological strategies are summarized in Table 1.  
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Table 1: Pharmacological therapies for HFpEF. 

 

Drug Route Recommendations and Observations References 

Renin-angiotensin system antagonists 

Candesartan O Mostly used to control blood pressure  

in hypertensive HFpEF patients 
[110,112,113] 

Perindopril O 

β-Blockers 

Nebivolol O 
Used to control blood pressure 

[110,114,115] 

 Carvedilol O 

Diuretics 

Indapamide O 
Used in the relief of symptoms 

related with volume overload 
[110,116,117] 

Chlorthalidone O 

Statins 

Simvastatin  O 

Induces beneficial effects on arterial stiffness, 

inflammation and endothelial dysfunction; used in 

combination therapy 

[110,118–

120] 

 

Aldosterone antagonist 

Spironolactone O 
Used in the relief of symptoms  

related with volume overload 

[110,121] 

 

Phosphodiesterase-5 inhibitors 

Sildenafil O 
Improves RV function, LV ventricular relaxation and 

distensibility and PAP 
[122] 

Nitrates 

Organic 

nitrates 
O 

Does not improve significantly the quality of life, 

exercise capacity and NT-proBNP levels 
[123] 

Inorganic 

nitrates 
In 

Acute administration reduces biventricular filling 

pressures and PAP at rest and during exercise 
[124] 

Legend: BNP, B-type natriuretic peptide; In, inhaled; LV, left ventricle; NT-proBNP, N-terminal pro-B-type 

natriuretic peptide; O, oral; PAP, pulmonary artery pressure; RV, right ventricle. 

 

The non-pharmacological strategies consist in the modification of patients lifestyle, 

through dietary calorie restriction (CR) and exercise training (ET) [7]. Long-term CR 

effects were evaluated in male Sprague-Dawley rats, subjected to surgical myocardium 

infarction [125]. This study demonstrated that, when initiated after the development of HF, 

long-term CR can improve cardiac function. At the molecular level, chronic CR showed 
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the ability to significantly improve sympathetic cardiac innervation and β-adrenergic 

receptor levels in the failing heart [125]. Recently, some investigators assessed the role of 

CR in old, obese HFpEF patients [126]. Participants with comorbidities other than obesity 

were excluded. This study had a duration of 20 weeks in which the effects of CR or aerobic 

ET alone or in combination were evaluated. Both CR and aerobic ET alone, reduced body 

weight and adipose tissue mass, and showed similar improvements in exercise capacity and 

overall quality of life [126]. It was also reported that CR and aerobic ET combined had a 

complementary effect, with greater improvements in exercise capacity, but showed no 

differences in body composition [126]. In spite of the beneficial effects of CR in old obese 

HFpEF patients, caution must be taken in its prescription. Caloric restriction also has 

associated risks, since people who are more prone to develop HF usually are also more 

prone to muscle waste. Thus, removal of vital nutrients from the patients diet [79] may 

contribute to the worsening of physical and health conditions.  

In the past years, ET has been recommended as an adjuvant therapy in multiple 

diseases, especially in diseases where increased adiposity is present [11–13]. Indeed, ET 

has effects on different tissues such as adipose tissue and cardiac and skeletal muscle 

[12,127,128]. Furthermore, the anti-inflammatory effects of ET have already been 

addressed and these effects can be important in HFpEF where a low-grade systemic 

inflammation state is observed [9,128]. Indeed, ET has already been reported to have 

beneficial effects in HFpEF [14,15].  

1.5. Exercise training as a non-pharmacological approach for HFpEF treatment  

Exercise training has already shown to have beneficial effects in cardiovascular 

diseases, and in the comorbidities frequently displayed by HFpEF patients such as obesity 

and DM [11–13]. The beneficial effects of ET in type II DM patients are well documented. 

Indeed, ET has been considered one of the cornerstones in DM treatment and prevention 

[11]. Several studies have shown that exercise can increase insulin sensitivity, improve 

glycemic control and is associated with the amelioration of cardiovascular risk factors 

related with DM [129–132]. Exercise has also proved to be a desirable adjuvant therapy in 

obesity treatment [12]. Obesity is characterized by high percentage of adipose tissue, 

especially abdominal. Regular ET results in a considerable reduction of abdominal fat, 

even when there is no apparent weight loss [133]. Further, regular ET is associated with 

lower circulating levels of pro-inflammatory molecules such as leptin, IL-6, TNF-α and 
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retinol-binding protein 4, and higher circulating levels of adiponectin, which participates in 

glucose and lipid metabolism [134,135]. Exercise has the potential to augment peripheral 

insulin sensitivity, induce white adipose tissue browning and increase muscular mass and 

strength [12,136]. 

It has been documented that ET has several physiological benefits in the cardiovascular 

system such as reduction of resting heart rate, improvement of endothelial function, 

increased flow-mediated vasodilation during exercise and several metabolic changes in 

myocardium [137–139]. In a small trial, 101 male patients (>70 years) with stable coronary 

artery disease were randomized to a 12 month bicycle ergometer training (20 minutes/day), 

or to percutaneous coronary intervention [140]. By the end of the trial, the training group 

showed improvements in event-free survival and exercise capacity compared with the 

group that had interventional therapy [140]. Exercise training is also relevant in HF 

therapy. Multiple prospective randomized ET studies in HFrEF patients have documented 

that aerobic endurance training intervention is both effective and safe [141,142]. Indeed, 

endurance training reverses cardiac remodeling with reduction of end-diastolic volume-

pressure, and improves systolic and diastolic function in HFrEF [141,143,144]. These 

ameliorations result in improved exercise capacity, quality of life and reduced HF-related 

hospitalizations [141,143]. 

Exercise training has already shown to have cardioprotective effects in HFpEF 

individuals. An improvement in exercise capacity, quality of life scores and LV diastolic 

function in HFpEF patients have been reported after 12 weeks of aerobic (bicycle or 

ergometer cycling) and resistance training [14,15]. In one of the studies, the patients 

participated in a 30 minutes training session 3 times per week and exercised for five 

intervals (3 minutes each) at 80% VO2 (each interval was separated by a 3-minutes active 

rest at 40% VO2) [14]. Improvements in exercise capacity, such as increment of VO2, and 

general quality of life scores were reported.  In the other study, the exercise protocol was 

adjusted over time [15]. In the first 4 weeks of training the participants performed aerobic 

endurance training 2 times per week. The duration of the exercise session increased from 

20 minutes to 40 minutes during the first 4 weeks of the exercise program. From week 5 

onward, weekly training frequency increased from 2 to 3 times per week. In week 5 the 

participants also started the resistance training program (leg press, bench press, triceps dip, 

latissimus pull down, rowing machine). The participants would perform the resistance 
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training 2 times per week, and the training session consisted of 15 repetitions of each 

exercise [15]. After 12 weeks of ET, VO2 increased, NT-pro BNP serum levels were not 

altered in trained HFpEF patients in comparison with usual care (UC) HFpEF patients; 

exercise capacity and cardiac function, such as LV diastolic function were also improved. 

Furthermore, pro-collagen type I serum levels were also reduced in trained HFpEF patients 

[15].  

The peripheral effects of ET in HFpEF have been assessed by multiple randomized 

controlled trials [145–147]. Old HFpEF patients were assigned to a 16 weeks endurance 

(walking and ergometer cycling) ET program (Figure 3). The participants would exercise 3 

times per week, for approximately 60 min [145–147]. The participants exercised at 40% to 

50% peak heart rate (PHR) initially and the intensity of training session increased over the 

weeks until a 60% to 70% PHR. Following 16 weeks of endurance training, there was no 

difference in resting or exercise cardiac function. Also, no differences were found in LV 

end-diastolic volume, end-systolic volume, stroke volume, nor diastolic, systolic or pulse 

pressures, between the trained and sedentary HFpEF patients [145–147]. Moreover, 

following ET no differences were observed in echocardiography measurements, such as 

LVEF, LV mass, LVH and remodeling [145]. Endothelial function and atrial stiffness also 

did not improve after 16 weeks of endurance exercise training [146]. However, following 

the 16 weeks of ET, VO2, exercise capacity, quality of life scores and 6-minute walk 

distance were improved. These findings suggest that ET benefits in HFpEF patients may be 

associated with improvements in the peripheral vascular and microvascular function as 

well as in skeletal muscle function [146,147]. The metabolic pathways that underlie these 

ameliorations are still poorly comprehended. Nevertheless, it is thought that ET might 

attenuate some of the metabolic dysfunctions in HFpEF patients [148]. 

A recent study has unveiled some of the metabolic alterations induced by ET in HFpEF 

[148]. This study consisted in a post-hoc analysis of the Exercise Training in Diastolic 

Heart Failure Pilot (Ex-DHF-P) trial [15]. Herein, the plasma concentration of 188 

endogenous metabolites (from 5 classes) were evaluated in 44 ET and 20 UC, HFpEF 

patients, at baseline and after 12 weeks of exercise. The exercise program followed was the 

same as previously described [15]. Targeted metabolomic profiling of the plasma samples 

was performed through combined flow injection analysis and liquid chromatography mass 

spectrometry selective detection using multiple reaction monitoring pairs [148]. Significant 
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differences were found in ten metabolites regarding the progression from baseline to 

follow-up, both in the exercised and UC groups. The exercised group showed a slight 

increment in glutamine and a slight decrease in three sphingolipids (SM C18:0, SM C24:0 

and SM (OH) C16:1), while in UC patients these metabolites remained constant. Further, 

carnitine and acetylornithine were found to be increased in UC patients, while three 

glycerophospholipids (PC aa C28:1, PC aa C34:2 and PC aa C36:2) were modestly 

reduced. Regarding these metabolites, ET did not induce any alteration in their plasma 

concentrations [148]. The authors suggested that one possible mechanism underlying 

improvements in cardiac function of exercised HFpEF patients could result from improved 

energy homeostasis through the regulation of carnitine availability. Carnitine plays an 

important role in fatty acid β-oxidation (FAO), and high plasma concentrations of this 

metabolite are associated with disturbed energy metabolism [69–71]. Carnitine plasma 

concentration was elevated in UC group, but remained constant in the exercised group, 

suggesting the potential of ET to modulate carnitine availability [148]. Two other 

metabolites, namely spermidine and spermine, which are related with autophagy induction, 

were associated with improvements in VO2 and cardiac remodeling. However, ET did not 

have the same effects, regarding spermidine and spermine, in all participants. The reasons 

behind the different effects of ET in these metabolites within the trained group remain 

unclear and require further investigation. In this paper, an outcome-specific metabolic 

signature was also reported in the ET group with very little intersection between 

echocardiographic, cardiorespiratory and ventilatory parameters, suggesting that the 

previously described ameliorations induced by ET in HFpEF patients [15] could involve 

multiple metabolic pathways [148]. Another very important finding in this study was the 

identification of two distinct metabolic signatures amongst the trained HFpEF patients. 

Strong differences were found in 39 metabolites between the two identified subgroups in 

trained HFpEF patients. This finding suggests that even though all patients who performed 

the ET program did show the same improvements in exercise capacity and LV dysfunction, 

the metabolic pathways underlying these ameliorations could be dependent on patient 

characteristics. Overall, this study demonstrated that, even though the metabolic response 

to ET was heterogenous among the participants, its effects were beneficial for both 

identified groups [148]. 
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Figure 3: Molecular changes associated with exercise training effects in patients and in experimental 

models of heart failure with preserved ejection fraction. Figure made using Servier Medical Art 

(https://smart.servier.com/). Legend: ↑, increase; ↓, decrease; =, no change; AGE, advanced glycation end 

product; eNOS, endothelial nitric oxide synthase; HIIT, high-intensity interval training; JNK, c-Jun N-

terminal protein kinase; LC3, microtubule-associated protein A1/1B-light chain; LDH, lactate 

dehydrogenase; MCT, moderate-continuous training; MMP2, matrix metalloproteinase-2; MMP-9, matrix 

metalloproteinase-9; MuRF1, muscle Ring Finger protein-1; MuRF2, muscle Ring Finger protein-2; 

NADPH, nicotinamide adenine dinucleotide phosphate; NT-proBNP, N-terminal pro-B-type natriuretic 

peptide; PGC1-α, peroxisome proliferator-activated receptor-γ coactivator-1α; ph-eNOS, phosphorylated 

eNOS; QOL, quality of life; TNF-α, tumor necrosis factor-α; VO2, oxygen consumption; ZSF1, Zucker fatty 

spontaneously hypertensive heart failure F1 hybrid rat. 

https://smart.servier.com/
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To date, only four studies have evaluated the molecular alterations induced by ET in 

preclinical models of HFpEF [43,44,84,85]. In particular, ET effects on endothelial 

dysfunction [43,44] and skeletal muscle alterations [84,85] were assessed. The effects of 

high-intensity interval training (HIIT) and moderate-continuous training (MCT) on 

endothelial dysfunction were evaluated in the aorta of male ZSF1 obese rats [43]. The 

exercise protocol performed in this study had a duration of 8 weeks, for both training 

modalities (HIIT and MCT). The bioavailability of NO was evaluated through the analysis 

of eNOS, ph-eNOS, NADPH oxidase and nitrotyrosine modified proteins expression. 

Protein expression levels of eNOS and ph-eNOS did not vary between trained (HIIT and 

MCT) and sedentary animals. The expression levels of NADPH oxidase were also not 

different in either of the trained groups, when compared with the sedentary group. 

Furthermore, the levels of nitrotyrosine modified proteins, which function as an indirect 

marker of ONOO- formation, and therefore an indirect marker of ROS production, did not 

vary in trained animal groups [43]. The same lack of variation was found for the collagen 

I/III ratio [43]. Additionally, the role of ET in endothelial inflammation was evaluated 

through the measurement of TNF-α mRNA expression and the phosphorylation of both 

p46 and p54 splice isoforms of JNK. No differences were found in TNF-α mRNA 

expression between trained groups (HIIT and MCT) and the sedentary group. The 

phosphorylation of the p46 splice isoform of JNK did not differ in trained animals 

compared to the sedentary group, while the phosphorylation of the p54 splice isoform of 

JNK was reduced in animals of both training modalities in comparison with the sedentary 

group [43]. Overall, these findings suggest that ET, independently of the training modality 

(HIIT or MCT), has the potential to partially reverse some of the known molecular 

alterations that underlie endothelial dysfunction in HFpEF. In another study, the effects of 

HIIT on endothelial dysfunction were evaluated in the female Dahl salt-sensitive rat model 

[44]. The exercise protocol had a duration of 8 weeks and the animals trained 3 times per 

week on a treadmill with a 25º inclination. The training session consisted of four intervals 

(4 minutes each) of running, at 90% VO2, separated by 3 minutes of active rest at 60% 

VO2. The exercise session was preceded and followed by a 10 min run at 40% to 50% 

VO2. High-intensity interval training did not increase eNOS expression, while a reduction 

in AGE-modified proteins and MMPs (MMP2 and MMP9) activity in the aorta of HFpEF 

animals was reported. Furthermore, NADPH oxidase expression did not vary between 
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trained and sedentary groups [44]. These findings suggest that ET has the potential to 

reduce vascular stiffness, contributing to endothelial dysfunction amelioration in HFpEF.  

Exercise training effects on skeletal muscle abnormalities in a HFpEF animal model 

have also been evaluated [84,85]. The animals were randomized to perform either HIIT or 

MCT for 8 weeks, on a treadmill with 25º inclination. The HIIT group trained 3 times per 

week and the training session consisted on four intervals (4 minutes each) of running, at 

90% VO2, followed by 3 minutes intervals of active rest at 60% VO2. The MCT group 

trained 5 times per week, 1 hour a day at 60% VO2. The exercise session was preceded and 

followed by 10 min run at 40% to 50% VO2, independent of the exercising regime. After 8 

weeks of ET (HIIT or MCT) most of skeletal muscle abnormalities induced by HFpEF 

were not reversed, nor attenuated in ZSF1 obese rat model [84]. Exercise training was 

unable to increase capillarity or fiber cross-sectional area in EDL muscle of trained ZSF1 

obese rats, and to reverse the shift from oxidative to glycolytic metabolism, since LDH 

activity did not vary between both trained and sedentary groups. Autophagy was assessed 

by measuring LC3 II/I ratio, which also did not differ in both HIIT and MCT groups in 

comparison to the sedentary group [84]. The results obtained for soleus muscle were 

similar to those obtained for EDL muscle, since ET was unable to increase capillarity or 

fiber muscle cross-sectional area. Autophagy activation was also not reduced, 

independently of the ET regime, since LC3 II/I ratio did not differ between trained and 

sedentary animals. The activity of LDH was also not different in both HIIT and MCT 

groups compared with non-trained animals [84]. These findings are in agreement with the 

results from another study, which evaluated the effects of ET in the diaphragm and soleus 

muscles of male ZSF1 obese rats [85]. The exercise protocol in this study was the same 

performed in the previous study [84]. In the diaphragm muscle, muscle fiber size did not 

change in any of the 3 groups and the same was observed in the expression of atrophy-

related proteins MuRF1 and MuRF2. Furthermore, no shift from glycolytic to oxidative 

metabolism was evident after ET sessions, since no muscle fiber type shift was observed in 

both trained groups comparing to sedentary group. Moreover, mitochondrial density 

markers, such as PGC1-α and citrate synthase activity, as well as catalase activity did not 

differ between ZSF1 trained (HIIT or MCT) and sedentary animals [85]. In the soleus 

muscle, PGC1-α, as well as citrate synthase activity were not different between the trained 

(HIIT and MCT) animals, and the sedentary animals. Additionally, the expression of 
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atrophy related proteins in the soleus muscle did not vary in either of the trained groups, in 

comparison with the sedentary group [85]. Nevertheless, both studies reported an 

increment of exercise capacity in both trained groups with VO2 increased by approximately 

15% [84,85], supporting the beneficial effects of ET in exercise capacity in HFpEF. 
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2. Aims of this work  

Heart failure with preserved ejection fraction is the most commonly observed 

syndrome in patients suffering from HF and it is estimated that its prevalence will continue 

to increase over the next years. Exercise intolerance is one of the major symptoms that 

characterize HFpEF, and one of the major contributors to the impairment in quality of life 

reported by HFpEF patients. Moreover, efficient therapies for HFpEF are lacking due to 

the complexity of this syndrome. It has already been documented that HFpEF patients can 

benefit from ET, since it is associated with an improvement in quality of life, exercise 

capacity and HF symptoms. However, the molecular mechanisms underlying the beneficial 

effects of exercise in these patients are still poorly understood, calling for further in-depth 

studies.  

This study aims at contributing to improved understanding of the molecular events 

underlying exercise training effects in HFpEF. For that purpose, a morphometric, protein 

profiling and metabolomics analysis of gastrocnemius muscle from ZSF1 obese rats 

submitted to an exercise training protocol was performed.  
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3. Material and Methods  

3.1. Experimental scheme  

The experimental scheme followed in this work is summarized in Figure 4. As detailed 

in section 3.2, animals were divided into three groups - Control, sedentary HFpEF and 

exercised HFpEF. The assays performed on all groups included: peak effort testing and 

hemodynamic analysis (sections 3.3 and 3.4), morphometric analysis (section 3.5), 

metabolic profiling, protein expression analysis (sections 3.6 and 3.7) and citrate synthase 

activity of gastrocnemius muscle (section 3.8). 

 

Figure 4: Experimental scheme of animal groups considered, and assays performed. Legend: AMPK, 

5’-AMPK-activated protein kinase; ATP synthase, adenosine triphosphate synthase; ETFDH, electron 

transfer flavoprotein dehydrogenase; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; GLUT4, glucose 

transporter type 4; 1H-NMR, nuclear magnetic resonance spectroscopy; pAMPK, phosphorylated 5’-AMPK-

activated protein kinase; VO2, oxygen consumption; ZSF1, Zucker fatty spontaneously hypertensive heart 

failure F1 hybrid rat. 

3.2. Animal protocol 

Animal experiments were conducted according to the Portuguese law on animal 

welfare and conform to the Guide for the Care and Use of Laboratory Animals published 

by US National Institute of Health (NIH Publication No. 85-23, Revised 2011). Nine-

week-old male ZSF1 lean (n=6) and obese (n=12) rats (Charles River Laboratories 

(Barcelona, Spain)), were housed in groups of 2 animals per cage, maintained on a 12-hour 

light-dark cycle, at room temperature (22ºC), fed with Purina Diet (#5008) and water ad 

libitum. Before experiments, the rats had a 1-week acclimatization period to the laboratory 

conditions. At 16 weeks of age, the ZSF1 obese rats were randomly divided into two 
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groups, obese sedentary (HFpEF SED, n=6) and obese exercised (HFpEF EX, n=6). The 

number of animals per group was determined based on the potential biological variability 

to exercise training, mortality rate and 3Rs policy of animal experimentation [149]. 

Exercise training sessions consisted on treadmill running (76-0896, PanLab Harvard 

Apparatus) 5 days per week, 1 hour per day, at a speed of 15 m/min, for 4 weeks. HFpEF 

SED group was submitted to a stationary treadmill to minimize environmental confounders 

among the animals not subjected to the exercise protocol. The protocol was interrupted 48 

hours before terminal hemodynamic evaluation and sample collection in order to avoid 

confounding with acute effects of the last training session. 

3.3. Peak effort testing with oxygen consumption determination 

With 20 weeks of age, animals were submitted to an exercise tolerance test with VO2 

measurement (LE8700C, OxyletPro System, PanLab Harvard Apparatus). Animals 

underwent a 3 min adaptation period to the treadmill, at 9 m/min, followed by a rapid 

effort escalation to evaluate peak oxygen consumption. Velocity was changed to 18 m/min 

and then stepped up 3 m/min at 1 min intervals. Whenever the animals were 

unable/unwilling to maintain pace, the treadmill was stopped, as defined by incapability to 

come of the back of the treadmill lane for >3s. Gas concentrations, namely O2 and CO2, 

were continuously recorded. Data was analyzed with the support of software Metabolism 

V2.2.01 (PanLab Harvard Appartus ®).  

3.4. Hemodynamic evaluation 

Terminal hemodynamic evaluation was performed 48 hours after the last training 

session. The animals were sedated (100 µg.Kg-1 and 5 mg.Kg-1 intraperitoneal fentanyl and 

midazolam, respectively), and then anesthetized by inhalation of a mixture of sevoflurane 

(2.5 – 3% sevoflurane; Penlon Sigma Delta) and oxygen, intubated for mechanical 

ventilation (TOPO, Kent Scientific) and placed over a heating pad (body temperature was 

maintained at 38ºC). A peripheral venous catheter was introduced in the right femoral vein 

for intravenous warm Ringer’s solution infusion (8 mL. Kg-1.h-1; NE-1000, New Era Pump 

Systems). A left thoracotomy was performed to allow the access to the heart for insertion 

of a pressure-volume catheter in the LV through the apex (SPR-838 Millar Instruments). A 

probe (Transonics) was placed around the ascending aorta that allowed CO measurement 

(Active Redirection Transit Time Flowmeter, Triton Technology). The signals were 

continuously acquired (MPVS 300, Millar Instruments), recorded at 1000 Hz (ML880 
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PowerLab 16/30, ADinstruments), and analyzed (PVAN 3.5, Millar Instruments). 

Recording were obtained at suspended end-expiration. 

3.5. Morphometric analysis 

After hemodynamic evaluation, animals were sacrificed (100 mg.Kg-1 intravenous 

pentobarbital). Samples from gastrocnemius muscle were collected, weighed and 

immediately snap frozen on liquid nitrogen, and then stored at -80ºC for biochemical 

analysis. Tibia length was measured and then used to normalizations. 

3.6. NMR metabolomics assays 

3.6.1. Tissue homogenization and metabolite extraction  

Representative slices of frozen gastrocnemius were cut in a Petri dish, placed on top of 

ice, with a disposable scalpel and weighed. The cut tissue was then homogenized (in the 

proportion of 50 mg of tissue to 1 mL of homogenization buffer) with a Potter – Elvehjem 

glass homogenizer and a Teflon pestle at 0-4°C, in cold homogenization buffer (phosphate 

buffer 100mM, pH 7.4). After tissue homogenization, the metabolites were extracted using 

a biphasic extraction protocol with methanol:chloroform:water (1:1:0.7). First, 2 mL of 

cold methanol (-80°C) was added to the tube, followed by the addition of 2 mL of cold 

chloroform (-20°C) and 500 µL of cold ultra-pure water; the samples were vortexed (60s) 

between each solvent addition. Next, the samples were kept on ice for 20 min and then 

centrifuged at 2000g for 15 min. The resulting aqueous phase was transferred to a 

microcentrifuge tube and the organic phase was transferred to an amber glass vial. Polar 

extracts were vacuum dried (SpeedVac, Eppendorf), while organic extracts were dried 

under a gaseous nitrogen flow. All samples were stored at -80°C.  

At the time of NMR analysis, the polar extracts were resuspended in 600 µL of 

deuterated phosphate buffer (PBS 100 mM, pH 7.0) containing 0.1 mM TSP-d4 (2,2,3,3-d4-

3-(Trimethylsilyl)propionic acid sodium salt), and 550 µL of each sample were transferred 

to a 5 mm NMR tube.  

3.6.2. 1H-NMR data acquisition and treatment 

Samples were analyzed in a Bruker Advance III HD 500 NMR spectrometer 

(University of Aveiro, PT NMR Network) operating at 500.13 MHz for 1H observation, at 

298 K. Standard one-dimensional (1D) 1H-NMR spectra with water presaturation (pulse 

program ‘noesypr1d’, Bruker library) were recorded for all samples, with 32K points, 
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7002.8 Hz spectra width, a 2s relaxation delay and 512 scans. Spectral processing was then 

carried out using TopSpin 4.0.6 (Bruker Biospin, Rheinstetten, Germany). Each FID was 

multiplied by a cosine function, with a ssb value of 2, zero filled to 64k data points and 

Fourier-transformed. The obtained spectra were manually phased, baseline corrected and 

calibrated to the TSP signal at δ 0 ppm.  

In order to identify the metabolite signals detected in the 1D spectra, two-dimension 

(2D) NMR spectra, namely 1H-1H TOCSY, J-resolved and 1H-13C HSQC, were also 

recorded for selected samples. The assignment of metabolites was carried out by matching 

the spectral information of 1D and 2D spectra to reference spectra available in Chenomx 

database, BBIOREFCODE-2-0-0 (Bruker Biospin, Rheinstetten, Germany) and human 

metabolome database (HMDB) [150,151]. 

1D spectra were visualized and prepared for multivariate analysis in Amix-Viewer 

4.0.1 (Bruker Biospin, Rheinstetten, Germany). All spectra were normalized by total area, 

excluding water-suppression regions and contaminant signals (ethanol, chloroform, 

methanol). Additionally, the citrate signals were also excluded in spectra corresponding to 

the exercise group, since this signal was only present in 3 spectra of this particular group. 

After normalization, the data were organized into matrices (‘bucket tables’), containing the 

information of signals intensity (variables) at each chemical shift in the different spectra 

(observations).  

Data matrices were then uploaded into SIMCA-p 11.5 (Umetrics, Umeå, Sweden), 

where PCA (Principal Component Analysis) and PLS-DA (Partial Least Squares-

Discriminant Analysis) were performed. Data were scaled using either unit-variance (UV) 

or pareto (Par) scaling, whereby each column (containing the intensities at a particular 

chemical shift) was divided by its respective standard deviation (UV) or the square root of 

its standard deviation (Par). This allows for variations in less abundant metabolites to have 

similar weight to that of more intense signals in multivariate models. The results were then 

visualized through factorial coordinates (‘scores’) and factorial contributions (‘loadings’) 

colored according to variable importance to projection (VIP). In respect to PLS-DA 

models, R2 and Q2 values, respectively reflecting explained variance and predictive 

capability, obtained through sevenfold internal cross validation, were utilized to assess the 

strength of class discrimination. 
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Integration of selected signals was carried out in in Amix-Viewer 4.0.1 (Bruker 

Biospin, Rheinstetten, Germany), to provide a quantitative measurement of metabolic 

variations. Representative signals of each metabolite, that were found to be relatively free 

of overlap, were integrated and normalized by total spectral area. For each metabolite, 

differences between exercised or sedentary HFpEF animals in relation to Control animals 

were assessed through the percentage of variation, the effect size [152] and the p-value 

(one-way analysis of variance (ANOVA)). Variations with medium-large magnitude 

(|ES|>0.5) were represented in heatmaps colored as a function of % of variation, using the 

R-statistical software 3.6.0 (R Core Team (2017). R: A language and environment for 

statistical computing. R Foundation for Statistical Computing, Vienna, Austria. 

http://www.R-project.org/). 

3.7. Western blotting analysis 

Gastrocnemius sections were weighed and homogenized in 100mM phosphate buffer, 

pH 7.4 (50mg tissue/mL of buffer), supplemented with protease (Sigma P8340) and 

phosphatase (Sigma P0044, Sigma P5726) inhibitors (1:100), using a Teflon pestle on a 

motor-driven Potter-Elvehjem glass homogenizer at 0-4°C. Total protein content of the 

skeletal muscle homogenate was spectrophotometrically assayed with the Bio-Rad DC 

method, following the instructions of the manufacturer, using bovine serum albumin 

(BSA) as standard.  

Equivalent amounts of protein of each experimental group (20-40µg, depending on the 

target protein) were electrophoresed in a 12.5% SDS-PAGE as described by Laemmli 

[153]. Gels were then blotted onto a nitrocellulose membrane (Amersham™, Protan™) in 

transfer buffer (25 mM Tris, 192 mM glycine, pH 8.5 and methanol) for 2 h at 200 mA. 

After, nonspecific binding was blocked with 5% (w/v) nonfat dry milk in TBS-T (100 mM 

Tris, 1.5 mM NaCl, pH 8.0, and 0.5% Tween 20). Later, the membranes were incubated 

with primary antibody solution diluted 1:1000 (mouse anti-ATPB, ab14730, Abcam; rabbit 

anti-GAPDH, ab 9485, Abcam; mouse anti-Total OXPHOS Rodent WB Antibody 

Cocktail, ab110413, Abcam; mouse anti-GLUT4, ab48547, Abcam);  1:500 (mouse anti-

AMPK α 1 + AMPK α 2, ab80039, Abcam; rabbit anti-AMPK α 1 (phospho T183) + 

AMPK α 2 (phospho T172), ab23875, Abcam; rabbit anti- ETFDH, ab91508, Abcam) 

overnight at 0-4 °C with agitation. Membranes were then washed with TBS-T and 

incubated with IRDye 800CW goat anti-mouse IgG or IRDye 800CW goat anti-rabbit IgG 
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secondary antibodies (LI-COR) diluted 1:10000 in 5% (w/v) nonfat dry milk in TBS-T, for 

1 h at room temperature with agitation. Membranes were imaged with Odyssey Infrared 

Imaging System (LI-COR) and densitometric analysis of immunoreactive bands was 

determined using the Image Studio Lite software (v5.2, LI-COR). Protein loading was 

controlled by Ponceau S staining. 

3.8. Evaluation of citrate synthase activity  

The activity of citrate synthase was measured in gastrocnemius muscle homogenates 

using the method previously described by Coore and colleges [154]. Briefly, CoASH 

released from the reaction of acetyl-CoA with oxaloacetate was measured by its reaction 

with 5,5’ – dithiobis-82-nitrobenzoic acid (DTNB) at 412 nm (molar extinction coefficient 

of 13.6 mM-1cm-1). 

3.9. Statistical analysis regarding oxygen consumption, hemodynamic, 

morphometric, western blotting and citrate synthase activity data 

Statistical analysis was performed with GraphPad Prism software (v6.0), and values are 

given as mean ± standard deviation (SD) for all variables. Kolmogorov-Smirnov test was 

performed to check the normality of the data. Significant differences between the groups 

were evaluated using one-way ANOVA followed by the Tukey multiple comparisons post 

hoc test. Results were considered significantly different when p < 0.05.  
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Figure 5: VO2 peak evaluation of Control, HFpEF sedentary and HFpEF animals submitted to 

exercise training. Legend: VO2, oxygen consumption. Values are expressed as mean ± standard deviation. 

**** p < 0.0001 vs. Control; # p < 0.05 vs. HFpEF SED. 

4.  Results 

4.1. Effects of exercise training on oxygen consumption in ZSF1 obese animals 

In order to assess exercise capacity in ZSF1 obese rats and evaluate the effects of ET in 

this parameter, an exercise tolerance test was performed. The results are presented in 

Figure 5. 

 

 

The HFpEF SED group showed a reduction in exercise capacity in comparison to the 

Control group (p < 0.0001). Exercise training showed potential to increase exercise 

capacity as shown by an increment of VO2 in HFpEF EX group, compared to HFpEF SED 

group (p < 0.05).   

4.2. Effect of exercise training on cardiac hemodynamics in ZSF1 obese animals 

In order to assess the effects of ET in the cardiac function of ZSF1 obese animals, LV 

hemodynamic evaluation was performed. The results are presented in Table 2.    

 

Table 2: Hemodynamic evaluation of Control, HFpEF sedentary and HFpEF animals submitted to 

exercise training. 

 Control HFpEF SED HFpEF EX 

Cardiac output (µL/min) 65193.52 ± 16746.77 80884.71 ± 19682.88 88214.43 ± 8500.30* 

EF (%) 53.12 ± 8.75 57.94 ± 6.75 54.38 ± 2.27 
 

Legend: EF, ejection fraction. Values are expressed as mean ± standard deviation. * p < 0.05 vs. Control. 
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As shown in Table 2, HFpEF EX group showed a significant increase in the cardiac 

output (p < 0.05). Regarding EF, no significant differences were found between the 

experimental groups.  

4.3. Effects of exercise training on morphometric parameters in ZSF1 obese 

animals 

Absolute and normalized (to tibia length) morphometric parameters are presented in 

Table 3.  

  

Table 3: Morphometric analysis of Control, HFpEF sedentary and HFpEF animals submitted to 

exercise training.  

 Control HFpEF SED HFpEF EX 

BW (g) 416.08 ± 26.13 604.29 ± 49.01**** 615.44 ± 29.26**** 

TL (cm) 4.26 ± 0.05 3.82 ± 0.05**** 3.88 ± 0.07**** 

Gas (g) 2.66 ± 0.33 1.99 ± 0.10**** 2.24 ± 0.12** 

Gas/TL (g/cm) 0.63 ± 0.08 0.51 ± 0.02** 0.58 ± 0.03 
 

Legend: BW, body weight; Gas, gastrocnemius weight; TL, tibia length. Values are expressed as mean ± 

standard deviation. ** p < 0.01 vs. Control; **** p < 0.0001 vs. Control. 

 

Both HFpEF animal groups showed an increment in body weight (p < 0.0001 vs. 

Control). Decreases in tibia length (p < 0.0001 vs. Control), gastrocnemius weight (HFpEF 

SED: p < 0.0001 vs. Control; HFpEF EX: p < 0.01 vs. Control) and gastrocnemius weight-

to-tibia length ratio (HFpEF SED: p < 0.01 vs. Control) were observed. Four weeks of ET 

did not promote a significant alteration of body weight, tibia length and gastrocnemius 

weight. Despite not being statistically significant, four weeks of ET prevented the 

reduction in gastrocnemius weight-to-tibia length ratio in HFpEF EX animals.  

4.4. NMR metabolomics of ZSF1 gastrocnemius muscle 

4.4.1. Metabolic profile of ZSF1 gastrocnemius muscle 

The metabolic profile of gastrocnemius muscle of ZSF1 rats was assessed by 1H-NMR 

spectroscopy of polar extracts obtained from tissue homogenates.  Liquid state 1H NMR 

allows for the detection of practically all 1H-containing molecules, above a certain 

concentration threshold (> µM). This detection is possible because protons are NMR-

active nuclei (nuclear spin number I = 
1

2
) and will give rise to signals in different positions 
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of the chemical shift scale depending on their chemical environments [155]. Additionally, 

the 1H NMR signals observed in the 1D spectrum display distinctive splitting patterns 

(multiplicities) as a result of scalar coupling to neighboring protons. Hence, each 1H-

containing molecule has a characteristic set of NMR signals. Complex mixtures, such as 

tissue extracts, typically show a high degree of overlap between signals arising from the 

various molecules present. To annotate and resolve overlapping resonances, bidimensional 

(2D) NMR experiments are required, such as total correlation spectroscopy (1H-1H 

TOCSY). This is a homonuclear shift correlation experiment, in which correlations 

between protons distanced by up to 5-6 bonds are shown as cross peaks, symmetrically 

positioned around the plot diagonal.  

In this work, 1D and 2D 1H-1H TOCSY spectra were recorded to aid metabolite 

assignment, as exemplified in Figures 6 and 7. By matching this spectral information to 

reference databases, a total of 35 metabolites were identified (Supplementary Table S1). 

These comprised organic acids (acetate, lactate), several amino acids, a few peptides 

(carnosine, anserine), glucose and related molecules, adenosine and AMP, among others. 

 

 

Figure 6: 500 MHz 1H-NMR spectra of polar extracts of gastrocnemius muscle homogenate from 

HFpEF sedentary animals. Legend: Ala, alanine; AMP, adenosine monophosphate; BCAA, branch chain 

amino acids, G1P, glucose-1-phosphate; G6P, glucose-6-phosphate; Gln, glutamine; Glu, glutamate, UDP-

glucose, uridine diphosphate-glucose.  
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Figure 7: Expansion of 1H-1H TOCSY spectra of polar extracts of gastrocnemius muscle homogenate 

with some metabolite’s assignment. Signals are numbered in accordance to Table S1 (Supplementary 

information). 

4.5.2. Metabolic impact of HFpEF and/or ET on ZSF1 gastrocnemius muscle 

As a first approach to assess the variability in the metabolic profiles of gastrocnemius 

muscle samples, collected from the three animal groups compared, multivariate analysis 

was applied to their 1H-NMR spectra. The resulting PCA scores scatter plot (Figure 8) 

showed a reasonable separation between all three experimental groups. The Control group 

(lean animals) was separated from the two HFpEF groups (obese animals) along PC1, 

while sedentary and exercised HFpEF groups were separated along PC3. 
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Figure 8: Principal Component Analysis (PCA) of 1H-NMR spectra from polar extracts of 

gastrocnemius muscle homogenates. PCA scores scatter plot, where grey, orange and green symbols 

correspond, respectively, to Control, HFpEF SED and HFpEF EX. 
 

In order to better assess the differences between groups, pairwise comparison was 

also made, using PCA and PLS-DA. The resulting PCA scores scatter plots, PLS-DA 

scores and loadings are shown in Figure 9 (left, middle and right, respectively), for HFpEF 

SED vs. Control (A), HFpEF EX vs. Control (B), and HFpEF SED vs. HFpEF EX (C).  
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Figure 9: Pairwise multivariate analysis of 1H-NMR spectra from polar extracts of gastrocnemius 

muscle homogenates. Grey, orange and green symbols correspond, respectively, to Control, HFpEF SED 

and HFpEF EX. PCA and PLS-DA scores scatter plots (left and center, respectively) and LV1 loadings W 

(right), colored according to variable importance to projection (VIP). Legend: A: Control vs. HFpEF SED; B: 

Control vs. HFpEF EX; C: HFpEF SED vs. HFpEF EX. Legend: Ala, alanine; AMP, adenosine 

monophosphate; BCAA, branch chain amino acids, G1P, glucose-1-phosphate; G6P, glucose-6-phosphate; 

Gln, glutamine; Glu, glutamate. 

 

All PCA scores scatter plots showed a reasonable separation between the groups 

compared. Such discrimination was further confirmed by PLS-DA, as robust models, 

where Q2 values above 0.5, were obtained in all cases. The main metabolite differences 

accounting for group discrimination are displayed in LV1 loadings plots. Positive loadings 

correspond to metabolites with higher relative abundance in samples with positive PLS-

DA scores, while negative loadings arise from metabolites increased in samples with 

negative PLS-DA scores. Also, the importance of metabolite variations to the scores 
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distribution is color-coded from blue (least important) to red (most important). The 

loadings corresponding to the discrimination between Control and HFpEF SED samples 

(Figure 9A) suggest the latter to be characterized, among others, by higher levels of 

glucose and acetone, together with lower levels of lactate, creatine and AMP. This 

metabolic signature is very similar to the one highlighted for HFpEF EX samples in 

relation to Controls (Figure 9B). Still, a few differences between the HFpEF groups were 

also apparent, for example, in the levels of acetone, glycine and anserine (Figure 9C).   

Based on spectral integration, the magnitude and statistical significance in individual 

metabolite alterations highlighted in the PLS-DA loadings were further analyzed. The 

results are presented in Figures 10 and 11.  

The heatmap in Figure 10 is color-coded according to the percentage of variation of 

each metabolite in either sedentary or exercised HFpEF animals relatively to Control lean 

animals (see also Supplementary Table S2). Only variations with a medium-large 

magnitude (|ES| > 0.5 [152]) were considered.  

 

Figure 10: Heatmap of the main variations in the polar extracts of gastrocnemius muscle homogenates 

of ZSF1 animals. The color scale represents the percentage of variation relative to Control. Legend: AMP, 

adenosine monophosphate; G1P, glucose-1-phosphate; G6P, glucose-6-phosphate; TMA, trimethylamine. * p 

< 0.05 vs. Control; ** p < 0.01 vs. Control; *** p < 0.001 vs. Control; **** p < 0.0001 vs. Control. 
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This heatmap immediately shows that while some metabolic effects were similar 

for sedentary and exercised HFpEF animals (in relation to Controls), others appeared to 

depend on the HFpEF group considered. For instance, increased acetone and decreased 

aspartate levels were seen in the muscle of HFpEF SED animals, but not in samples of 

HFpEF rats submitted to the ET protocol. Moreover, the variation magnitude of some 

metabolites in relation to Controls, such as glucose-1-phosphate, acetone, glutamate and 

AMP differed considerably between HFpEF groups.  

The graphs presented in Figure 11 allow a more detailed analysis of the above-

mentioned differences. Glycogen oligosaccharides, glucose, glucose-6-phosphate (G6P) 

and adenosine increased significantly (p < 0.01) in both HFpEF groups in relation to 

Controls. These increases were of similar magnitude, with no difference being found 

between sedentary and exercised HFpEF groups. On the other hand, glucose-1-phosphate 

(G1P) and acetone were significantly elevated in the HFpEF SED group (compared to 

Controls) but not in the HFpEF EX group (no statistically significant difference relatively 

to Controls). As for the metabolites showing lower levels in the muscle of HFpEF animals 

compared to Control samples, those which decreased to similar extents in both HFpEF 

groups were acetate, glutamine, glycine, tyrosine anserine and carnosine. Contrastingly, 

glutamate and aspartate decreased only in the HFpEF SED group, while the levels in 

HFpEF EX samples were similar to Controls. Also, AMP, creatine and trimethylamine 

showed stronger decreases in exercised than in sedentary HFpEF muscle samples.  

Overall, the results show that HFpEF has a wide impact on the metabolic profile of 

gastrocnemius muscle of ZSF1 rats and that this is partially modulated by exercise 

training.  
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Figure 11: Relative content of metabolites was assessed by 1H-NMR in gastrocnemius muscle of 

Control, HFpEF sedentary and HFpEF animals submitted to exercise training. Legend: A- glucose; B- 

G6P; C- G1P; D- glycogen oligosaccharides; E- acetone.; F- acetate; G- glutamine; H- glutamate; I- glycine; 

J- TMA; K- aspartate; L- tyrosine; M- anserine; N- carnosine; O- adenosine; P- AMP; Q- creatine. AMP, 

adenosine monophosphate; G1P, glucose-1-phosphate; G6P, glucose-6-phosphate; TMA, trimethylamine. 

Values are expressed as mean ± standard deviation. * p < 0.05 vs. Control; ** p < 0.01 vs. Control; *** p < 

0.001 vs. Control; **** p < 0.0001 vs. Control; # p < 0.5 vs. HFpEF SED; #### p < 0.0001 vs. HFpEF SED. 

4.5. Impact of HFpEF and/or ET on the expression of selected metabolism-related 

proteins   

 In order to help interpreting the metabolomics findings, different proteins involved 

in glycolytic and oxidative metabolism were evaluated through Western Blot. The results 

of expression levels or ratios obtained for the three groups compared (lean Control 

animals, sedentary HFpEF, exercised HFpEF) are shown in Figure 12. Data on citrate 

synthase activity is also shown. 
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Figure 12: Expression of selected proteins and ratios: GLUT4, GAPDH, ETFDH, mitochondrial 

complexes (Complex I, II, III, IV and V), ATP synthase – beta subunit, AMPK, pAMPK protein levels, 

GAPDH/ATP synthase – beta subunit, ETFDH/ATP synthase – beta subunit and pAMPK/AMPK ratio 

and citrate synthase activity from gastrocnemius muscle of Control, HFpEF sedentary and HFpEF 

animals submitted to exercise training. Legend: A- GLUT4; B- GAPDH; C- ETFDH; D- complex I- 

subunit NDUFB8; E- complex II- subunit SDHB; F- complex III- subunit 2UQCRC2; G- complex IV- 

subunit MTCO1 ; H- complex V- subunit ATP5A; I- ATP synthase– β subunit; J- GAPDH/ATP synthase– β 

subunit; K- ETFDH/ATP synthase– β subunit; L- citrate synthase activity; M- AMPK; N- pAMPK; O- 

pAMPK/AMPK. Representative immunoblots are shown above the correspondent graph (sample order has 

correspondence to the order of the groups presented in the graph). AMPK, 5’-AMP-activated protein kinase; 

pAMPK, phosphorylated AMPK; ATP, adenosine triphosphate; ETFDH, electron transfer flavoprotein 

dehydrogenase; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; GLUT4, glucose transporter type 4. 

Values are expressed as mean ± standard deviation. * p < 0.05 vs. Control; ** p < 0.01 vs. Control; *** p < 

0.001 vs. Control; # p < 0.05 vs. HFpEF SED. 
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The expression of electron transfer flavoprotein dehydrogenase (ETFDH) was 

increased in HFpEF EX group (p < 0.05 vs. Control and HFpEF SED group). Further, the 

exercised group showed an increment in the expression of the subunits NDUFB8, SDHB, 

2UQCRC2 and MTCO1 from the mitochondrial complexes I (p < 0.01), II (p < 0.01), III 

(p < 0.001) and IV (p < 0.01) respectively, when compared to Control group. Exercise 

promoted a significant increment in the expression of the subunits NDFB8 and MTCO1 

from the mitochondrial complexes I and IV, respectively (p < 0.05 vs. HFpEF SED). 

Additionally, 5’-AMP-ativated protein kinase (AMPK) expression levels were decreased in 

HFpEF SED group in comparison with the Control group (p < 0.05), while phosphorylated 

AMPK (pAMPK) expression levels were lower in both HFpEF SED (p < 0.05) and HFpEF 

EX (p < 0.05) when compared to Control group. 

No significant differences were found among the experimental groups in glucose 

transporter type 4 (GLUT4), glyceraldehyde 3-phosphate dehydrogenase (GAPDH), alpha 

and beta subunits from complex V expression levels, neither in citrate synthase activity. 

There were also no significant differences in GAPDH/ATP synthase, ETFDH/ATP 

synthase and pAMPK/AMPK ratios among the three experimental groups. 
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5. Discussion 

In this work, the ZSF1 obese rat model was chosen to assess the therapeutic effect of 

exercise training in HFpEF, since among the animal models available to study this 

pathology, this is the model that better resembles the human features of HFpEF, where 

cardiac impairments are reinforced by several comorbidities, including obesity, 

hypertension, diabetes and kidney dysfunction [49,106,109]. Hemodynamic data (Table 2), 

namely, EF was preserved in all three experimental groups validating this model as a 

HFpEF model [49]. Besides, ZSF1 obese rats display one of the major symptoms of 

HFpEF, exercise intolerance [49,107]. Our data confirmed the reduced exercise tolerance, 

since a significant decrease in VO2 was observed in both HFpEF groups, in comparison 

with the Control group (Figure 5). Exercise intolerance is a primary symptom in HFpEF 

patients and is strongly correlated with the prognosis and reduced quality of life [156]. To 

date, no pharmacological therapy has proven to be effective in HFpEF treatment, while ET 

has proven to have the ability to improve exercise capacity and quality of life [157]. 

Indeed, four weeks of ET resulted in a significantly increment in VO2, in comparison to 

HFpEF SED group (Figure 5). Moreover, ET benefits may be related with peripheral 

adaptations rather than cardiac ameliorations [14,147,158]. Despite the recognized 

potential of ET to improve exercise capacity through peripheral adaptations, the 

mechanisms underlying these changes need to be clarified.  

The present work provides new molecular insights about this animal model, mostly at 

the metabolic level. To the best of our knowledge, this is the first study characterizing 

metabolic alterations in gastrocnemius muscle in the ZSF1 obese animal model of HFpEF. 

The choice of the gastrocnemius muscle is related with the metabolic profile of this 

muscle, that comprises both glycolytic and oxidative features [159], potentially allowing 

for a better understanding of the effects of HFpEF and/or ET in both metabolic programs. 

For this purpose, an untargeted metabolomics approach was employed, and the expression 

levels of specific enzymes, involved in glucose uptake, glycolysis and mitochondrial 

oxidative metabolism, were assessed. An integrated view of the metabolic changes 

suggested to be induced by HFpEF and ET is represented in Figure 13. 
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Figure 13: Schematic illustration of the main metabolic changes induced by HFpEF (red arrows and 

equal sign) and ET (green arrows and equal sign) in the gastrocnemius muscle. Dashed lines around the 

arrows mean no statistically significant variation. Legend: cAMP, cyclic adenosine monophosphate; CoQ, 

cytochrome C reductase; ETF, electron transfer flavoprotein; ETFDH, electron transfer flavoprotein 

dehydrogenase; FAO, fatty acid β-oxidation; G1P, glucose-1-phosphate; G6P, glucose-6-phosphate; 

GAPDH, glyceraldehyde 3-phosphate dehydrogenase; GLUT4, glucose transporter type 4; SLC1A5, 

glutamine transporter; TAC, tricarboxylic acid cycle. 

Fatty acids and carbohydrates are the main energy sources of the skeletal muscle. 

Amino acids may also contribute to energy production in this tissue, but in a minor 

proportion [160]. Our findings revealed higher glucose levels in the HFpEF SED group 

when compared with the Control group. This could result from an enhancement in glucose 

uptake, and/or a reduction in glucose utilization by skeletal muscle cells. Since the 

expression levels of GLUT4 were not increased in the HFpEF SED group in comparison 

with Control group (Figure 12), it may be hypothesized that reduced glucose utilization is 

the main underlying reason for the observed increased levels. After entering the cell, 

glucose is converted into G6P, in an irreversible reaction catalyzed by hexokinase, and 

then a series of glycolytic reactions follow to produce pyruvate, which is converted into 

acetyl-CoA, to fuel the TCA cycle, and/or into lactate, especially under low oxygen 

concentrations [161]. In the present study, there were no changes in the expression levels 

of the glycolytic marker GAPDH (Figure 12), neither in lactate levels (Supplementary 
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Figure S1), suggesting no major changes in the glycolytic rate. On the other hand, the 

observed glucose increase was accompanied by increases in G1P and G6P (Figure 11). 

Together with the upsurge of signals attributed to small glycogen oligosaccharides (Figure 

11), these changes suggest increased glycogen degradation in the HFpEF SED group. In 

turn, the G6P increase originating from upregulated glycogenolysis could explain glucose 

accumulation through allosteric inhibition of hexokinase. Regarding the molecular 

mechanisms underlying glycogenolysis upregulation, a role for cyclic AMP (cAMP), an 

activator of glycogen phosphorylase [162], may be hypothesized. cAMP-dependent 

phosphodiesterase (PDE) 3, which catalyze the breakdown of cAMP into AMP, has been 

found downregulated in association with heart failure [163]. In the present study, AMP 

levels were significantly reduced in the gastrocnemius muscle of the HFpEF SED in 

comparison to Control group (Figure 11). This decrease is consistent with the hypothesis of 

PDE downregulation and consequent cAMP-induced activation of glycogen phosphorylase 

and glycogen degradation. Low levels of AMP (Figure 11) are also consistent with reduced 

expression levels of AMPK and pAMPK (Figure 12) in HFpEF SED animals. Notably, 

decreased AMPK activity has already been linked to increased inflammation and insulin 

resistance, in morbidly obese patients [164]. Furthermore, AMPK activator drugs have 

been prescribed for treatment of type II diabetic patients [165], supporting the 

downregulation of AMPK activity in the diabetic setting.  

Acetone relative content was found to be increased in gastrocnemius muscle of the 

HFpEF SED group (Figure 11), suggesting altered ketone body metabolism. During 

fasting, ketone bodies serve as an important energy substrate, replacing glucose as the 

primary energetic fuel to several tissues, including nervous tissue, cardiac muscle and 

skeletal muscle [166]. In fasting conditions, ketone bodies primarily originate from the 

oxidation of long chain fatty acids that result from lipolysis in adipose tissue. In the liver, 

fatty acids are converted into ketone bodies, and these are exported to extrahepatic tissues, 

such as skeletal muscle. Once in the skeletal muscle, ketone bodies are oxidized to CO2 

and water [166]. Impairment in skeletal muscle ketone body metabolism may be present in 

obesity, as suggested by lower ketone bodies oxidation reported in the rectus abdominus 

muscle of obese women, free of diabetes, vascular diseases or cancer, in comparison to 

lean women [167]. Our observation of increased acetone content in the gastrocnemius 

muscle of HFpEF SED animals suggests that ketone body oxidation in skeletal muscle may 
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be impaired in HFpEF. Furthermore, the production of ketone bodies in the liver could also 

be altered. Herein, we did not evaluate any parameter related to liver fatty acid oxidation 

and ketone bodies synthesis, so further investigations regarding liver metabolism in HFpEF 

would be beneficial to better understand the extent of ketone body metabolism dysfunction 

within this syndrome.  

Mitochondrial functional impairments have been linked to the pathogenesis of both 

obesity and type II DM [168]. Despite not inducing significant differences in the 

expression levels of subunits NDUFB8, SDHB, MTCO1 and ATP5A from mitochondrial 

complexes I, II, IV and V respectively, HFpEF promoted and increment in the expression 

levels of subunit 2UQCRC2 of mitochondrial complex III, suggesting interference with 

mitochondrial oxidative phosphorylation (OXPHOS). Mitochondrial OXPHOS 

impairments have been reported in the diaphragm muscle of Dah salt sensitive rats [78]. 

Additionally, impairments in skeletal muscle mitochondrial metabolic pathways, such as 

the TCA cycle, branched-chain amino acids (BCAA) metabolism, FAO and the electron 

transport chain, have been described in the gastrocnemius muscle of a HF murine model 

[169]. Furthermore, the observed alterations in mitochondrial proteins seem to be 

independent from mitochondrial density, as no differences in citrate synthase activity 

(mitochondrial content marker [170]) were observed between Control and HFpEF SED 

groups. Our data is supported by recent studies where no changes in citrate synthase 

activity were observed in soleus muscle of the ZSF1 obese rat model, suggesting 

mitochondrial density in skeletal muscle to be unaltered by HFpEF in an obesity-driven 

model of the disease [85]. Interestingly, in contrast, biopsies collected from limb muscle of 

HFpEF individuals showed reduced mitochondrial content and oxidative capacity [83], so 

further investigation is needed in order to verify the translation of our findings to the 

human setting. 

An imbalance between protein synthesis and degradation has been described in both 

experimental and human HFpEF [10,78]. Also, altered amino acid metabolism has been 

reported in HF, both in cardiac and skeletal muscle [171]. In our study, we found that the 

contents of some amino acids, including glutamine, glutamate and glycine were 

significantly reduced in HFpEF (Figure 11). Glutamine, the most abundant circulating 

amino acid, is essential in situations of acute metabolic stress. It is largely produced in 

skeletal muscle from glutamate and ammonia via glutamine synthase [172], and it can 
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enter cells via glutamine transporter SLC1A5-mediated transportation [173]. This transport 

protein in largely expressed in several tissues, including skeletal muscle [173]. Moreover, 

glutamine is involved in signal transduction, nitrogen transport and energy metabolism 

[172] and has a major role in protein synthesis and breakdown within skeletal muscle 

[174]. In disease and/or stress conditions, skeletal muscle can display reduced glutamine 

synthesis, leading to a decline in skeletal muscle mass, which is a hallmark of a myriad of 

clinical conditions, such as sarcopenic obesity and HFpEF [10,78,175]. Glutamine also 

serves as an anaplerotic substrate to fuel the TCA cycle in the mitochondrial matrix, via 

sequential conversion into glutamate and α-ketoglutarate (TCA cycle intermediate), 

enabling the production of reducing equivalents that drive the mitochondrial respiratory 

chain [176]. Hence, a possible explanation for reduced glutamine and glutamate levels 

herein observed could be reduced glutamine synthesis and/or enhanced anaplerotic use. 

Indeed, reduced amino acid content has already been linked to increased TCA cycle 

anaplerosis in skeletal muscle of obese subjects, to maintain the oxidative metabolism 

[177]. Furthermore, the release of glutamine from skeletal muscle to blood could be 

increased. Indeed, increased plasma levels of glutamine were reported in obese patients 

who were physically inactive (< 1000 steps per day) for two weeks. The authors suggested 

that, the apparent increment in plasma glutamine levels, after two weeks of reduced 

physical activity, could result from greater efflux of glutamine from skeletal muscle pool 

into circulation, leading to reduced protein synthesis within the skeletal muscle [178]. 

Finally, another possible explanation for the lower glutamine and glutamate relative 

contents in the gastrocnemius muscle of ZSF1 obese rats could be a reduction in SLC1A5 

expression, which would result in decreased glutamine uptake [173]. Therefore, it would 

be interesting to evaluate the expression of SLC1A5, in order to verify whether, in the 

HFpEF setting, glutamine efflux is increased and/or its uptake is reduced. We have also 

found reduced glycine content in the HFpEF SED group, in comparison to Control 

animals. Again, this may relate to increased anaplerotic replenishment of the TCA cycle. 

Interestingly, reduced glycine muscle content was also documented in the vastus lateralis 

muscle and plasma of obese individuals, both before and after five days of high fat diet 

[177]. This suggests metabolic dysregulations involving specific amino acids to be present 

in obesity condition [177]. Lower levels of circulating glycine were also reported in obese 

Zucker compared to lean Zucker rats [179], and this change has been linked to increased 
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plasma BCAA content. Accordingly, BCAA metabolism impairments have been reported 

in patients whom suffer from cardiometabolic diseases, with high contents of BCAA and 

related metabolites being described in obesity [180]. Moreover, recent studies have 

validated the strong link between increased BCAA content and the development of 

diabetes [181]. However, in our study, the relative content of BCAA (Supplementary 

Figure S1) in the gastrocnemius muscle of ZSF1 rats was not altered among the three 

experimental groups. Similarly, in obese humans, plasma glycine content was reduced, 

while BCAA content was not altered in comparison with lean subjects [177]. To sum up, 

alterations in skeletal muscle amino acids metabolism have been identified in 

comorbidities frequently present in HFpEF setting, namely obesity and type II diabetes. 

Herein, we suggest that amino acid metabolism is also altered in the gastrocnemius muscle 

of this HFpEF experimental model, however further investigation is needed to clarify the 

pathways involved. It should also be noted that the observed amino acid alterations in 

gastrocnemius muscle of HFpEF SED animals could relate to skeletal muscle atrophy, 

described in both animal models and HFpEF patients [10,79–82,84,85]. Indeed, our 

morphometric evaluation results are in line with published work regarding other skeletal 

muscles [78,84], since the weight of gastrocnemius muscle was significantly reduced in the 

HFpEF SED group (Table 3), supporting the hypothesis of HFpEF-induced muscle 

atrophy.  

In the HFpEF EX group, the findings regarding glucose metabolism were similar to 

those observed in the HFpEF SED group. GLUT4 expression levels were not increased, in 

agreement with a previous study reporting that GLUT4 expression levels in the vastus 

lateralis muscle of obese subjects undergoing eight weeks of HIIT was not altered in 

comparison to Control subjects [182]. Also, GAPDH expression and lactate levels 

remained unaltered, while glucose, G1P, G6P and glycogen oligosaccharides increased in 

the muscle of HFpEF EX animals compared to Controls. Altogether, these changes suggest 

increased glycogenolysis and allosteric inhibition of glucose to G6P conversion. Moreover, 

like it was suggested for HFpEF SED animals, cAMP-induced activation of glycogen 

phosphorylase could be at the basis of this dysregulation, as supported by decreased AMP 

content and pAMPK expression. 

Contrarily to what was observed in HFpEF SED animals, acetone levels did not 

increase in the gastrocnemius muscle of exercised HFpEF animals, showing no difference 
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to Controls (Figure 12). This indicates that ET has the potential to reestablish ketone body 

metabolism within skeletal muscle. Indeed, exercise has long been reported to stimulate 

skeletal muscle ketone body metabolism in heathy conditions [166]. Although evidence in 

humans is still lacking, in experimental animal models, this effect has been attributed to 

changes in the expression and activities of enzymes involved in both ketogenesis and 

ketolysis [166]. Herein, it seems that ET also promotes ketone body oxidation by skeletal 

muscle in the HFpEF condition. More research is needed to further elucidate the molecular 

pathways underlying ET beneficial effects on skeletal muscle ketone body metabolism.  

Exercise training was also found to stimulate oxidative metabolism in the 

gastrocnemius muscle of HFpEF animals, as indicated by significant increases in several 

proteins related to the electron transport chain. Four weeks of ET resulted in higher 

expression of ETFDH in HFpEF EX, compared to both HFpEF SED and Control groups 

(Figure 12). ETFDH is an oxidoreductase located in the inner mitochondrial membrane, 

which plays an important role in mitochondrial FAO and in the electron transport chain. It 

catalyzes the transfer of electrons from electron-transferring flavoprotein into ubiquinone 

in the main mitochondrial respiratory chain, linking FAO to mitochondrial respiration 

[183]. Hence, it may be suggested that ET stimulated FAO in the muscle of HFpEF 

animals. Additionally, four weeks of ET promoted significant increments in the expression 

levels of mitochondrial complexes (I to IV) subunits, suggesting that ET has the potential 

to enhance mitochondrial oxidative phosphorylation (OXPHOS). This should reflect a real 

improvement in mitochondrial oxidative capacity, as citrate synthase activity, hence 

mitochondrial volume density, remained unaltered. These data are supported by recently 

published literature, where no variations in citrate synthase activity were found in the 

soleus and diaphragm muscles of ZSF1 obese male rats, after eight weeks of either HIIT or 

MCT [85]. Furthermore, ET was previously reported to improve mitochondrial function in 

female Dahl salt-sensitive rats, where eight weeks of ET prevented mitochondrial 

respiration impairments [78]. Interestingly, despite inducing an increment in the expression 

levels of the other mitochondrial complexes, ET did not promote any alterations in the 

expression levels of subunit ATP5A of mitochondrial complex V among the three 

experimental groups. These results suggest the involvement of an uncoupling protein, 

possibly uncoupling protein-3 (UCP3), which is highly specific for skeletal muscle and 

adipose tissue [184]. UCP3 creates a leakage of protons from the mitochondrial 
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intermembrane space to the mitochondrial matrix, blocking ATP production [185]. 

Additionally, it has been reported that UCP3 is involved in mitochondrial fatty acid 

regulation and ROS induced oxidative stress protection [186]. Due to its role in oxidative 

stress protection and in the amelioration of FAO, UCP3 has been suggested to have a 

protective role in metabolic related comorbidities such as obesity and type II DM [168]. 

Concordantly, enhanced UCP3 expression levels have been described in skeletal muscle of 

obesity-resistant mice, while in obesity-prone mice the expression levels of this uncoupling 

protein were lower [187]. Several experimental evidences support the role of UCP3 on 

energy metabolism. For instance, a slight overexpression of UCP3 in mice skeletal muscle 

was reported to improve FAO and to reduce ROS mitochondrial production [186]. It has 

also been described that nine weeks of aerobic exercise promoted an increment in UCP3 

expression in the gastrocnemius muscle of obese Zucker rats [188]. Hence, we may 

hypothesize that upregulation of UCP3 could underlie ET-promoted enhanced FAO and 

OXPHOS in the gastrocnemius muscle of HFpEF animals, a hypothesis that should be 

verified in the future. Overall, our findings newly reveal that, while not significantly 

modulating glucose metabolism, ET has the potential to enhance FAO and OXPHOS, 

which can be linked to the observed improvements in exercise capacity of HFpEF animals. 
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6. Conclusion 

In order to evaluate the effects of exercise training on skeletal muscle metabolism in 

HFpEF setting, we submitted ZSF1 obese rats (validated animal model of HFpEF) to a 

four-week exercise training protocol. The results obtained by NMR metabolic profiles and 

protein expression analysis strongly suggest that:  

i. HFpEF induces an increment in glycogen degradation, accompanied by 

decreased expression of AMPK, an increment in amino acids metabolization 

and impairment of ketone body oxidation; 

ii. Four weeks of ET reestablished ketone body metabolism and promoted an 

improvement in oxidative metabolism (fatty acid oxidation – FAO, and 

oxidative phosphorylation - OXPHOS).  

Taken together, these data suggest that enhancement of FAO and OXPHOS in the 

gastrocnemius muscle of ZSF1 obese rats can possibly contribute to the observed 

improvements in exercise capacity. In the future, it would be interesting to evaluate UCP3 

expression levels in the gastrocnemius muscle of this experimental model, in order to 

better understand the mechanisms underlying the observed enhancement in OXPHOS and 

FAO after four weeks of ET. Finally, it would also be interesting to study the effects of ET 

on lipid metabolism in HFpEF setting to better understand the underlying pathways in ET 

induced enhancement of FAO. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

51 
 

7.  References  

1.  Leite-Moreira AF. Current perspectives in diastolic dysfunction and diastolic heart 

failure. Heart. 2006;92(5):712–8.  

2.  Conceição G, Heinonen I, Lourenço AP, Duncker DJ, Falcão-Pires I. Animal 

models of heart failure with preserved ejection fraction. Netherlands Heart J. 

2016;24(4):275–86.  

3.  Borlaug BA. The pathophysiology of heart failure with preserved ejection fraction. 

Nat Rev Cardiol. 2014;11(9):507–15.  

4.  Yancy CW, Jessup M, Bozkurt B, Butler J, Donald E. Casey J, Drazner MH, Kasper 

EK, Horwich T, Levy WC, Fonarow GC, Geraci SA, Januzzi JL, Johnson MR, 

Masoudi FA, McBride PE, McMurray JJ V, Mitchell JE, Peterson PN, Riegel B, 

Sam F, Stevenson LW, Tang W, Tsai EJ, Wilkoff BL. 2013 ACCF/AHA Guideline 

for the Management of Heart Failure. J Am Coll Cardiol. 2013;62(16):e147–239.  

5.  Owan TE, Hodge DO, Herges RM, Jacobsen SJ, Roger VL, Redfield MM. Trends 

in Prevalence and Outcome of Heart Failure with Preserved Ejection Fraction. N 

Engl J Med. 2006;355(3):251–9.  

6.  Dunlay SM, Roger VL, Redfield MM. Epidemiology of heart failure with preserved 

ejection fraction. Nat Rev Cardiol. 2017;14(10):591–602.  

7.  Upadhya B, Haykowsky MJ, Kitzman DW. Therapy for heart failure with preserved 

ejection fraction: current status, unique challenges, and future directions. Heart Fail 

Rev. 2018;23(5):609–29.  

8.  Ponikowski P, Voors AA, Anker SD, Bueno H, Cleland JGF, Coats AJS, Falk V, 

Gonzalez-Juanatey JR, Harjola V-P, Jankowska EA, Jessup M, Linde C, 

Nihoyannopoulos P, Parissis JT, Pieske B, Ruschitzka F, Riley JP, Rosano GMC, 

Ruilope LM, Rutten FH, Meer P van der. 2016 ESC Guidelines for the diagnosis 

and treatment of acute and chronic heart failure. Eur J Heart Fail. 2016;18(8):891–

975.  

9.  Paulus WJ, Tschöpe C. A novel paradigm for heart failure with preserved ejection 

fraction: Comorbidities drive myocardial dysfunction and remodeling through 

coronary microvascular endothelial inflammation. J Am Coll Cardiol. 



 

52 
 

2013;62(4):263–71.  

10.  Kitzman DW, Nicklas B, Kraus WE, Lyles MF, Eggebeen J, Morgan TM, 

Haykowsky M. Skeletal muscle abnormalities and exercise intolerance in older 

patients with heart failure and preserved ejection fraction. Am J Physiol - Heart Circ 

Physiol. 2014;306(9):H1364–70.  

11.  Thent ZC, Das S, Henry LJ. Role of exercise in the management of diabetes 

mellitus: The global scenario. PLoS One. 2013;8(11):e80436.  

12.  García-Hermoso A, Ceballos-Ceballos RJM, Poblete-Aro CE, Hackney AC, Mota J, 

Ramírez-Vélez R. Exercise, adipokines and pediatric obesity: A meta-analysis of 

randomized controlled trials. Int J Obes. 2017;41(4):475–82.  

13.  Mann N, Rosenzweig A. Can exercise teach Us how to treat heart disease? 

Circulation. 2012;126(22):2625–35.  

14.  Fu TC, Yang NI, Wang CH, Cherng WJ, Chou SL, Pan TL, Wang JS. Aerobic 

Interval Training Elicits Different Hemodynamic Adaptations between Heart Failure 

Patients with Preserved and Reduced Ejection Fraction. Am J Physiol - Med 

Rehabil. 2016;95(1):15–27.  

15.  Edelmann F, Gelbrich G, Dngen HD, Fröhling S, Wachter R, Stahrenberg R, Binder 

L, Töpper A, Lashki DJ, Schwarz S, Herrmann-Lingen C, Löffler M, Hasenfuss G, 

Halle M, Pieske B. Exercise training improves exercise capacity and diastolic 

function in patients with heart failure with preserved ejection fraction: Results of the 

Ex-DHF (exercise training in diastolic heart failure) pilot study. J Am Coll Cardiol. 

2011;58(17):1780–91.  

16.  Lourenço AP, Leite-Moreira AF, Balligand JL, Bauersachs J, Dawson D, de Boer 

RA, de Windt LJ, Falcão-Pires I, Fontes-Carvalho R, Franz S, Giacca M, Hilfiker-

Kleiner D, Hirsch E, Maack C, Mayr M, Pieske B, Thum T, Tocchetti CG, Brutsaert 

DL, Heymans S. An integrative translational approach to study heart failure with 

preserved ejection fraction: a position paper from the Working Group on 

Myocardial Function of the European Society of Cardiology. Eur J Heart Fail. 

2017;20(2):216–27.  

17.  Hoekstra T, Lesman-Leegte I, Van Veldhuisen DJ, Sanderman R, Jaarsma T. 



 

53 
 

Quality of life is impaired similarly in heart failure patients with preserved and 

reduced ejection fraction. Eur J Heart Fail. 2011;13(9):1013–8.  

18.  Senni M, Paulus WJ, Gavazzi A, Fraser AG, Díez J, Solomon SD, Smiseth OA, 

Guazzi M, Lam CSP, Maggioni AP, Tschöpe C, Metra M, Hummel SL, Edelmann 

F, Ambrosio G, Coats AJS, Filippatos GS, Gheorghiade M, Anker SD, Levy D, 

Pfeffer MA, Stough WG, Pieske BM. New strategies for heart failure with preserved 

ejection fraction: The importance of targeted therapies for heart failure phenotypes. 

Eur Heart J. 2014;35(40):2797-2811d.  

19.  Mentz RJ, Kelly JP, Von Lueder TG, Voors AA, Lam CSP, Cowie MR, Kjeldsen K, 

Jankowska EA, Atar D, Butler J, Fiuzat M, Zannad F, Pitt B, O’Connor CM. 

Noncardiac comorbidities in heart failure with reduced versus preserved ejection 

fraction. J Am Coll Cardiol. 2014;64(21):2281–93.  

20.  ter Maaten JM, Damman K, Verhaar MC, Paulus WJ, Duncker DJ, Cheng C, van 

Heerebeek L, Hillege HL, Lam CSP, Navis G, Voors AA. Connecting heart failure 

with preserved ejection fraction and renal dysfunction: the role of endothelial 

dysfunction and inflammation. Eur J Heart Fail. 2016;18(6):588–98.  

21.  Liu M, Fang F, Yu C-M. Noncardiac Comorbidities in Heart Failure With Preserved 

Ejection Fraction – A Commonly Ignored Fact. Circ J. 2015;79(5):954–9.  

22.  Vaduganathan M, Michel A, Hall K, Mulligan C, Nodari S, Shah SJ, Senni M, 

Triggiani M, Butler J, Gheorghiade M. Spectrum of epidemiological and clinical 

findings in patients with heart failure with preserved ejection fraction stratified by 

study design: A systematic review. Eur J Heart Fail. 2016;18(1):54–65.  

23.  Haass M, Kitzman DW, Anand IS, Miller A, Zile MR, Massie BM, Carson PE. 

Body mass index and adverse cardiovascular outcomes in heart failure patients with 

preserved ejection fraction results from the irbesartan in heart failure with preserved 

ejection fraction (I-PRESERVE) trial. Circ Heart Fail. 2011;4(3):324–31.  

24.  Butler J, Fonarow GC, Zile MR, Lam CS, Roessig L, Schelbert EB, Shah SJ, 

Ahmed A, Bonow RO, Cleland JGF, Cody RJ, Chioncel O, Collins SP, Dunnmon P, 

Filippatos G, Lefkowitz MP, Marti CN, McMurray JJ, Misselwitz F, Nodari S, 

O’Connor C, Pfeffer MA, Pieske B, Pitt B, Rosano G, Sabbah HN, Senni M, 

Solomon SD, Stockbridge N, Teerlink JR, Georgiopoulou V V., Gheorghiade M. 



 

54 
 

Developing therapies for heart failure withpreservedejection fraction. Current state 

and future directions. J Am Coll Cardiol - Heart Fail. 2014;2(2):97–112.  

25.  Oktay AA, Rich JD, Shah SJ. The emerging epidemic of heart failure with preserved 

ejection fraction. Curr Heart Fail Rep. 2013;10(4):401–10.  

26.  Zile MR. Heart failure with preserved ejection fraction: Is this diastolic heart 

failure? J Am Coll Cardiol. 2003;41(9):1519–22.  

27.  Gaasch WH, Zile MR. Left Ventricular Diastolic Dysfunction and Diastolic Heart 

Failure. Annu Rev Med. 2004;55(1):373–94.  

28.  Castro-Ferreira R, Fontes-Carvalho R, Falcâo-Pires I, Leite-Moreira AF. The role of 

titin in the modulation of cardiac function and its pathophysiological implications. 

Soc Bras Cardiol. 2011;96(4):332–9.  

29.  Zakeri R, Cowie MR. Heart failure with preserved ejection fraction: Controversies, 

challenges and future directions. Heart. 2018;104(5):377–84.  

30.  Oren O, Goldberg S. Heart Failure with Preserved Ejection Fraction: Diagnosis and 

Management. Am Fam Physician. 2017;96(9):582–8.  

31.  Pfeffer MA, Shah AM, Borlaug BA. Heart Failure With Preserved Ejection Fraction 

In Perspective. Circ Res. 2019;124(11):1598–617.  

32.  Sharma K, Kass DA. Heart failure with preserved ejection fraction: Mechanisms, 

clinical features, and therapies. Circ Res. 2014;115(1):79–96.  

33.  Tschöpe C, Van Linthout S. New Insights in (Inter)Cellular Mechanisms by Heart 

Failure with Preserved Ejection Fraction. Curr Heart Fail Rep. 2014;11(4):436–44.  

34.  Chaturvedi RR, Herron T, Simmons R, Shore D, Kumar P, Sethia B, Chua F, 

Vassiliadis, E., & Kentish JC. Passive stiffness of myocardium from congenital 

heart disease and implications for diastole. Circulation. 2010;121(68):979–88.  

35.  Leite-Moreira AF, Ferreira-Martins J. Physiologic basis and pathophysiologic 

implications of the diastolic properties of the cardiac muscle. J Biomed Biotechnol. 

2010;1–12.  

36.  Van Heerebeek L, Hamdani N, Falcão-Pires I, Leite-Moreira AF, Begieneman 

MPV, Bronzwaer JGF, Van Der Velden J, Stienen GJM, Laarman GJ, Somsen A, 



 

55 
 

Verheugt FWA, Niessen HWM, Paulus WJ. Low myocardial protein kinase G 

activity in heart failure with preserved ejection fraction. Circulation. 

2012;126(7):830–9.  

37.  Zile MR, Baicu CF, Gaasch WH. Diastolic Heart Failure - Abnormalities in Active 

Relaxation and Passive Stiffness of the Left Ventricle. N Engl J Med. 

2004;350(19):1953–9.  

38.  Kalogeropoulos A, Georgiopoulou V, Psaty BM, Rodondi N, Smith AL, Harrison 

DG, Liu Y, Hoffmann U, Bauer DC, Newman AB, Kritchevsky SB, Harris TB, 

Butler J. Inflammatory Markers and Incident Heart Failure Risk in Older Adults. 

The Health ABC (Health, Aging, and Body Composition) Study. J Am Coll Cardiol. 

2010;55(19):2129–37.  

39.  Westermann D, Lindner D, Kasner M, Zietsch C, Savvatis K, Escher F, 

Schlippenbach J Von, Skurk C, Steendijk P, Riad A, Poller W, Schultheiss HP, 

Tschöpe C. Cardiac inflammation contributes to changes in the extracellular matrix 

in patients with heart failure and normal ejection fraction. Circ Heart Fail. 

2011;4(1):44–52.  

40.  Van Heerebeek L, Hamdani N, Handoko ML, Falcão-Pires I, Musters RJ, 

Kupreishvili K, Ijsselmuiden AJJ, Schalkwijk CG, Bronzwaer JGF, Diamant M, 

Borbély A, Van Der Velden J, Stienen GJM, Laarman GJ, Niessen HWM, Paulus 

WJ. Diastolic stiffness of the failing diabetic heart: Importance of fibrosis, advanced 

glycation end products, and myocyte resting tension. Circulation. 2008;117(1):43–

51.  

41.  Kasner M, Westermann D, Lopez B, Gaub R, Escher F, Kühl U, Schultheiss HP, 

Tschöpe C. Diastolic tissue doppler indexes correlate with the degree of collagen 

expression and cross-linking in heart failure and normal ejection fraction. J Am Coll 

Cardiol. 2011;57(8):977–85.  

42.  López B, González A, Díez J. Circulating biomarkers of collagen metabolism in 

cardiac diseases. Circulation. 2010;121(14):1645–54.  

43.  Schmederer Z, Rolim N, Bowen TS, Linke A, Wisloff U, Adams V. Endothelial 

function is disturbed in a hypertensive diabetic animal model of HFpEF: Moderate 

continuous vs. high intensity interval training. Int J Cardiol. 2018;273:147–54.  



 

56 
 

44.  Adams V, Alves M, Fischer T, Rolim N, Werner S, Schütt N, Bowen TS, Linke A, 

Schuler G, Wisloff U. High-intensity interval training attenuates endothelial 

dysfunction in a Dahl salt-sensitive rat model of heart failure with preserved ejection 

fraction. J Appl Physiol. 2015;119(6):745–52.  

45.  Griendling KK, Sorescu D, Ushio-Fukai M. NAD(P)H Oxidase Role in 

Cardiovascular Biology and Disease. Circ Res. 2000;86:494–501.  

46.  Schulz E, Jansen T, Wenzel P, Daiber A, Münzel T. Nitric Oxide, 

Tetrahydrobiopterin, Oxidative Stress, and Endothelial Dysfunction in 

Hypertension. Antioxid Redox Signal. 2008;10(6):1115–26.  

47.  Linke WA, Hamdani N. Gigantic business: Titin properties and function through 

thick and thin. Circ Res. 2014;114(6):1052–68.  

48.  Takimoto E. Cyclic GMP-Dependent Signaling in Cardiac Myocytes. Circ J. 

2012;76(8):1819–25.  

49.  Hamdani N, Franssen C, Lourenço A, Falcao-Pires I, Fontoura D, Leite S, Plettig L, 

Lopez B, Ottenheijm CA, Becher PM, Gonzalez A, Tschope C, Diez J, Linke WA, 

Leite-Moreira AF, Paulus WJ. Myocardial titin hypophosphorylation importantly 

contributes to heart failure with preserved ejection fraction in a rat metabolic risk 

model. Circ Heart Fail. 2013;6(6):1239–49.  

50.  Borbély A, Van Der Velden J, Papp Z, Bronzwaer JGF, Edes I, Stienen GJM, 

Paulus WJ. Cardiomyocyte stiffness in diastolic heart failure. Circulation. 

2005;111(6):774–81.  

51.  Van Heerebeek L, Borbély A, Niessen HWM, Bronzwaer JGF, Van Der Velden J, 

Stienen GJM, Linke WA, Laarman GJ, Paulus WJ. Myocardial structure and 

function differ in systolic and diastolic heart failure. Circulation. 

2006;113(16):1966–73.  

52.  Borbély A, Falcão-Pires I, Van Heerebeek L, Hamdani N, Édes I, Gavina C, Leite-

Moreira AF, Bronzwaer JGF, Papp Z, Van Der Velden J, Stienen GJM, Paulus WJ. 

Hypophosphorylation of the stiff N2B titin isoform raises cardiomyocyte resting 

tension in failing human myocardium. Circ Res. 2009;104(6):780–6.  

53.  Mohammed SF, Hussain S, Mirzoyev SA, Edwards WD, Maleszewski JJ, Redfield 



 

57 
 

MM. Coronary microvascular rarefaction and myocardial fibrosis in heart failure 

with preserved ejection fraction. Circulation. 2015;131(6):550–9.  

54.  Chung CS, Hutchinson KR, Methawasin M, Saripalli C, Smith JE, Hidalgo CG, Luo 

X, Labeit S, Guo C, Granzier HL. Shortening of the elastic tandem immunoglobulin 

segment of titin leads to diastolic dysfunction. Circulation. 2013;128(1):19–28.  

55.  Carley AN, Taegtmeyer H, Lewandowski ED. Mechanisms linking energy substrate 

metabolism to the function of the heart. Circ Res. 2014;114(4):717–29.  

56.  Doehner W, Frenneaux M, Anker SD. Metabolic impairment in heart failure: The 

myocardial and systemic perspective. J Am Coll Cardiol. 2014;64(13):1388–400.  

57.  Zordoky BN, Sung MM, Ezekowitz J, Mandal R, Han B, Bjorndahl TC, Bouatra S, 

Anderson T, Oudit GY, Wishart DS, Dyck JRB. Metabolomic fingerprint of heart 

failure with preserved ejection fraction. PLoS One. 2015;10(5):1–19.  

58.  Hunter WG, Kelly JP, Mcgarrah RW, Khouri MG, Craig D, Haynes C, Ilkayeva O, 

Stevens RD, Bain JR, Muehlbauer MJ, Newgard CB, Felker GM, Hernandez AF, 

Velazquez EJ, Kraus WE, Shah SH. Metabolomic Profiling Identifies Novel 

Circulating Biomarkers of Mitochondrial Dysfunction Differentially Elevated in 

Heart Failure With Preserved Versus Reduced Ejection Fraction: Evidence for 

Shared Metabolic Impairments in Clinical Heart Failure. J Am Heart Assoc. 

2016;5(8):e003190.  

59.  De Jong KA, Lopaschuk GD. Complex Energy Metabolic Changes in Heart Failure 

With Preserved Ejection Fraction and Heart Failure With Reduced Ejection 

Fraction. Can J Cardiol. 2017;33(7):860–71.  

60.  Neubauer S. The Failing Heart - An Engine Out of Fuel. N Engl J Med. 

2007;356(11):1140–51.  

61.  O’Donnell JM, Fields AD, Sorokina N, Lewandowski ED. The absence of 

endogenous lipid oxidation in early stage heart failure exposes limits in lipid storage 

and turnover. J Mol Cell Cardiol. 2008;44(2):315–22.  

62.  Casademont J, Miró Ò. Electron transport chain defects in heart failure. Heart Fail 

Rev. 2002;7(2):131–9.  

63.  Aubert G, Vega RB, Kelly DP. Perturbations in the gene regulatory pathways 



 

58 
 

controlling mitochondrial energy production in the failing heart. Biochim Biophys 

Acta - Mol Cell Res. 2013;1833(4):840–7.  

64.  Lopaschuk GD, Ussher JR, Folmes CDL, Jaswal JS, Stanley WC. Myocardial fatty 

acid metabolism in health and disease. Physiol Rev. 2010;90(1):207–58.  

65.  Beer M, Seyfarth T, Sandstede J, Landschütz W, Lipke C, Köstler H, Von Kienlin 

M, Harre K, Hahn D, Neubauer S. Absolute concentrations of high-energy 

phosphate metabolites in normal, hypertrophied, and failing human myocardium 

measured noninvasively with 31P-SLOOP magnetic resonance spectroscopy. J Am 

Coll Cardiol. 2002;40(7):1267–74.  

66.  Conway MA, Allis J, Ouwerkerk R, Niioka T, Rajagopalan B, Radda GK. Detection 

of low phosphocreatine to ATP ratio in failing hypertrophied human myocardium by 

31P magnetic resonance spectroscopy. Lancet. 1991;338(8773):973–6.  

67.  Tian R, Nascimben L, Kaddurah-Daouk R, Ingwall JS. Depletion of energy reserve 

via the creatine kinase reaction during the evolution of heart failure in 

cardiomyopathic hamsters. J Mol Cell Cardiol. 1996;28(4):755–65.  

68.  Wende AR, Brahma MK, McGinnis GR, Young ME. Metabolic Origins of Heart 

Failure. J Am Coll Cardiol - Basic to Transl Sci. 2017;2(3):297–310.  

69.  Giuseppe D, Seyed Mohammad N, Piero M, Arianna DL, Roberto A, Enzo N, 

Matiangela R, Maria D. Creatine, L-Carnitine, and ω 3 Polyunsaturated Fatty Acid 

Supplementation from Healthy to Diseased Skeletal Muscle. Biomed Res Int. 

2014;(613890):1–16.  

70.  Montesano A, Senesi P, Luzi L, Benedini S, Terruzzi I. Potential therapeutic role of 

L-carnitine in skeletal muscle oxidative stress and atrophy conditions. Oxid Med 

Cell Longev. 2015;(646171):1–13.  

71.  Adams SH, Hoppel CL, Lok KH, Zhao L, Wong SW, Minkler PE, Hwang DH, 

Newman JW, Garvey WT. Plasma Acylcarnitine Profiles Suggest Incomplete Long-

Chain Fatty Acid -Oxidation and Altered Tricarboxylic Acid Cycle Activity in Type 

2 Diabetic African-American Women. J Nutr. 2009;139(6):1073–81.  

72.  Wang J, Li Z, Chen J, Zhao H, Luo L, Chen C, Xu X, Zhang W, Gao K, Li B, 

Zhang J, Wang W. Metabolomic identification of diagnostic plasma biomarkers in 



 

59 
 

humans with chronic heart failure. Mol Biosyst. 2013;9(11):2618–26.  

73.  Zamora E, Lupón J, De Antonio M, Vila J, Peñafiel J, Galán A, Urrutia A, Domingo 

M, Bayes-Genis A. Long-term prognostic value for patients with chronic heart 

failure of estimated glomerular filtration rate calculated with the new CKD-EPI 

equations containing cystatin C. Clin Chem. 2014;60(3):481–9.  

74.  Strilakou AA, Lazaris AC, Perelas AI, Mourouzis IS, Douzis IC, Karkalousos PL, 

Stylianaki AT, Pantos CI, Liapi CA. Heart dysfunction induced by choline-

deficiency in adult rats: The protective role of L-carnitine. Eur J Pharmacol. 

2013;709(1–3):20–7.  

75.  Kitzman DW, Shah SJ. The HFpEF Obesity Phenotype: The Elephant in the Room. 

J Am Coll Cardiol. 2016;68(2):200–3.  

76.  Haykowsky MJ, Brubaker PH, John JM, Stewart KP, Morgan TM, Kitzman DW. 

Determinants of exercise intolerance in elderly heart failure patients with preserved 

ejection fraction. J Am Coll Cardiol. 2011;58(3):265–74.  

77.  Dhakal BP, Malhotra R, Murphy RM, Pappagianopoulos PP, Baggish AL, Weiner 

RB, Houstis NE, Eisman AS, Hough SS, Lewis GD. Mechanisms of exercise 

intolerance in heart failure with preserved ejection fraction: The role of abnormal 

peripheral oxygen extraction. Circ Heart Fail. 2015;8(2):286–94.  

78.  Bowen TS, Rolim N, Fischer T, Baekkerud F, Medeiros A, Werner S, Bronstad E, 

Rognmo O, Mangner N, Linke A, Schuler G, Silva G, Wisloff U, Adams V. Heart 

Failure with Preserved Ejection Fraction Induces Molecular, Mitochondrial, 

Histological, and Functional Alterations in Rat Diaphragm Muscle. Eur J Heart Fail. 

2015;17(3):263–72.  

79.  Tucker WJ, Haykowsky MJ, Seo Y, Stehling E, Forman DE. Impaired Exercise 

Tolerance in Heart Failure : Role of Skeletal Muscle Morphology and Function. 

Curr Heart Fail Rep. 2018;15(6):323–31.  

80.  Haykowsky MJ, Brubaker PH, Morgan TM, Kritchevsky S, Eggebeen J, Kitzman 

DW. Impaired aerobic capacity and physical functional performance in older heart 

failure patients with preserved ejection fraction: Role of lean body mass. Journals 

Gerontol - Ser A Biol Sci Med Sci. 2013;68(8):968–75.  



 

60 
 

81.  Haykowsky MJ, Kouba EJ, Brubaker PH, Nicklas BJ, Eggebeen J, Kitzman DW. 

Skeletal muscle composition and its relation to exercise intolerance in older patients 

with heart failure and preserved ejection fraction. Am J Cardiol. 2014;113(7):1211–

6.  

82.  Weiss K, Schär M, Panjrath GS, Zhang Y, Sharma K, Bottomley PA, Golozar A, 

Steinberg A, Gerstenblith G, Russell SD, Weiss RG. Fatigability, Exercise 

Intolerance, and Abnormal Skeletal Muscle Energetics in Heart Failure. Circ Heart 

Fail. 2017;10(7):1–12.  

83.  Molina AJA, Bharadwaj MS, Van Horn C, Nicklas BJ, Lyles MF, Eggebeen J, 

Haykowsky MJ, Brubaker PH, Kitzman DW. Skeletal Muscle Mitochondrial 

Content, Oxidative Capacity, and Mfn2 Expression Are Reduced in Older Patients 

With Heart Failure and Preserved Ejection Fraction and Are Related to Exercise 

Intolerance. J Am Coll Cardiol - Heart Fail. 2016;4(8):636–45.  

84.  Bowen TS, Herz C, Rolim NPL, Berre AMO, Halle M, Kricke A, Linke A, da Silva 

GJ, Wisloff U, Adams V. Effects of Endurance Training on Detrimental Structural, 

Cellular, and Functional Alterations in Skeletal Muscles of Heart Failure With 

Preserved Ejection Fraction. J Card Fail. 2018;24(9):603–13.  

85.  Bowen TS, Brauer D, Rolim NPL, Bækkerud FH, Kricke A, Ormbostad Berre AM, 

Fischer T, Linke A, da Silva GJ, Wisloff U, Adams V. Exercise training reveals 

inflexibility of the diaphragm in an animal model of patients with obesity-driven 

heart failure with a preserved ejection fraction. J Am Heart Assoc. 2017;6(10):1–16.  

86.  Houser SR, Margulies KB, Murphy AM, Spinale FG, Francis GS, Prabhu SD, 

Rockman HA, Kass DA, Molkentin JD, Sussman MA, Koch WJ. Animal models of 

heart failure a scientific statement from the American Heart Association. Circ Res. 

2012;111(1):131–50.  

87.  Valero-Muñoz M, Backman W, Sam F. Murine Models of Heart Failure With 

Preserved Ejection Fraction: A “Fishing Expedition.” J Am Coll Cardiol - Basic to 

Transl Sci. 2017;2(6):770–89.  

88.  Tanaka K, Wilson RM, Essick EE, Duffen JL, Scherer PE, Ouchi N, Sam F. Effects 

of adiponectin on calcium-handling proteins in heart failure with preserved ejection 

fraction. Circ Heart Fail. 2014;7(6):976–85.  



 

61 
 

89.  Garcia AG, Wilson RM, Heo J, Murthy NR, Baid S, Ouchi N, Sam F. Interferon- 

ablation exacerbates myocardial hypertrophy in diastolic heart failure. Am J Physiol 

- Heart Circ Physiol. 2012;303(5):H587–96.  

90.  Wilson RM, De Silva DS, Sato K, Izumiya Y, Sam F. Effects of fixed-dose 

isosorbide dinitrate/hydralazine on diastolic function and exercise capacity in 

hypertension-induced diastolic heart failure. Hypertension. 2009;54(3):583–90.  

91.  Glenn DJ, Cardema MC, Ni W, Zhang Y, Yeghiazarians Y, Grapov D, Fiehn O, 

Gardner DG. Cardiac steatosis potentiates angiotensin II effects in the heart. Am J 

Physiol - Heart Circ Physiol. 2015;308(4):H339–50.  

92.  Ichihara S, Senbonmatsu T, Price E, Ichiki T, Gaffney FA, Inagami T. Angiotensin 

II type 2 receptor is essential for left ventricular hypertrophy and cardiac fibrosis in 

chronic angiotensin II-induced hypertension. Circulation. 2001;104(3):346–51.  

93.  Becher PM, Lindner D, Miteva K, Savvatis K, Zietsch C, Schmack B, Van Linthout 

S, Westermann D, Schultheiss HP, Tschöpe C. Role of heart rate reduction in the 

prevention of experimental heart failure: Comparison between if-channel blockade 

and β-receptor blockade. Hypertension. 2012;59(5):949–57.  

94.  Shen Y, Cheng F, Sharma M, Merkulova Y, Raithatha SA, Parkinson LG, Zhao H, 

Westendorf K, Bohunek L, Bozin T, Hsu I, Ang LS, Williams SJ, Bleackley RC, 

Eriksson JE, Seidman MA, McManus BM, Granville DJ. Granzyme B Deficiency 

Protects against Angiotensin II-Induced Cardiac Fibrosis. Am J Pathol. 

2016;186(1):87–100.  

95.  Reil JC, Hohl M, Reil GH, Granzier HL, Kratz MT, Kazakov A, Fries P, Müller A, 

Lenski M, Custodis F, Gräber S, Fröhlig G, Steendijk P, Neuberger HR, Böhm M. 

Heart rate reduction by If-inhibition improves vascular stiffness and left ventricular 

systolic and diastolic function in a mouse model of heart failure with preserved 

ejection fraction. Eur Heart J. 2013;34(36):2839–49.  

96.  Aasum E, Hafstad AD, Severson DL, Larsen TS. Age-Dependent Changes in 

Metabolism, Contractile Function, and Ischemic Sensitivity in Hearts From db/db 

Mice. Diabetes. 2003;52(2):434–41.  

97.  Belke DD, Larsen TS, Gibbs EM, Severson DL. Altered metabolism causes cardiac 



 

62 
 

dysfunction in perfused hearts from diabetic (db/db) mice. Am J Physiol - Metab. 

2000;279(5):E1104–13.  

98.  Barouch LA, Berkowitz DE, Harrison RW, O’Donnell CP, Hare JM. Disruption of 

leptin signaling contributes to cardiac hypertrophy independently of body weight in 

mice. Circulation. 2003;108(6):754–9.  

99.  Van den Bergh A, Flameng W, Herijgers P. Type II diabetic mice exhibit contractile 

dysfunction but maintain cardiac output by favourable loading conditions. Eur J 

Heart Fail. 2006;8(8):777–83.  

100.  Ostler JE, Maurya SK, Dials J, Roof SR, Devor ST, Ziolo MT, Periasamy M. 

Effects of insulin resistance on skeletal muscle growth and exercise capacity in type 

2 diabetic mouse models. Am J Physiol - Endocrinol Metab. 2014;306(6):E592–

605.  

101.  Papinska AM, Soto M, Meeks CJ, Rodgers KE. Long-term administration of 

angiotensin prevents heart and lung dysfunction in a mouse model of type 2 diabetes 

(db/db) by reducing oxidative stress, inflammation and pathological remodeling. 

Pharmacol Res. 2016;107:372–80.  

102.  Murase T, Hattori T, Ohtake M, Abe M, Amakusa Y, Takatsu M, Murohara T, 

Nagata K. Cardiac remodeling and diastolic dysfunction in DahlS.Z-Lepr fa/Lepr fa 

rats: A new animal model of metabolic syndrome. Hypertens Res. 2012;35(2):186–

93.  

103.  Tofovic SP, Kusaka H, Kost CK, Bastacky S. Renal function and structure in 

diabetic, hypertensive, obese ZDFxSHHF- hybrid rats. Ren Fail. 2000;22(4):387–

406.  

104.  Joshi D, Gupta R, Dubey A, Shiwalkar A, Pathak P, Gupta RC, Chauthaiwale V, 

Dutt C. TRC4186, a novel AGE-breaker, improves diabetic cardiomyopathy and 

nephropathy in Ob-ZSF1 model of type 2 diabetes. J Cardiovasc Pharmacol. 

2009;54(1):72–81.  

105.  Zambad SP, Munshi S, Dubey A, Gupta R, Busiello RA, Lanni A, Goglia F, Gupta 

RC, Chauthaiwale V, Dutt C. TRC150094 attenuates progression of nontraditional 

cardiovascular risk factors associated with obesity and type 2 diabetes in obese 



 

63 
 

ZSF1 rats. Diabetes, Metab Syndr Obes Targets Ther. 2011;4:5–16.  

106.  Van Dijk CGM, Oosterhuis NR, Xu YJ, Brandt M, Paulus WJ, Van Heerebeek L, 

Duncker DJ, Verhaar MC, Fontoura D, Lourenço AP, Leite-Moreira AF, Falcão-

Pires I, Joles JA, Cheng C. Distinct endothelial cell responses in the heart and 

kidney microvasculature characterize the progression of heart failure with preserved 

ejection fraction in the obese ZSF1 rat with cardiorenal metabolic syndrome. Circ 

Heart Fail. 2016;9(4):1–13.  

107.  Leite S, Oliveira-Pinto J, Tavares-Silva M, Abdellatif M, Fontoura D, Falcão-Pires 

I, Leite-Moreira AF, Lourenço AP. Echocardiography and invasive hemodynamics 

during stress testing for diagnosis of heart failure with preserved ejection fraction: 

an experimental study. Am J Physiol Circ Physiol. 2015;308(12):H1556–63.  

108.  Egido J, Zaragoza C, Gomez-Guerrero C, Martin-Ventura JL, Blanco-Colio L, 

Lavin B, Mallavia B, Tarin C, Mas S, Ortiz A. Animal models of cardiovascular 

diseases. J Biomed Biotechnol. 2011;2011:1–13.  

109.  Horgan S, Watson C, Glezeva N, Baugh J. Murine models of diastolic dysfunction 

and heart failure with preserved ejection fraction. J Card Fail. 2014;20(12):984–95.  

110.  Yancy CW, Jessup M, Bozkurt B, Butler J, Casey DE, Colvin MM, Drazner MH, 

Filippatos GS, Fonarow GC, Givertz MM, Hollenberg SM, Lindenfeld J, Masoudi 

FA, McBride PE, Peterson PN, Stevenson LW, Westlake C. 2017 ACC/AHA/HFSA 

Focused Update of the 2013 ACCF/AHA Guideline for the Management of Heart 

Failure. J Am Coll Cardiol. 2017;70(6):776–803.  

111.  Borlaug B a, Paulus WJ. Heart failure with preserved ejection fraction: 

pathophysiology, diagnosis, and treatment. Eur Heart J. 2010;32(6):670–9.  

112.  Yusuf S, Pfeffer MA, Swedberg K, Granger CB, Held P, Mcmurray JJ V, Michelson 

EL. Effects of candesartan in patients with chronic heart failure and preserved left-

ventricular ejection fraction : the CHARM- Preserved Trial. Lancet. 

2003;362(9386):777–81.  

113.  Cleland JGF, Tendera M, Adamus J, Freemantle N, Polonski L, Taylor J. The 

perindopril in elderly people with chronic heart failure (PEP-CHF) study. Eur Heart 

J. 2006;27(19):2338–45.  



 

64 
 

114.  Conraads VM, Metra M, Kamp O, De Keulenaer GW, Pieske B, Zamorano J, 

Vardas PE, Böhm M, Dei Cas L. Effects of the long-term administration of 

nebivolol on the clinical symptoms, exercise capacity, and left ventricular function 

of patients with diastolic dysfunction: Results of the ELANDD study. Eur J Heart 

Fail. 2012;14(2):219–25.  

115.  Bergström A, Andersson B, Edner M, Nylander E, Persson H, Dahlström U. Effect 

of carvedilol on diastolic function in patients with diastolic heart failure and 

preserved systolic function. Results of the Swedish Doppler-echocardiographic 

study (SWEDIC). Eur J Heart Fail. 2004;6(4):453–61.  

116.  Davis BR, Kostis JB, Simpson LM, Black HR, Cushman WC, Einhorn PT, Farber 

MA, Ford CE, Levy D, Massie BM, Nawaz S. Heart failure with preserved and 

reduced left ventricular ejection fraction in the antihypertensive and lipid-lowering 

treatment to prevent heart attack trial. Circulation. 2008;118(22):2259–67.  

117.  Beckett NS, Peters R, Fletcher AE, Staessen JA, Liu L, Dumitrascu D, Stoyanovsky 

V, Antikainen RL, Nikitin Y, Anderson C, Belhani A, Forette F, Rajkumar C, Thijs 

L, Banya W, Bulpitt CJ. Treatment of Hypertension in Patients 80 Years of Age or 

Older. Hypertension. 2008;358(18):1887–98.  

118.  Ferrier KE, Muhlmann MH, Baguet JP, Cameron JD, Jennings GL, Dart AM, 

Kingwell BA. Intensive cholesterol reduction lowers blood pressure and large artery 

stiffness in isolated systolic hypertension. J Am Coll Cardiol. 2002;39(6):1020–5.  

119.  Landmesser U, Bahlmann F, Mueller M, Spiekermann S, Kirchhoff N, Schulz S, 

Manes C, Fischer D, De Groot K, Fliser D, Fauler G, März W, Drexler H. 

Simvastatin versus ezetimibe pleiotropic and lipid-lowering effects on endothelial 

function in humans. Circulation. 2005;111(18):2356–63.  

120.  Bao X, Guan YY. Beneficial cardiovascular effects of statins. Chinese Pharmacol 

Bull. 2005;21(11):1289–92.  

121.  Pitt B, Pfeffer MA, Assmann SF, Boineau R, Anand IS, Claggett B, Clausell N, 

Desai AS, Diaz R, Fleg JL, Gordeev I, Harty B, Heitner JF, Kenwood CT, Lewis 

EF, O’Meara E, Probstfield JL, Shaburishvili T, Shah SJ, Solomon SD, Sweitzer 

NK, Yang S, McKinlay SM. Spironolactone for Heart Failure with Preserved 

Ejection Fraction. N Engl J Med. 2014;370(15):1383–92.  



 

65 
 

122.  Guazzi M, Vicenzi M, Arena R, Guazzi MD. Pulmonary hypertension in heart 

failure with preserved ejection fraction: A target of phosphodiesterase-5 inhibition 

in a 1-year study. Circulation. 2011;124(2):164–74.  

123.  Redfield MM, Anstrom KJ, Levine JA, Koepp GA, Borlaug BA, Chen HH, 

LeWinter MM, Joseph SM, Shah SJ, Semigran MJ, Felker GM, Cole RT, Reeves 

GR, Tedford RJ, Tang WHW, McNulty SE, Velazquez EJ, Shah MR, Braunwald E. 

Isosorbide Mononitrate in Heart Failure with Preserved Ejection Fraction. N Engl J 

Med. 2015;373(24):2314–24.  

124.  Borlaug BA, Melenovsky V, Koepp KE. Inhaled Sodium Nitrite Improves Rest and 

Exercise Hemodynamics in Heart Failure with Preserved Ejection Fraction. Circ 

Res. 2016;119(7):880–6.  

125.  de Lucia C, Gambino G, Petraglia L, Elia A, Komici K, Femminella GD, D’Amico 

ML, Formisano R, Borghetti G, Liccardo D, Nolano M, Houser SR, Leosco D, 

Ferrara N, Koch WJ, Rengo G. Long-Term Caloric Restriction Improves Cardiac 

Function, Remodeling, Adrenergic Responsiveness, and Sympathetic Innervation in 

a Model of Postischemic Heart Failure. Circ Heart Fail. 2018;11(3):e004153.  

126.  Kitzman DW, Brubaker P, Morgan T, Haykowsky M, Hundley G, Kraus WE, 

Eggebeen J, Nicklas BJ. Effect of caloric restriction or aerobic exercise training on 

peak oxygen consumption and quality of life in obese older patients with heart 

failure with preserved ejection fraction: A randomized clinical trial. J Am Med 

Assoc. 2016;315(1):36–46.  

127.  Barbosa MA, Guerra-Sá R, De Castro UGM, de Lima WG, dos Santos RAS, 

Campagnole-Santos MJ, Alzamora AC. Physical training improves thermogenesis 

and insulin pathway, and induces remodeling in white and brown adipose tissues. J 

Physiol Biochem. 2018;74(3):441–54.  

128.  Gleeson M, Bishop NC, Stensel DJ, Lindley MR, Mastana SS, Nimmo MA. The 

anti-inflammatory effects of exercise: Mechanisms and implications for the 

prevention and treatment of disease. Nat Rev Immunol. 2011;11(9):607–10.  

129.  Church TS, Blair SN, Cocreham S, Johannsen N, Johnson W, Kramer K, Mikus CR, 

Myers V, Nauta M, Rodarte RQ, Sparks L, Thompson A, Earnest CP. Effects of 

Aerobic and Resistance Training on Hemoglobin A 1c Levels in Patients With Type 



 

66 
 

2 Diabetes. J Am Med Assoc. 2010;304(20):2253.  

130.  Gordon PL, Vannier E, Hamada K, Layne J, Hurley BF, Roubenoff R, Castaneda-

Sceppa C. Resistance training alters cytokine gene expression in skeletal muscle of 

adults with type 2 diabetes. Int J Immunopathol Pharmacol. 2006;19(4):739–49.  

131.  Brooks N, Layne JE, Gordon PL, Roubenoff R, Nelson ME, Castaneda-Sceppa C. 

Strength training improves muscle quality and insulin sensitivity in Hispanic older 

adults with type 2 diabetes. Int J Med Sci. 2007;4(1):19–27.  

132.  Castaneda C, Layne JE, Munoz-Orians L, Gordon PL, Walsmith J, Foldvari M, 

Roubenoff R, Tucker KL, Nelson ME. A randomized controlled trial of resistance 

exercise training to improve glycemic control in older adults with type 2 diabetes. 

Diabetes Care. 2002;25(12):2335–41.  

133.  Ross R, Bradshaw AJ. The future of obesity reduction: Beyond weight loss. Nat Rev 

Endocrinol. 2009;5(6):319–26.  

134.  Mujumdar PP, Duerksen-Hughes PJ, Firek AF, Hessinger DA. Long-term, 

progressive, aerobic training increases adiponectin in middle-aged, overweight, 

untrained males and females. Scand J Clin Lab Invest. 2011;71(2):101–7.  

135.  Ben Ounis O, Elloumi M, Lac G, Makni E, Van Praagh E, Zouhal H, Tabka Z, Amri 

M. Two-month effects of individualized exercise training with or without caloric 

restriction on plasma adipocytokine levels in obese female adolescents. Ann 

Endocrinol. 2009;70(4):235–41.  

136.  Yudkin JS. Inflammation, obesity, and the metabolic syndrome. Horm Metab Res. 

2007;39(10):707–9.  

137.  Laughlin MH, Bowles DK, Duncker DJ. The coronary circulation in exercise 

training. Am J Physiol - Heart Circ Physiol. 2012;302(1):H10–23.  

138.  Gielen S, Schuler G, Hambrecht R. Exercise Training in Coronary Artery Disease 

and Coronary Vasomotion. Circulation. 2001;103(1):1–6.  

139.  Gielen S, Schuler G, Adams V. Cardiovascular effects of exercise training: 

Molecular mechanisms. Circulation. 2010;122(12):1221–38.  

140.  Hambrecht R, Walther C, Möbius-Winkler S, Gielen S, Linke A, Conradi K, Erbs S, 

Kluge R, Kendziorra K, Sabri O, Sick P, Schuler G. Percutaneous Coronary 



 

67 
 

Angioplasty Compared with Exercise Training in Patients with Stable Coronary 

Artery Disease: A Randomized Trial. Circulation. 2004;109(11):1371–8.  

141.  Hambrecht R. Effects of Exercise Training on Left Ventricular Function and 

Peripheral Resistance in Patients With Chronic Heart Failure. J Am Med Assoc. 

2000;283(23):3095.  

142.  Belardinelli R, Ddemetrios G, Cianci G, Purcaro A. Randomized, Controlled Trial 

of Long-Term Moderate Exercise Training in Chronic Heart Failure Effects on 

Functional Capacity, Quality of Life, and Clinical Outcome. Circulation. 

1999;99(9):1173–82.  

143.  Haykowsky MJ, Liang Y, Pechter D, Jones LW, McAlister FA, Clark AM. A Meta-

Analysis of the Effect of Exercise Training on Left Ventricular Remodeling in Heart 

Failure Patients. The Benefit Depends on the Type of Training Performed. J Am 

Coll Cardiol. 2007;49(24):2329–36.  

144.  Sandri M, Kozarez I, Adams V, Mangner N, Höllriegel R, Erbs S, Linke A, Möbius-

Winkler S, Thiery J, Kratzsch J, Teupser D, Mende M, Hambrecht R, Schuler G, 

Gielen S. Age-related effects of exercise training on diastolic function in heart 

failure with reduced ejection fraction: the Leipzig Exercise Intervention in Chronic 

Heart Failure and Aging (LEICA) Diastolic Dysfunction Study. Eur Heart J. 

2012;33(14):1758–68.  

145.  Kitzman DW, Brubaker PH, Morgan TM, Stewart KP, Little WC. Exercise Training 

in Older Patients With Heart Failure and Preserved Ejection Fraction A 

Randomized, Controlled, Single-Blind Trail. Circ Heart Fail. 2010;3(6):659–67.  

146.  Kitzman DW, Brubaker PH, Herrington DM, Timothy M, Stewart KP, Hundley 

WG, Haykowsky MJ. Effect of Endurance Exercise Training on Endothelial 

function and Arterial Stiffness in Older Patients with Heart Failure and Preserved 

Ejection Fraction: A Randomized, Controlled, Single- Blind Trial. J Am Coll 

Cardiol. 2013;62(7):584–92.  

147.  Haykowsky MJ, Brubaker PH, Stewart KP, Morgan TM, Eggebeen J, Kitzman DW. 

Effect of endurance training on the determinants of peak exercise oxygen 

consumption in elderly patients with stable compensated heart failure and preserved 

ejection fraction. J Am Coll Cardiol. 2012;60(2):120–8.  



 

68 
 

148.  Bahls M, Friedrich N, Pietzner M, Wachter R, Budde K, Hasenfuß G, Nauck M, 

Pressler A, Felix SB, Edelmann F, Halle M, Dörr M. Heterogeneous Metabolic 

Response to Exercise Training in Heart Failure with Preserved Ejection Fraction. J 

Clin Med. 2019;8(5):591.  

149.  CW, Snedecor G. Statistical Methods. 8th ed. Iowa Strate Press; 1989.  

150.  Weljie AM, Newton J, Mercier P, Carlson E, Slupsky CM. Targeted Profiling: 

Quantitative Analysis of 1H NMR Metabolomics Data. Anal Chem. 

2006;78(13):4430–42.  

151.  Wishart DS, Feunang YD, Marcu A, Guo AC, Liang K, Vázquez-Fresno R, Sajed T, 

Johnson D, Li C, Karu N, Sayeeda Z, Lo E, Assempour N, Berjanskii M, Singhal S, 

Arndt D, Liang Y, Badran H, Grant J, Serra-Cayuela A, Liu Y, Mandal R, Neveu V, 

Pon A, Knox C, Wilson M, Manach C, Scalbert A. HMDB 4.0: The human 

metabolome database for 2018. Nucleic Acids Res. 2018;46(D1):D608–17.  

152.  Berben L, Sereika SM, Engberg S. Effect size estimation: Methods and examples. 

Int J Nurs Stud. 2012;49(8):1039–47.  

153.  Laemelli UK. Cleavage of Structural Proteins during the Assembly of the Head of 

Bacteriophage T4. Nature. 1970;227(5259):680–5.  

154.  Coore HG, Denton RM, Martin BR, Randle PJ. Regulation of adipose tissue 

pyruvate dehydrogenase by insulin and other hormones. Biochem J. 

1971;125(1):115–27.  

155.  Claridge TDW. High-Resolution NMR Techniques in Organic Chemistry: Third 

Edition. High-Resolution NMR Techniques in Organic Chemistry: Third Edition. 

2016:1–541.  

156.  Upadhya B, Haykowsky MJ, Eggebeen J, Kitzman DW. Exercise intolerance in 

heart failure with preserved ejection fraction: More than a heart problem. J Geriatr 

Cardiol. 2015;12(3):294–304.  

157.  Fukuta H, Goto T, Wakami K, Ohte N. Effects of drug and exercise intervention on 

functional capacity and quality of life in heart failure with preserved ejection 

fraction: A meta-analysis of randomized controlled trials. Eur J Prev Cardiol. 

2016;23(1):78–85.  



 

69 
 

158.  Pandey A, Parashar A, Kumbhani DJ, Agarwal S, Garg J, Kitzman D, Levine BD, 

Drazner M, Berry JD. Exercise training in patients with heart failure and preserved 

ejection fraction meta-analysis of randomized control trials. Circ Heart Fail. 

2015;8(1):33–40.  

159.  Dalmau-Pastor M, Fargues-Polo B, Casanova-Martínez D, Vega J, Golanó P. 

Anatomy of the triceps surae: A pictorial essay. Foot Ankle Clin. 2014;19(4):603–

35.  

160.  Frontera WR, Ochala J. Skeletal Muscle: A Brief Review of Structure and Function. 

Behav Genet. 2015;45(2):183–95.  

161.  Lambert M, Bastide B, Cieniewski-Bernard C. Involvement of O-GlcNAcylation in 

the skeletal muscle physiology and physiopathology: Focus on muscle metabolism. 

Front Endocrinol. 2018;9(578):1–12.  

162.  Berdeaux R, Stewart R. cAMP signaling in skeletal muscle adaptation: 

Hypertrophy, metabolism, and regeneration. Am J Physiol - Endocrinol Metab. 

2012;303(1):E1–17.  

163.  Yan C, Miller CL, Abe J. Regulation of Phosphodiesterase 3 and Inducible cAMP 

Early Repressor in the Heart. Circ Res. 2007;100(4):489–501.  

164.  Gauthier MS, O’Brien EL, Bigornia S, Mott M, Cacicedo JM, Xu XJ, Gokce N, 

Apovian C, Ruderman N. Decreased AMP-activated protein kinase activity is 

associated with increased inflammation in visceral adipose tissue and with whole-

body insulin resistance in morbidly obese humans. Biochem Biophys Res Commun. 

2011;404(1):382–7.  

165.  Jeon SM. Regulation and function of AMPK in physiology and diseases. Exp Mol 

Med. 2016;48(7):e245.  

166.  Evans M, Cogan KE, Egan B. Metabolism of ketone bodies during exercise and 

training: physiological basis for exogenous supplementation. J Physiol. 

2017;595(9):2857–71.  

167.  Vice E, Privette JD, Hickner RC, Barakat HA. Ketone body metabolism in lean and 

obese women. Metabolism. 2005;54(11):1542–5.  

168.  Busiello RA, Savarese S, Lombardi A. Mitochondrial uncoupling proteins and 



 

70 
 

energy metabolism. Front Physiol. 2015;6(36):1–7.  

169.  Tsuda M, Fukushima A, Matsumoto J, Takada S, Kakutani N, Nambu H, 

Yamanashi K, Furihata T, Yokota T, Okita K, Kinugawa S, Anzai T. Protein 

acetylation in skeletal muscle mitochondria is involved in impaired fatty acid 

oxidation and exercise intolerance in heart failure. J Cachexia Sarcopenia Muscle. 

2018;9(5):844–59.  

170.  Larsen S, Nielsen J, Hansen CN, Nielsen LB, Wibrand F, Stride N, Schroder HD, 

Boushel R, Helge JW, Dela F, Hey-Mogensen M. Biomarkers of mitochondrial 

content in skeletal muscle of healthy young human subjects. J Physiol. 

2012;590(14):3349–60.  

171.  Shi M, Ellingsen Ø, Bathen TF, Høydal MA, Stølen T, Esmaeili M. The effect of 

exercise training on myocardial and skeletal muscle metabolism by MR 

spectroscopy in rats with heart failure. Metabolites. 2019;9(3):1–16.  

172.  Meynial-Denis D. Glutamine metabolism in advanced age. Nutr Rev. 

2016;74(4):225–36.  

173.  Scalise M, Pochini L, Console L, Losso MA, Indiveri C. The Human SLC1A5 

(ASCT2) amino acid transporter: From function to structure and role in cell biology. 

Front Cell Dev Biol. 2018;6(96):1–17.  

174.  Cruzat V, Rogero MM, Keane KN, Curi R, Newsholme P. Glutamine: Metabolism 

and immune function, supplementation and clinical translation. Nutrients. 

2018;10(11):1–31.  

175.  Molino S, Dossena M, Buonocore D, Verri M. Sarcopenic obesity: An appraisal of 

the current status of knowledge and management in elderly people. J Nutr Heal 

Aging. 2016;20(7):780–8.  

176.  Chen Q, Kirk K, Shurubor YI, Zhao D, Arreguin AJ, Shahi I, Valsecchi F, Primiano 

G, Calder EL, Carelli V, Denton TT, Beal MF, Gross SS, Manfredi G, D’Aurelio M. 

Rewiring of Glutamine Metabolism Is a Bioenergetic Adaptation of Human Cells 

with Mitochondrial DNA Mutations. Cell Metab. 2018;27(5):1007-1025.e5.  

177.  Baker PR, Boyle KE, Koves TR, Ilkayeva OR, Muoio DM, Houmard JA, Friedman 

JE. Metabolomic analysis reveals altered skeletal muscle amino acid and fatty acid 



 

71 
 

handling in obese humans. Obesity. 2015;23(5):981–8.  

178.  Saoi M, Li A, McGlory C, Stokes T, von Allmen MT, Phillips SM, Britz-McKibbin 

P. Metabolic Perturbations from Step Reduction in Older Persons at Risk for 

Sarcopenia: Plasma Biomarkers of Abrupt Changes in Physical Activity. 

Metabolites. 2019;9(7):134.  

179.  White PJ, Lapworth AL, An J, Wang L, McGarrah RW, Stevens RD, Ilkayeva O, 

George T, Muehlbauer MJ, Bain JR, Trimmer JK, Brosnan MJ, Rolph TP, Newgard 

CB. Branched-chain amino acid restriction in Zucker-fatty rats improves muscle 

insulin sensitivity by enhancing efficiency of fatty acid oxidation and acyl-glycine 

export. Mol Metab. 2016;5(7):538–51.  

180.  Newgard CB. Metabolomics and Metabolic Diseases: Where Do We Stand? Cell 

Metab. 2017;25(1):43–56.  

181.  Chen T, Ni Y, Ma X, Bao Y, Liu J, Huang F, Hu C, Xie G, Zhao A, Jia W, Jia W. 

Branched-chain and aromatic amino acid profiles and diabetes risk in Chinese 

populations. Sci Rep. 2016;5(7):538–51.  

182.  De Matos MA, Vieira DV, Pinhal KC, Lopes JF, Dias-Peixoto MF, Pauli JR, De 

Castro Magalhães F, Little JP, Rocha-Vieira E, Amorim FT. High-intensity interval 

training improves markers of oxidative metabolism in skeletal muscle of individuals 

with obesity and insulin resistance. Front Physiol. 2018;9:1–15.  

183.  Zhang J, Frerman FE, Kim JJP. Structure of electron transfer flavoprotein-

ubiquinone oxidoreductase and electron transfer to the mitochondrial ubiquinone 

pool. Proc Natl Acad Sci U S A. 2006;103(44):16212–7.  

184.  Nabben M, Hoeks J, Briedé JJ, Glatz JFC, Moonen-Kornips E, Hesselink MKC, 

Schrauwen P. The effect of UCP3 overexpression on mitochondrial ROS production 

in skeletal muscle of young versus aged mice. FEBS Lett. 2008;582(30):4147–52.  

185.  Nabben M, Hoeks J. Mitochondrial uncoupling protein 3 and its role in cardiac- and 

skeletal muscle metabolism. Physiol Behav. 2008;94(2):259–69.  

186.  Aguer C, Fiehn O, Seifert EL, Bézaire V, Meissen JK, Daniels A, Scott K, Renaud 

JM, Padilla M, Bickel DR, Dysart M, Adams SH, Harper ME. Muscle uncoupling 

protein 3 overexpression mimics endurance training and reduces circulating 



 

72 
 

biomarkers of incomplete β-oxidation. FASEB J. 2013;27(10):4213–25.  

187.  Fink BD, Herlein JA, Almind K, Cinti S, Kahn CR, Sivitz WI. Mitochondrial proton 

leak in obesity-resistant and obesity-prone mice. Am J Physiol - Regul Integr Comp 

Physiol. 2007;293(5):1773–80.  

188.  Peterson JM, Bryner RW, Frisbee JC, Alway SE. Effects of exercise and obesity on 

UCP3 content in Rat Hindlimb Muscles. Med Sci Sports Exerc. 2008;40(9):1616–

22.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

73 
 

8. Supplementary information  

 

 

Figure S1: Relative content of metabolites was assessed by 1H-NMR in gastrocnemius muscle of 

Control, HFpEF sedentary and HFpEF animals submitted to exercise training. Legend: A- BCAA; B- 

taurine; C- lactate. BCAA, branched-chain amino acids. 

Table S1: 1H-NMR chemical shifts for metabolites assigned in polar extracts of gastrocnemius muscle 

homogenates. Multiplicity: s, singlet; d, doublet; dd, doublet of doublets; dt, doublet of triplets; m, multiplet; 

q, quartet; t, triplet. 

No. Compound δ 1H in ppm (multiplecity) 

1 Acetate 1.921 (s) 

2 Acetone 2.237 (s) 

3 Adenosine 3.943 (dd); 4.355 (q); 4.494 (dd); 6.110 (d); 8.121 (s); 8.360 (s) 

4 ADP 4.226 (m); 4.378 (m); 4.605 (m); 6.158 (d); 8.533 (s) 

5 Alanine 1.486 (d); 3.786 (q) 

6 AMP 4.042 (dd); 4.379 (dd); 4.504 (dd); 6.158 (d); 8.259 (s); 8.585 (s) 

7 Arginine 1.659 (m); 1.920 (m); 3.254 (t); 3.784 (t) 

8 Anserine 2.691 (m); 3.035 (dd); 3.241 (m); 3.768 (s); 4.501 (q); 7.064 (s); 8.154 (s) 

9 Aspartate 2.682 (dd); 2.813 (dd); 3.897 (dd) 

10 β-alanine  2.657 (t); 3.270 (t) 

11 Carnosine 2.701 (q,); 3.069 (m); 3.231 (q); 4.489 (q); 7.097 (s); 8.114 (s) 

12 Choline 3.178 (s); 3.492 (m); 4.036 (m) 

13 Creatine 3.039 (s); 3.935 (s) 

14 Formate 8.465 (s) 

15 Fumarate 6.525 (s) 

16 Glucose 
3.260 (dd); 3.422 (m); 3.473 (m); 3.549 (dd); 3.725 (m); 3.843 (m); 3.910 

(dd); 4.660 (d); 5.248 (d) 

17 G1P 3.404 (t); 3.489 (m); 3.770 (m); 3.880 (m); 3.935 (m); 5.461 (dd) 

18 G6P 
3.297 (dd); 3.495 (d); 3.575 (m); 3.743 (t); 3.898 (m); 3.948 (m); 4.000 (dd); 

4.048 (m); 4.660 (d); 5.248 (d) 

19 Glutamate 2.081 (m); 2.142 (m); 2.375 (m); 3.777 (dd) 

20 Glutamine 2.147 (m); 2.458 (m); 3.775 (t) 

21 Glycine 3.564 (s) 

22 Glycogen oligosaccharides 5.437 (m) 

23 Isoleucine 0.943 (t); 1.014 (d); 1.267 (m); 1.476 (m); 1.983 (m); 3.671 (d) 

24 Lactate 1.331 (d); 4.115 (q) 
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No. Compound δ 1H in ppm (multiplecity) 

25 Leucine 0.965 (t); 1.718 (m) 

26 Lysine  1.476 (m); 1.721 (m); 1.920 (m); 3.039 (t); 3.791 (t) 

27 Nicotinurate 4.008 (s); 7.651 (dd); 8.266 (dt); 8.721 (dd); 8.949 (m) 

28 Pantothenate  0.905 (s); 0.925 (s); 2.422 (t); 3.399 (d); 3.444 (q); 3.519 (d); 3.988 (s) 

29 Phenylalanine 3.129 (m); 3.277 (dd); 3.982 (m); 7.335 (d); 7.379 (d); 7.431 (t) 

30 Pyroglutamate 2.040 (m); 2.412 (m); 2.506 (m); 4.183 (dd) 

31 Taurine 3.284 (t); 3.424 (t) 

32 Trimethylamine 2.897 (s) 

33 Tyrosine 3.066 (m); 3.205 (m); 3.946 (m); 6.914 (d); 7.203 (d) 

34 UDP-glucose 
3.467 (t);3.530 (dt); 3.771 (m); 3.889 (m); 4.235 (m); 4.373 (m); 5.605 

(m);5.974 (m); 7.950 (d)  

35 Valine 1.021 (d); 2.276 (m); 3.614 (d) 

Legend: ADP, adenosine diphosphate; AMP, adenosine monophosphate; G1P, glucose-1-phosphate; G6P, 

glucose-6-phosphate; UDP-glucose, uridine diphosphate-glucose. 

 

Table S2: Main metabolite variations in the polar extracts of ZSF1 gastrocnemius muscle homogenates. 

The variations are expressed as % of variation (%Var) with respective error (±), effect size (ES) and p-value 

(p). Variations with |ES| < 0.5 were considered to be null. 

  HFpEF SED vs. Control HFpEF EX vs. Control 
HFpEF EX vs. HFpEF 

SED 

BCAA 

% Var 

± 

ES 

p 

0 0 0 

8.75 8.44 4.17 

0 0 0 

0.62 0.53 0.78 

Alanine 

% Var 

± 

ES 

p 

0 7.85 7.24 

6.78 6.14 4.02 

0 0.70 0.99 

0.94 0.27 0.12 

Acetate 

% Var 

± 

ES 

p 

-19.12 -18.49 0 

5.21 5.14 3.69 

-2.32 -2.27 0 

0.007 0.008 0.84 

Acetone 

% Var 

± 

ES 

p 

125 0 -55.56 

7.93 5.85 8.15 

5.54 0 -5.39 

0.0003 1 0.0002 

Glutamate 

% Var 

± 

ES 

p 

-26.42 -2.22 19.03 

6.67 9.20 9.13 

-2.61 0.81 1.10 

0.004 0.20 0.11 

Glutamine 

% Var 

± 

ES 

p 

-30.16 -31.32 0 

11.73 12.02 5.21 

-1.73 -1.76 0 

0.03 0.03 0.76 

Aspartate 

% Var -29.02 0 33.33 

± 14.43 21.02 20.56 

ES -1.35 0 0.79 

p 0.07 0.80 0.23 
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  HFpEF SED vs. Control HFpEF EX vs. Control 
HFpEF EX vs. HFpEF 

SED 

TMA 

% Var 

± 

ES 

p 

-10.65 -14.45 0 

5.81 3.76 5.32 

-1.11 -2.37 0 

0.09 0.008 0.45 

Creatine 

% Var 

± 

ES 

p 

-12.46 -17.14 0 

5.31 4.70 5.89 

-1.43 -2.28 0 

0.04 0.03 0.20 

Taurine 

% Var 

± 

ES 

p 

8.80 0 0 

7.38 5.31 5.50 

0.65 0 0 

0.29 0.55 0.41 

Glycine 

% Var 

± 

ES 

p 

-34.88 -26.61 12.70 

12.03 10.21 8.25 

-2.01 -1.72 0.83 

0.01 0.03 0.20 

G6P 

% Var 

± 

ES 

p 

100.89 93.89 0 

11.91 9.60 8.13 

3.22 3.80 0 

0.0006 0.0002 0.68 

G1P  

% Var 1600 780.95 -48.18 

± 45.71 21.23 31.58 

ES 2.22 4.28 -1.15 

p 0.02 0.00001 0.11 

Glucose 

% Var  57.46 69.12 7.40 

± 5.99 5.47 4.68 

ES 4.26 5.37 0.87 

p 0.00007 0.00001 0.17 

Lactate 

% Var  0 -6.71 0 

± 4.86 5.44 4.78 

ES 0 -0.73 0 

p 0.14 0.24 0.59 

Glycogen 

oligosaccharides 

% Var 340.83 513.33 39.13 

± 22.05 19.55 16.64 

ES 3.27 4.20 1.12 

p 0.002 0.00 0.09 

AMP 

% Var  -16.90 -24.65 -9.33 

± 2.89 3.06 3.70 

ES -3.67 -5.24 -1.51 

p 0.0002 0.00002 0.03 

Adenosine 

% Var 55.10 74.49 12.50 

± 11.74 9.62 9.49 

ES 2.10 -5.24 -1.51 

p 0.01 0.001 0.25 

Carnosine 

% Var -14.74 -17.87 0 

± 4.14 4.35 3.80 

ES -2.19 -2.58 0 

p 0.006 0.002 0.36 

Anserine 

% Var -28.71 -37.02 -11.66 

± 6.55 7.18 5.42 

ES -2.92 3.61 -1.31 

p 0.003 0.0006 0.05 

 

 



 

76 
 

  HFpEF SED vs. Control HFpEF EX vs. Control 
HFpEF EX vs. HFpEF 

SED 

Tyrosine  

% Var -26.38 -20.86 7.50 

± 6.85 6.13 5.45 

ES -2.53 -2.11 0.76 

p 0.003 0.01 0.22 

Legend: AMP, adenosine monophosphate; BCAA, branched chain amino acids; G1P, glucose-1-phosphate; 

G6P, glucose-6-phosphate; TMA, trimethylamine. 

 


