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O passado e o futuro deixam de ter significado quando atravesso uma perigosa 
fenda no gelo ou quando, durante um segundo, alguma maravilha do mundo 
natural me cativa. A fração de segundo e a eternidade não têm de ser 
contraditórias. O tempo fica abolido e ambas podem ser vividas num só e único 
momento.  
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Abstract 
 

Maternal environmental exposure during gestational period may affect offspring 

risk for chronic diseases. Accordingly, maternal metabolic disturbances induced 

by high-fat high-sucrose (HFHS) diets can have a negative impact on offspring 

liver and skeletal muscle (SM) tissue phenotypes. In contrast, gestational 

exercise (GE) seems to favorably modulate deleterious stimuli induced by HFHS-

diet consumption, not only in mothers but also in their offspring. However, the 

mechanisms associated to intergenerational inheritance of favorable metabolic 

outcomes in the offspring are far to be understood, as well as the role of 

epigenetic regulation in the offspring program. In order to contribute to increase 

the scientific knowledge in this field, the present PhD thesis comprises two 

literature review publications and three animal-based experimental papers that 

were developed using a gestational diabetes mellitus (GDM) model. Therefore, 

the goal was to analyze the potential role of an exercised model that combines 

voluntary free-running wheel (FRW) with forced endurance exercise, against liver 

and SM offspring metabolic and functional impairments. Our data revealed that 

GE counteracted the negative impact of HFHS maternal diet and sedentarism in 

offspring liver and SM morphology. Moreover, offspring from HFHS exercised 

mothers exhibited an improvement in liver and SM parameters of mitochondrial 

biogenesis, oxidative phosphorylation subunits protein content and respiratory 

capacity, associated to improvements in maximal exercise performance. 

Additionally, improvements in biomarkers of mitochondrial performance seems to 

be regulated, at least in part, by the role of miRNAs through epigenetic 

modifications inhered by the offspring generation. Ultimately, these findings shed 

light on the importance of maternal lifestyle, specifically the relevance of GE, on 

the phenotypic programming of the offspring against GDM-associated metabolic 

impairments and ultimately to an enhanced functional performance. Hopefully, 

evidence from the present PhD thesis can contribute to encourage mothers to 

engage in an active lifestyle before and during pregnancy aiming positive 

outcomes in their offspring. 
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AMPk 5' adenosine monophosphate-activated protein kinase 

AUC Are under the curve 

BLC Blood lactate concentration 

BW Body weight 

C Control 

CCA Number of capillaries per 1,000 μm2 of FCSA 

CS Citrate synthase 

DOHaD Developmental origins of health and disease 

FCSA Fiber cross-sectional area 

FG Fast glycolytic 

FIG Fast intermediate glycolytic 

FRW Free-running wheel 

FOG Fast oxidative glycolytic 

GDM Gestational diabetes mellitus 

G/M Glutamate/malate 

HFD High fat diet 

HFHS High-fat high-sucrose 

HIIT High-intensity interval training 

ME Maternal exercise 

miRNA MicroRNA 

MWT Maximal workload test 

NAFLD Non-alcoholic fat liver diseases 

NCF Number of capillaries per fiber 

NRF2 Nuclear factor-erythroid factor 2-related factor 2 

OXPHOS Oxidative phosphorylation 

PE Physical exercise 

PGC-1α Peroxisome proliferator-activated receptor-γ coactivator-1α 

RCR Respiratory control ratio 

SED Sedentary  

SM Skeletal muscle 



  

	

 
 
  

SOL Soleus 

S/R Succinate/rotenone 

TA Tibialis anterior 

T2DM Type 2 diabetes mellitus  

TFAM Mitochondrial transcription factor A 



 

	

 

 
 
 
 
 

 
 

1. General Introduction 
  



  

	

 
  



1. General Introduction 

20	

1.1. Background 
 

Physical exercise  
Physical exercise (PE) is currently recognized as an undoubted effective strategy 

to prevent and counteract the epidemics of chronic metabolic disorders, 

associated to sedentarism, that western countries are dealing with in the XXI 

century (Pedersen and Saltin 2015). In fact, recent publications from the 

American College of Sports Medicine (Liguori 2020) and the World Health 

Organization (WHO 2020) summarized the strong body of evidence showing the 

positive impact of PE in conditions such as cardiovascular disease, type-2 

diabetes, hypertension, stroke, osteoporosis, metabolic syndrome, and different 

types of cancer. Additionally, PE also has benefits on mental health (Schuch et 

al. 2016; Marques-Aleixo et al. 2021), delays the onset of dementia (Livingston 

et al. 2017; Bernardo et al. 2016), and can contribute to general well-being (Das 

and Horton 2012). Moreover, the evidence bases for PE in subpopulations, 

namely in pregnant women, has shown a reduction in common complications 

during pregnancy associated with minimal risks (Birsner and Gyamfi-Bannerman 

2020). In fact, maternal exercise (ME) is significantly associated with the 

reduction of some metabolic complications in pregnancy, like excessive 

gestational weight gain and development of gestational diabetes mellitus (GDM) 

(Du et al. 2019). 

From a physiological perspective, performing PE induces an increased metabolic 

stress to the human organism, challenging the homeostasis during the time that 

exercise is performed, which can be further extended for minutes, hours or days 

after the end of exercise session (Hargreaves and Spriet 2020). To face the 

physiological challenges imposed by PE, tissues have the capacity to structurally, 

functionally and metabolic adapt (Mukund and Subramaniam 2020). The most 

pronounced and direct physiological adaptations can be observed in the effector 

systems directly related to PE, of which locomotor, cardiovascular and nervous 

systems are examples (Booth et al. 2015; Marques-Aleixo et al. 2021; Ascensão 

et al. 2011). Adaptations to PE occur at both molecular and macroscopic levels, 

ranging from phenotypic alterations in the skeletal muscle (SM) fiber type 
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composition to the modulation of key molecular pathways, all with the goal of 

preparing the organism for similar future events and aiming at improving 

performance (Jacobs et al. 2013; Lundby and Jacobs 2016). Besides the direct 

impact of PE in the effector systems, currently it is well established that SM 

communicates with other tissues, operating as an endocrine-type organ (Murphy, 

Watt, and Febbraio 2020; Pedersen et al. 2003). The contractile activity of SM 

resulting from PE practice, induces the release of several muscle-derived 

molecules (myokines) into the blood stream (Pedersen et al. 2003), which reach 

the different non-contractile tissues through tissue-specific receptors and activate 

multiple signaling cascades that modulate tissue phenotype (Beleza et al. 2018; 

Lee and Jun 2019).  

Some of the cellular adaptations associated to PE are mediated by alterations in 

gene expression that are orchestrated by epigenetic modifications (Jiménez-

Chillarón et al. 2015). Although cells from an organism share identical DNA, its 

expression may be driven by distinct epigenetic-related influences, such as DNA 

methylation, histone modifications and microRNA (miRNA) regulation (Barrès 

and Zierath 2016; McGee and Hargreaves 2019). DNA methylation and histone 

modifications involve a direct influence at chromatin level, while miRNAs regulate 

the cell’s protein expression by modulating mRNA stability and the efficiency of 

translation (Widmann, Nieß, and Munz 2019). In this context, PE has the ability 

to modulate the epigenetic landscape of different cells, thus regulating the 

delicate balance between gene expression or silencing, under the control of 

transient or stable transcriptional or post-transcriptional mechanisms (McGee 

and Walder 2017). In fact, data highlight the epigenetic-related role of miRNAs in 

the post-translational regulation of gene expression in SM response to exercise 

(Davidsen et al. 2011). Both resistance and endurance training seem to be 

correlated with the expression of different miRNAs that have important roles in 

distinct biological pathways (Davidsen et al. 2011; Xu et al. 2015; Russell et al. 

2013; Aoi et al. 2010).  

The modulation induced by PE described above is recognized as having an 

important role in the prevention and treatment of several pathological conditions 

like cardiac dysfunction, hyperglycemia, obesity-induced adiposopathy and liver 
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diseases such as non-alcoholic fat liver diseases (NAFLD) (Gonçalves et al. 

2014; Rocha-Rodrigues, Rodríguez, et al. 2017; Ascensão et al. 2005). 

Furthermore, regarding many pathophysiological conditions there is strong 

evidence of a curvilinear inverse dose-response relationship between PE and 

major positive health-related outcomes (Liguori 2020; WHO 2020). However, 

despite the clear positive effect of PE, a strong research effort has been made to 

better ascertain the most accurate PE guidelines in terms of frequency, intensity, 

duration, type, volume and progression of interventions (Pescatello, Riebe, and 

Thompson 2014). Nonetheless, due to the complexity of factors involved in the 

exercise prescription and in the interindividual response to PE, doubts remain 

about the guidelines to follow in some of the specific health-related complications 

mentioned above.  

Because of human-related ethical constrains regarding several experimental 

conditions, excision and biochemical study of particular tissues, exercise 

physiologists have been using different exercise-based models in rodents to 

mimic the physiological impact of PE both on systemic and at different levels of 

cellular organization. In fact, different forced exercise models have been used in 

rodents enabling to increase the scientific knowledge in the biomedical field. 

Additionally, voluntary self-paced motor behavior models, such as 24-h access 

to free-running wheels (FRW), have been used to minimize (mal)adaptations 

associated to sedentarism or pathological conditions (Fonseca et al. 2011; 

Gonçalves et al. 2014). However, despite the widespread use of FRW, there is a 

lack of knowledge regarding the truly physiological and biochemical impact of this 

model on voluntarily exercised animals, mainly due to the lack of control in 

exercise intensity and duration. 

 

Physical exercise and mitochondria 
Mitochondria play a crucial role in the maintenance of cellular homeostasis and 

ultimately contributes for the Human general health status (Beleza et al. 2018; 

Magalhães et al. 2014). Besides the classical role as the “powerhouses of the 

cell”, mitochondria have a pivotal role in the regulation of several cellular 

physiological processes like modulation of redox status, pH control, calcium 
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homeostasis, cell signaling, osmotic regulation and control of programmed cell 

death (Gnaiger 2020; Skulachev 1999). Moreover, among the distinct effects of 

PE on the organism, the modulation of mitochondrial network seems to play a 

pivotal role in exercise adaptations. In fact, a PE-induced increase in energy 

demand can activate mitochondrial remodeling processes and further improve 

mitochondrial network performance. For instance, mitochondria appear to adapt 

specifically to the type of metabolic stress applied throughout exercise. 

Endurance training increases the oxidative capacity to oxidize fatty acids and 

thereby save limited carbohydrate stores from being depleted (Brooks and 

Mercier 1994), while high-intensity exercise training induces global improvements 

in respiratory capacity (Jacobs et al. 2013). Additionally, PE modulates 

mitochondrial ability to operate in the control of cell signaling, death and quality 

control. In fact, one of the classic cells' adaptations to exercise is the increase in 

mitochondrial content and stimulation of mitochondrial biogenesis, being the 

peroxisome proliferator-activated receptor-γ coactivator-1α (PGC-1α) the master 

regulator of this process (Pilegaard, Saltin, and Neufer 2003). Also, preserving 

healthy mitochondria and consistent removal of damaged and non-functional 

ones is a critical point in the maintenance of mitochondrial turnover, metabolic 

efficiency and homeostasis. Similarly to many other stimuli causing mitochondrial 

network remodeling, this dynamic process in response to PE is regulated by 

fusion, fission and auto(mito)phagic events (Konopka et al. 2014). Altogether, 

these quality control mechanisms allow the cells to be more metabolically 

capable and functionally efficient, being able to respond to physiological 

challenges imposed by PE. Likewise, among the several strategies used to 

induce a positive mitochondria modulation, several studies from our laboratory 

have proved that PE is one of the most efficient non-pharmacologic strategies, 

namely, with a positive impact in several tissues with a high metabolic activity like 

heart, liver, adipose tissue and SM (Ascensão et al. 2006; Gonçalves et al. 2016; 

Rocha-Rodrigues et al. 2018; Lumini-Oliveira et al. 2009).  
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Gestational exercise 
The concept of developmental origins of health and disease (DOHaD) highlights 

the importance of maternal environmental exposure during gestational period, 

which may affect the offspring risk for chronic diseases (Armitage, Poston, and 

Taylor 2008; Falcão-Tebas et al. 2012; Falcão-Tebas et al. 2019). In fact, some 

environmental exposures, such as maternal malnutrition, may increase the 

offspring predisposition to the development of metabolic disorders in adulthood 

(Langley-Evans and McMullen 2010; Armitage, Poston, and Taylor 2008; Falcão-

Tebas et al. 2019). Accordingly, maternal metabolic disturbances induced by high 

fat diet (HFD) consumption during gestation can have a negative impact on the 

offspring generation and may increase the propensity to impaired glucose 

tolerance and insulin sensitivity, as well as the predisposition to obesity 

development later in the offspring life (Bayol, Simbi, and Stickland 2005; Kruse 

et al. 2013; Masuyama and Hiramatsu 2012). These (patho)physiological 

consequences in the offspring result from progressive development of less 

resistant phenotypes in several tissues and organs, including liver and SM, and 

are usually perpetrated later in life (WHO 2001; Warner and Ozanne 2010; Li et 

al. 2016). In fact, maternal metabolic impairment can program liver and SM 

mitochondrial dysfunction in the offspring generation (Saben et al. 2016; Vacca 

et al. 2015; Pessayre et al. 2012; Szendroedi, Phielix, and Roden 2011). 

Considering the pivotal role of mitochondria in the cellular physiology, their 

dysfunction may be one of the most relevant markers of metabolic diseases 

progression; however, data reporting the mechanism that elucidate about the 

impact of maternal lifestyle, particularly during the gestational period are still 

scarce. 

Recently, research regarding gestational exercise (GE) provided strong evidence 

about its health-related positive benefits, not only for mothers, but also for their 

offspring (Beleza et al. 2021; Gilbert et al. 2012; Mottola and Artal 2016; 

Stevanović-Silva et al. 2021). GE can prevent adverse effects associated to 

maternal environmental exposure on offspring metabolic health (Stanford et al. 

2015; Laker et al. 2014) and even reduce the risk for NAFLD and obesity when 

offspring are exposed to HFD consumption (Sheldon et al. 2016; Wasinski et al. 
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2015). Rodent’s studies demonstrated that ME improves offspring long-term 

glucose homeostasis (Carter et al. 2012; Mottola 2013; Harris, Baer, and 

Stanford 2018; Stanford et al. 2018) and increases the expression of SM 

mitochondrial content and biogenesis signaling markers (Raipuria, Bahari, and 

Morris 2015). Furthermore, GE increases offspring volition for self-paced FRW 

exercise (Eclarinal et al. 2016), although the mechanistic explanation of how GE 

improves offspring metabolic health trough intergenerational inheritance, as well 

as mitochondrial-associated metabolic modulation, is so far unknown. 

Nevertheless, some studies suggest that epigenetic-related programming 

associated with ME contributes, at least in part, to mitigate disturbances 

associated with several pathophysiological conditions at distinct levels of cellular 

organization in the offspring (Stevanović et al. 2020). 

Considering the beneficial effects of GE mentioned above, behavior’s changes 

regarding to the practice of exercise during pregnancy should be adopted as part 

of the huge parental responsibility with their offspring and with the society. 

Nevertheless, additional research is needed to investigate the effects of exercise 

on pregnancy-specific outcomes and to clarify the most effective GE counseling 

methods, like optimal intensity and frequency able to counteract HFD-associated 

metabolic disorders and the deleterious intergenerational inheritance. This PhD 

thesis is aimed to collaborate to the enlargement of the current knowledge in this 

field. 
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1.2. List of Scientific Publications  
 

This thesis is based on the following scientific publications which are referred to 

in the text by their Roman numerals: 

 

Theoretical Background  
 

I. Beleza J, Rizo-Roca D, Ascensão A, Magalhães J. (2018). Targeting 
Mitochondria with Sweat: Improving Mitochondrial Function with Physical 
Activity. In Oliveira, P (Ed) Mitochondria Biology and Experimental 

Therapeutics. Springer, USA, pp. 379-406. 

 

II. Beleza J, Stevanovic J, Coxito P, Costa RC, Ascensão A, Torrella JR, 

Magalhães J. (2021). Building-up fit muscles for the future. European Journal 

of Clinical Investigation, 116, 1-20. 
 
Experimental Work 
 
III. Beleza J, Albuquerque J, Santos Alves E, Fonseca P, Santocildes G, Stevanovic 

J, Rocha-Rodrigues S, Rizo-Roca D, Ascensão A, Torrella JR, Magalhães J. 

(2019). Self-paced free-running wheel behavior impact on rats' functional, 
physiological, biochemical and morphological features. Frontiers in 

Physiology, 10, 593. 
 

IV. Stevanovic J, Beleza J, Coxito P, Pereira SP, Rocha H, Gaspar T, Gartner F, 

Correia S, Martins MJ, Guimarães T, Martins S, Oliveira OJ, Ascensão A, 

Magalhães J. (2021). Maternal high-fat high-sucrose diet and gestational 
exercise modulate hepatic fat accumulation and liver mitochondrial 
respiratory capacity in mothers and male offspring. Metabolism Clinical and 

Experimental, 116, 1-20. 
 

V. Beleza J, Stevanovic J, Coxito P, Costa RC, Ascensão A, Torrella JR, 

Magalhães J. (2022). Gestational exercise increases male offspring maximal 
workload capacity early in life. SUBMITED TO: International Journal of 

Molecular Science. 
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1.3. PhD thesis organization  
 

The present PhD thesis is based on the scientific publications indicated above. 

The document starts with a book chapter (I) where the current knowledge about 

the effects of PE in the modulation of mitochondrial physiology is reviewed, and 

where the distinct mechanisms involving mitochondria in contractile tissues are 

explored, as well as the pleiotropic repercussions affecting also non-contractile 

tissues. Additionally, the role of PE in improving several mitochondrial features 

and its implication against disease-related deleterious consequences is also 

reviewed. Finally, special attention is addressed to the emerging role of 

epigenetic-based regulation induced by PE that, at least in part, contributes to 

target mitochondrial function.  

In work II a special attention was dedicated to review the existing knowledge 

about the impact of parental exercise and the intergenerational offspring 

metabolic programming. Moreover, in this review our focus was on the SM 

modulation induced by PE and specifically the particular role of the epigenetic 

mechanisms that orchestrate the SM offspring inheritance of positive outcomes 

induced by the exercise habits of parental generation.   

Regarding the experimental part of this PhD thesis, we start by presenting a 

paper (III) were the characterization of a FRM exercise model is provided. This 

work contributed to improve the knowledge of the physiological impact of FRW in 

rodents. Here we compared the FRW with a high-intensity interval training (HIIT) 

exercise model and we demonstrated that both models induced similar SM and 

cardiac adaptations. Additionally, FRW induced an improvement in animal’s 

ability to perform maximal aerobic exercise, which is in line with others exercise-

forced models, such as HIIT. Moreover, results from work III provided us with 

scientific robustness to design an innovative exercise intervention model aimed 

to significantly increase dams physical activity level by using a combination of 

FRW with an endurance training on a treadmill. This intervention was later 

implemented in the experimental works IV and V. 

In works IV and V we carried out a research in which female rats were fed with a 

HFHS diet prior to mating, in order to induce a specific metabolic environment 

before pregnancy that would, in the particular conditions of pregnancy, prompt 
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the development of metabolic remodeling, characteristic of GDM. Thereafter, we 

analyzed the impact of GE against GDM-induced metabolic impairments, being 

the beneficial effect induced by GE clear in both mothers and offspring. Markers 

of mitochondrial function, content and biogenesis were evaluated in liver and SM 

tissues. An improvement in the ability to perform maximal aerobic exercise was 

found in the offspring from exercised mothers. Additionally, these functional 

alterations were associated to improvements in mitochondrial features. 

Ultimately, some of the offspring metabolic and functional improvements induced 

by GE seems to be orchestrated by epigenetic regulation, namely associated to 

miRNAs expression.     

 

 

 

 

 

 

 

 

 

 

 

 



 

	





 

	

 
 
 
 
 

2. Aims



 

	



2. Aims 
	

	

 
2.1. General Aims 

 
To analyze the impact of GE against GDM-induced metabolic and functional 

impairments in maternal and offspring. Additionally, to identify some of the 

mechanisms that can regulate intergenerational transmission of metabolic and 

functional alterations induced by GE.  

	
	

2.2. Specific Aims 
 

1. To clarify the physiological impact of a FRW model from a central and 

peripheral point of view, namely the cardiac and skeletal muscle 

adaptations. 

2. To investigate the potential metabolic benefits of GE against GDM in liver 

and SM tissues. 

3. To better understand the implication of GE in offspring capacity to perform 

maximal exercise efforts. 

4. To ascertain the mitochondrial modulation induced by GE in mothers’ and 

offspring’s liver and SM tissues.  

5. To elucidate the underlying mechanisms involved in the intergenerational 

transmission of cross-tolerance through GE to the offspring against GDM-

associated metabolic disorders. 

6. To gather strong evidence and translational power to encourage mothers 

to engage in an active lifestyle before and during pregnancy. 
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4.1. Director’s report 
 

As supervisors of the present Doctoral Thesis, Doctor José Fernando Magalhães 

Pinto Pereira and Doctor Joan Ramon Torrella Guio hereby state that the student 

Jorge Manuel de Sousa Beleza has conducted his PhD thesis in the context of 

intergenerational inheritance induced by gestational exercise, specifically on rat 

liver and skeletal muscle. He has actively and decisively participated in the overall 

process of executing the experimental design and obtaining, analysing and 

discussing the results of the present report. He also had a prominent role in the 

diffusion and publication of the results and conclusions covered in this report, 

which include one book chapter review and four peer-reviewed papers, as 

reflected by their author order and composition. 

What follows below is a concise overview of the peer-reviewed contributions 

included in the current Doctoral Thesis:  

I. Book Chapter 
Title: Targeting Mitochondria with Sweat: Improving Mitochondrial Function with 

Physical Activity. 

Authors: Beleza J, Rizo-Roca D, Ascensão A, Magalhães J. 

Year of publication: 2018. 

Book: Oliveira PJ (ed). Mitochondria Biology and Experimental Therapeutics. 

ISBN: 978-3-319-73344-9. Springer: USA, pp. 379-406. 

Doctoral student participation: Literature survey. Original draft. Final editing and 

approval. 

II. Review paper   
Title: Building-up fit muscles for the future. 

Authors: Beleza J, Stevanovic J, Coxito P, Costa RC, Ascensão A, Torrella JR, 

Magalhães J. 

Journal: European Journal of Clinical Investigation  Volume: 116 Pages: 1-20. 

Year of publication: 2021. 

DOI: 10.1111/eci.13515 

JCR Impact Factor (2020): 4.686 JCR 5 Years Impact Factor: 3.900 

JCR Tercil/Field (2020): T1 (35/167) / Medicine, General & Internal. 
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Doctoral student participation: Conceptualization. Literature survey. Original 

draft. Final editing and approval. Funding acquisition. 

III. Experimental Paper  
Title: Self-Paced Free-Running Wheel Mimics High-Intensity Interval Training 

Impact on Rats’ Functional, Physiological, Biochemical, and Morphological 

Features. 

Authors: Beleza J, Albuquerque J, Santos Alves E, Fonseca P, Santocildes G, 

Stevanovic J, Rocha-Rodrigues S, Rizo-Roca D, Ascensão A, Torrella JR, 

Magalhães J. 

Journal: Frontiers in Physiology  Volume: 10:593  Pages: 1-16. 

Year of publication: 2019. 

DOI: 10.3389/fphys.2019.00593. 

JCR Impact Factor (2019): 3.367 JCR 5 Years Impact Factor: 4.805 

JCR Tercil/Field (2020): T1 (20/81) / Physiology. 

Doctoral student participation: Conceptualization. Sample collection, processing 

and data collection. Image analysis. Original draft. Final editing and approval. 

IV. Experimental Paper 
Title: Maternal high-fat high-sucrose diet and gestational exercise modulate 

hepatic fat accumulation and liver mitochondrial respiratory capacity in mothers 

and male offspring. 

Authors: Stevanovic-Silva J, Beleza J, Coxito P, Pereira SP, Rocha H, Gaspar 

T, Gartner F, Correia S, Martins MJ, Guimarães T, Martins S, Oliveira OJ, 

Ascensão A, Magalhães J. 

Journal: Metabolism Clinical and Experimental  Volume: 116  Pages: 1-20. 

Year of publication: 2021. 

DOI: 10.1016/j.metabol.2021.154704. 

JCR Impact Factor (2020): 8.697 JCR 5 Years Impact Factor: 7.871 

JCR Tercil/Field (2020): T1 (13/146) / Endocrinology & Metabolism. 

Doctoral student participation: Conceptualization. Formal analysis. Literature 

survey. Original draft. Final editing and approval. Visualization. Project 

administration. 
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V. Experimental Paper 
Title: Gestational exercise increases male offspring maximal workload capacity 

early in life. 

Authors: Beleza J, Stevanovic-Silva J, Coxito P, Costa RC, Ascensão A, Torrella 

JR, Magalhães J. 

Journal: International Journal of Molecular Science. 

Submitted in December 2021 

JCR Impact Factor (2020): 5.924 JCR 5 Years Impact Factor: 6.132 

JCR Tercil/Field (2020): T1 (67/295) / Biochemistry & Molecular Biology. 

Doctoral student participation: Conceptualization. Sample collection, processing 

and data collection. Original draft. Final editing and approval. 
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4.2. Summary of the Results  
 

We start the workflow of the present PhD thesis reviewing the up-to-date 

knowledge about the role of PE in the modulation of mitochondrial physiology (I). 
In fact, the LaMetEx group has dedicated the last 20 years studying the use of 

PE as a non-pharmacological strategy to prevent and counteract different non-

communicable diseases. Moreover, a special focus was devoted to the role of 

mitochondrial physiology in the progression of the disease and, in particular, the 

role that PE can play to prevent and revert some of the associated health 

complications. The contribution of LaMetEx and other groups with relevant 

implications in the field are detailed in the work I of the present PhD thesis. 

Additionally, our book chapter highlights the growing relevant role attributed to 

the epigenetic regulation in some of the mechanisms that can be involved in the 

associated protection of PE against several non-communicable diseases as well 

as in the mitochondrial modulation. As a consequence, we decided to further 

review the impact of parental exercise in offspring SM phenotypic modulation 

(paper II). We found some evidence about the impact of parental exercise, 

specifically the GE, in the SM offspring phenotypic modulation. However, the 

epigenetic mechanisms that can orchestrate this intergenerational offspring 

programming are far to be understood. Based in the literature research carried 

out in works I and II, we developed an experimental work, the results of which will 

be presented below.  

 
Characterization of a FRW model  
 

The experimental work of this thesis started with the characterization of a FRW 

model. Although, FRW has been frequently used by our group and others as an 

exercise regimen able to induce positive organic adaptations, doubts remained 

in terms of its physiological and biochemical impact, mainly due to the lack of a 

control in terms of intensity and duration. In this sense, we compared FRW with 

another forced exercise model (HIIT) from a functional, physiological, 

biochemical, and morphological perspective (paper III). The main objective of this 

experimental work was to obtain scientific robustness on the FRW model 
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enabling that it could later be used in the study of intergenerational adaptations 

induced by GE. The summary of the results is presented below. 

 

HIIT vs. FRW 

The main characteristics of the HIIT model used are summarized in Table 1 (III). 
Briefly, rats performed four bouts of 4 min at speeds correspondent to 85–90% 

of VO2max interspersed by 2 min of active recovery at speed correspondent to 

60% of VO2max. FRW animals had free access to the running wheel 24 h/day and 

the running distance was recorded. Information about mean distance covered per 

day of animals from both models is provided in figure 4 (III). FRW animals ran a 

significantly higher overall day distance than HIIT. Their activity increased from 

the beginning of the protocol and reached a peak at the 6th week when a non-

significant decrease was observed until the end of the protocol. 

 

Maximal Workload Test  

After 12 weeks of exercising, FRW and HIIT animals reached significantly higher 

velocities in maximal workload test (MWT) compared to sedentary (SED) animals 

(FRW vs. SED: 60 vs. 48 cm/s and HIIT vs. SED: 69 vs. 40 cm/s). Moreover, as 

shown in figure 5A (III) a significant difference was also found between HIIT and 

FRW (69 vs. 60 cm/s, respectively). 

FRW animals showed a lower blood lactate concentration (BLC) at the end of 

MWT (figure 5B-III) after 12 weeks of free access to the running wheel (FRW: 

11.63 ± 3.95 mmol/L vs. SED: 13.77 ± 3.35 mmol/L). In line, the animals 

submitted to the HIIT regimen reached also lower BLC at the end of the MWT 

(HIIT: 6.00 ± 1.85 mmol/L vs. SED: 13.77 ± 3.35 mmol/L).  

 

Cardiac mitochondrial function  

No alterations were found in heart mitochondrial state 3 and 4 when complex I- 

and II-driven substrates were used after 12 weeks of both training modalities 

(FRW and HIIT vs. SED), although an increase in respiratory control ratio (RCR) 

with complex I-driven substrates (3.89 ± 0.14 vs. 5.20 ± 0.25 and 5.42 ± 0.37) in 

FRW and HIIT groups was evident (figure 8A-D-III). Moreover, when complex II-
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related substrates were used, only HIIT induced an increase in RCR (3.86 ± 0.17 

vs. 2.98 ± 0.19) compared with SED (figure 8G-III). 
 

Citrate synthase activity  

The citrate synthase activity (CS) activity in the soleus (SOL) muscle was 

significantly higher in both exercised groups (FRW and SED) compared to SED 

control (figure 7A-III). However, no significant differences were observed in 

tibialis anterior (TA) after both chronic exercise regimens (figure 7B-III).  
 

Skeletal muscle morphology  

Both chronic exercise models caused alterations in skeletal muscle fiber type 

distribution in TA and SOL (figure 9-III). In the lateral field of TA, the FRW group 

exhibited an increased percentage of fast oxidative glycolytic (FOG) fibers (36.0 

± 5.0 vs. 14.0 ± 2.2 and vs. 21.9 ± 6.5), while a significant increase in the 

percentage of fast intermediate glycolytic (FIG) fibers was observed in the HIIT 

group (figure 9A-III). Moreover, both FRW and HIIT increased the percentage of 

FOG fibers in the TA medial field (44.9 ± 4.4 and 45.2 ± 5.3 vs. 29.7 ± 2.3), which 

is concomitant with the decreased percentage of fast glycolytic (FG) fibers (figure 

9B-III). Regarding slow oxidative (SO) fibers, only present in the posterior field, 

both FRW and HIIT exercise models induced an increased percentage. 

Furthermore, in the SOL muscle, FRW and HIIT elicited a decrease in the 

percentage of FOG fibers and a corresponding increment of SO fibers (figure 9D-

III). 
Despite no evidence of changes in muscle to body weight ratio (Table 2-III), 
alterations in fiber cross-sectional area (FCSA) and fiber shape were registered 

(figure 10A-D-III). In TA muscle, both FRW and HIIT induced a significant 

increase in FCSA of FG fibers in all the muscle regions (figure 10A-C-III). This 

increase was also evident in FIG fibers from the medial (3781 ± 146 vs. 2966 ± 

223 and 3569 ± 193 μm2) and posterior fields (4301 ± 137 vs. 2192 ± 158 and 

2796 ± 190 μm2) in FRW animals, but not evidenced after the HIIT protocol. Both 

oxidative fiber types (SO and FOG) showed no significant changes in FCSAs 

after any exercise protocol, except for FOG fibers from the lateral field of HIIT 
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animals (figure 10A-D-III), in which a significant reduction in fiber size was 

observed (1634 ± 77 vs. 2001 ± 62 and 1881 ± 42 μm2). In SOL muscle, a 

significant reduction in FCSA (figure 10D-III) was measured in SO fibers of HIIT 

animals (3621 ± 237 vs. 4350 ± 287 and 4893 ± 325 μm2). 

As shown in figure 11 (III), FRW and HIIT exercise protocols elicited alterations 

in individual capillarization of the different fiber types. FRW increased the number 

of capillaries per fiber (NCF) of FOG fibers in the TA lateral (6.90 ± 0.30 vs. 5.30 

± 0.29 and 6.50 ± 0.38) and posterior fields (8.10 ± 0.43 vs. 5.80 ± 0.50 and 7.10 

± 0.37). Regarding the FIG and FG fibers, the FRW model induced an increase 

of NCF in the TA medial and posterior fields while in the lateral filed, it only 

increased the NCF of FG fibers (6.90 ± 0.30 vs. 5.30 ± 0.29 and 6.50 ± 0.38). 

Furthermore, HIIT increased the NCF of FIG and FG fibers of TA lateral and 

medial fields. However, in the TA posterior field, HIIT only increased the NCF of 

FG fibers. Regarding the SOL muscle, both exercise models increased the NCF 

of SO fibers (10.90 ± 0.35 and 8.40 ± 0.29 vs. 6.70 ± 0.58). Furthermore, the 

FRW model also induced an increase in NCF of slow oxidative (SO) fibers 

comparing to HIIT (10.90 ± 0.35 vs. 8.40 ± 0.29). However, in the FOG fibers, 

HIIT induced an increase in NCF comparing to SED and FRW (10.10 ± 0.17 vs. 

6.20 ± 0.63 and 5.00 ± 0.22). Additionally, the NCF of FOG fibers decreased in 

the FRW. 

Regarding the relative number of capillaries per 1,000 μm2 of FCSA (CCA), both 

FRW and HIIT increased the CCA of FOG fibers in the TA medial and lateral 

fields, while only the HIIT regimen induced an increase of the FOG-related CCA 

in the TA posterior field. Furthermore, both exercise models increased the muscle 

capillarization of the SO fibers from SOL (figure 11E-H-III). 
Both exercise models increased CD in all the TA fields. Although this increase 

was not significant in the posterior region after FRW, the trend is clear. The same 

trend for increasing was observed in the SOL muscle in the FRW group and a 

significantly greater CD after HIIT protocol was noted (figure 12A-B-III). 
Regarding C/F, both FRW and HIIT models significantly increased this 

morphological feature in the three fields of the TA and in SOL (figure 12C-D-III). 
 



Gestational exercise and intergenerational inheritance.  

	148	

 

Maternal environmental exposure and intergenerational inheritance. 
 
Results from work III comparing FRW and HIIT enabled to better understand 

some of the physiological and biochemical adaptations at different levels of 

cellular organization in skeletal and cardiac muscles. In fact, results showed that 

from a central and peripheral point of view, these two exercise regimens positively 

modulated animals’ functional capacity to perform maximal exercise. These 

results provided scientific robustness to design an innovative exercise 

intervention model (of GE) aimed to significantly increase dams physical activity 

level by using a combination of FRW with an endurance training on a treadmill. 

Our model of GE was used as a strategy to dismiss the negative effects 

associated to maternal sedentarism and HFHS-diet consumption, both in 

maternal and offspring generation, specifically in liver and SM tissues. The results 

of this intervention are presented in papers IV and V and are summarized below.  
 
Morphological characteristics and glucose homeostasis 

After 18 weeks on respective diets, no differences were found in body weight 

between control (C) and high-fat high-sucrose (HFHS) dams (table 1-IV). 

However, HFHS induced a noteworthy 1.4-fold gestational body weight gain in 

sedentary dams compared to C-diet-fed or exercised HFHS-fed dams (figure 2 A 
V). Maternal HFHS-diet also increased litter size and offspring body mass by 

20%. The impact of maternal HFHS-diet and the protective effect of gestational 

exercise on offspring body weight was prolonged until the 6th week of age (paper 
IV and V).  

Prior to mating, glucose tolerance was not different between C-fed and HFHS-

fed animals. However, at mid-gestation, an increased glucose intolerance and 

glucose are under the curve (AUC) were noticed in both HFHS groups, confirming 

the presence of gestational glucose intolerance characteristic for GDM (figure 

2E-H-IV). No alterations in glucose tolerance were observed in the offspring. 
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Liver and skeletal muscle morphology  

As shown in figure 3 (IV) GDM mothers, sedentary or exercised, had lower 

NAFLD score than C-fed mothers (p = 0.56 vs. P-C-S or p = 0.84 vs. P-HFHS-S, 

respectively), although this difference is not statistically significant. Moreover, 

maternal HFHS-diet increased offspring NAFLD score, while gestational exercise 

lessened the adverse effect of maternal HFHS-diet. Accordingly, animals from 

maternal generation did not differ in hepatic TG content, despite a slight decrease 

in HFHS groups. In contrast, offspring from HFHS sedentary mothers showed 

tendency towards an increase (p = 0.26) in liver TG content compared to their C-

S offspring, whereas maternal exercise remarkably reduced (p = 0.04) hepatic 

TG levels, which are in line with the tendency observed in the NAFLD score 

(figure 4-IV). 

SOL-to-body weight (BW) ratio was significant lower in HFHS-S group when 

compared to C-S, but was restored back to baseline values in offspring from 

exercised mothers. Still, in TA, no significant alterations associated to maternal 

nutrition were found (C-S vs. HFHS-S), while an increase in TA-to-BW ratio was 

found in HFHS-E animals compared to their sedentary counterparts (table 1-V). 

 

Offspring Maximal Workload Test  

Offspring from HFHS-E group were able to run at higher maximal speed during a 

longer period of time when compared to their HFHS-S counterparts. No 

differences between groups were found in basal and post-exercise blood lactate 

and glucose contents (table 2-V). 

 

Citrate synthase activity  

No significant alterations induced by maternal HFHS diet were noted in CS 

activity of both SM from sedentary dams (HFHS-S vs. C-S). However, offspring 

from exercised HFHS-fed mothers had a higher CS activity in SOL and TA 

compared to the offspring of their non-exercised counterparts (figure 3-V). 
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Skeletal muscle mtDNA content 

Relative mtDNA content was not altered by either maternal exposure to HFHS 

diet and/or exercise in SOL, while in TA, HFHS-S offspring group had a lower 

mtDNA content than both C-S and HFHS-E groups (figure 5-V).   

 

Acylcarnitine levels 

The levels of plasma and hepatic acylcarnitines were not influenced by HFHS 

and/or gestational exercise in dams, except for C12 (figure 5-IV). Additionally, no 

differences were observed in SM offspring acylcarnitine levels as a response to 

maternal diet or exercise (figure 4-V). However, an increase in the levels of some 

long-chain acylcarnitines in plasma (C16, C18, C18:1) and liver (C16, C18) due 

to maternal HFHS-diet was significantly restored to control levels by gestational 

exercise. 

 

Mitochondrial bioenergetics  

HFHS sedentary dams did not show any changes in the RCR with 

glutamate/malate (G/M)- or succinate/rotenone (S/R)-related substrates; 

however gestational exercise increased the RCR, when G/M were used as 

substrates. The same effect of gestational exercise was noticed in respiratory 

rates with oligomycin (G/M and S/R). In contrast, maternal HFHS-diet and 

sedentarism reduced offspring RCR, an effect which was nor observed in the 

offspring of exercised HFHS-fed mothers. Respiration with oligomycin (G/M) was 

greatly increased in offspring of sedentary HFHS mothers when compared to 

sedentary C mothers, whereas maternal gestational exercise diminished the 

impact of maternal HFHS. The ADP/O ratio was not affected neither by maternal 

diet nor by exercise in both generations (figure 6-IV).  

Moreover, SOL 5' adenosine monophosphate-activated protein kinase (AMPk) 

protein content was significatively lower in HFHS-S offspring group than C-S, 

while an increase in HFHS-E vs. HFHS-S group was observed. Despite AMPk 

decrease in HFHS-S group, no alterations were found in PGC-1α content for the 

same group. However, offspring of exercised mothers had a higher SOL PGC-1α 
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protein content (figure 6-V). Interestingly, these alterations in SOL AMPk and 

PGC-1α contents were not observed when TA was analyzed (figure 7-V). 

Mitochondrial transcription factor A (TFAM) protein content was similar in all 

groups for both muscles. No alterations were found in SOL, while HFHS-E group 

showed a decrease in the nuclear factor-erythroid factor 2-related factor 2 (NRF2) 

protein content of TA. Additionally, the content of oxidative phosphorylation 

subunits (OXPHOS) complexes I-IV subunits and ATP synthase were also 

determined. Relative protein content in C-I and C-IV subunits were higher in 

HFHS-E offspring in SOL (figure 6E-V). In TA, C-IV subunit content decreased in 

HFHS-S and was restored back to control values in HFHS-E group (figure 7E-V). 

No alterations were found in other analyzed subunits within groups from both 

muscles. Moreover, no statistically significant alterations were found in the 

expression of the selected analyzed genes (Prkaa; Ppargc1a; Tfam; Cox4i1; 

Dnm1I; and Fis1), neither in SOL nor in TA (figures 9 & 10-V).  

GE increased the liver protein expression of CIII, CIV, and CV subunits in dams 

(figure 7A-IV). In the offspring, gestational exercise prevented maternal HFHS-

induced decrease in CI liver protein expression and prompted an increase of CIV 

protein expression in HFHS-E group compared to HFHS-S (figure 7B-IV). 

 

MicroRNAs expression  

Maternal diet significantly elevated the expression of miR-378a in SOL. In 

contrast, offspring from exercised mothers showed a downregulation of miR-378a 

back to control values, and decreased miR-34a expression (figure 11-V). 

Additionally, in TA, offspring from HFHS group exhibited only a downregulation 

of miR-338a when compared with control group. No other significant alterations 

were found in the expression of the remaining miRNAs in TA (figure 12-V). 

 

Overall findings 
 

FRW model 

• FRW induces SM, cardiac and functional adaptations similar to HIIT.  
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• FRW animals had an increased performance in MWT. Specifically, FRW 

animals reached higher velocities and ran longer periods with lower BLC.  

• FRW exercise model induced improved mitochondrial respiration similar 

to HIIT.  

• Animals submitted to FRW showed SM phenotypic adaptations towards a 

marked oxidative profile.  

 

Maternal environmental exposure and intergenerational inheritance 

• GE counteract negative morphological and metabolic features associated 

to maternal HFHS-diet and sedentarism, both in mothers and offspring.  

• Gestational body weight gain was maintained in line with control group on 

dams submitted to GE.  

• Offspring from HFHS-E dams exhibited lower body weight until 6th weeks 

of age. 

• Offspring form HFHS-exercised dams had decreased hepatic TC content.  

• GE improved SOL-to-BW and TA-to-BW ratio in SM offspring from HFHS-

fed dams.  

• Offspring from HFHS-E group were able to run at higher maximal speed 

during a longer period of time in MWT when compared to their HFHS-S 

counterparts. 

• Offspring from exercised HFHS-fed mothers had a higher CS activity in 

SOL and TA compared to the offspring of their non-exercised 

counterparts.  

• Levels of long-chain acylcarnitines were restored back to control levels in 

offspring from exercised mothers, in liver and plasma.  

• Offspring from HFHS exercised dams exhibited improved liver 

mitochondrial respiratory capacity as well as SM and liver parameters of 

mitochondrial biogenesis and OXPHOS content.  

• Improvements in mitochondrial parameters were concomitantly with the 

regulation of miRNAs expressions associated to mitochondrial biogenesis 

(miR-338; miR-34a), mitochondrial dysfunction, decrease in fatty acid 

oxidation and oxygen consumption (miR-378a).  
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In the context of the present PhD thesis, an extensive review on the current 

knowledge about the impact of exercise on the modulation of mitochondrial 

functionality from different tissues (I), as well as the impact of parental exercise 

on offspring phenotype, especially trough the epigenetic mechanisms that may 

be associated with this modelling, with a special focus on intergenerational 

inheritance of SM modifications (II) was done. 

Thereafter, in the first experimental work (III), we initially wanted to characterize 

the FRW model from a functional, physiological, biochemical, and morphological 

perspective. The FRW model has been used in rodents to attenuate the lack of 

physical activity associated with a sedentary way of life (Fonseca et al. 2011; 

Hyatt et al. 2015). In addition, it is also frequently used as a specific exercise 

regimen established to induce organic adaptations and thus, to positively 

modulate tissue phenotype (Kariya et al. 2004; Marques-Aleixo et al. 2016; 

Rocha-Rodrigues, Rodriguez, et al. 2017; Rocha-Rodrigues et al. 2016).  

FRW model has been increasingly used in exercise-based research due to its 

“operational” advantages, as the wheels are placed in the housing cages and 

animals are allowed to freely run throughout 24 hours a day without the necessity 

of direct intervention of the researchers. Therefore, some of the classic constrains 

associated to other forced exercise models in rodents, like animals’ handling and 

environmental stress, may be significantly minimized (Novak, Burghardt, and 

Levine 2012). However, despite the advantages associated to this model, doubts 

remain regarding its physiological and biochemical impact mainly due to the lack 

of control in two very important physical exercise´s features, its intensity and 

duration. Moreover, when considering the used motor pattern, this model is 

characterized by short or middle-duration bouts of exercise performed at high 

speed interspersed by long-lasting pauses and periods of low intensity that, in 

certain sense, seem to mimic the exercise bouts performed during sessions of 

HIIT (Novak, Burghardt, and Levine 2012). In this sense, in study III we compared 

both FRW and HIIT models from a physiological, biochemical, and morphological 

point of view. The main purpose was to get robust knowledge about the impact 

of FRW allowing us to use it later in the subsequent experimental work. In fact, 
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this is the first research to use this comparison and, in our opinion, it provides 

important information to the PE field.  

Using this comparative approach between FRW and HIIT we tried to better 

understand some of the physiological and biochemical adaptations, at different 

levels of cellular organization, in skeletal and cardiac muscles. Our results have 

shown that, both from a central and peripheral point of view, these two exercise 

regimens positively modulate animals’ functional capacity to perform maximal 

exercise. In fact, the overall findings shown in III suggest that both protocols 

induced alterations in the SM fiber morphology and metabolism toward a more 

oxidative phenotype, as well as in cardiac mitochondria, which exhibited a more 

efficient energetic phenotype. Ultimately, those adaptations contributed for an 

increased maximal workload performance. Two different SMs were considered 

to study the impact of both exercise models (FRW and HIIT) on distinct SMs 

phenotypes: SOL, as a muscle with homogeneous and marked oxidative 

phenotype; and TA, as a muscle with a heterogeneous fiber-type distribution and 

function. Results were extremely consistent regarding the different fiber 

morphometrical and capillarization parameters (fiber type distribution, fiber size 

and shape, muscle and fiber capillarization), as well as the CS activity, suggesting 

a positive adaptation toward a more oxidative phenotype in both FRW and HIIT 

compared to the SED hypokinetic animals. Actually, TA and SOL of exercised 

animals (FRW and HIIT) showed an increased percentage of oxidative fibers, 

being these alterations in the aerobic fiber type percentage accompanied with a 

decrease in FCSA. This morphological muscle modifications were previously 

described as a favorable adaptation in conditions where the need for oxygen 

supply increase, with the fibers adapting through a decrease in the oxygen 

diffusion distance to the mitochondria (Panisello et al. 2007). On the other hand, 

FG fibers from TA muscle adapted to the stimulus increasing cross-sectional area 

in FRW and HIIT groups, suggesting that both models simultaneously induce 

fiber type-specific adaptations aimed to increase force production needed during 

short bouts of high intensity activity. 

Moreover, as suggested by the reduction in circularity, both exercise models 

induced elongated transversal profiles in SO fibers from SOL muscle, thus 
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resulting in higher fiber perimeters. As it is well-known that there is a substantial 

proportion of mitochondria distributed in a subsarcolemmal position (Weibel 

1984), longer fiber perimeters will allow more mitochondria situated at shorter 

diffusion distances from the capillaries in fibers still maintaining a great FCSA 

and, hence, a good capacity for force production . This, as has been proposed in 

other animal models, could be seen as a fiber morphometrical modification to 

facilitate the oxygen supply to mitochondria in situations of high aerobic demand 

(Johnston 1982; Torrella et al. 1998). All the previously described modifications 

were reinforced by an increased fiber capillarization (CCA) and global field 

capillarization (CD and C/F). Indeed, these results suggest that both FRW and 

HIIT protocols induced angiogenesis as reflected by higher C/F and NCF values. 

Since CS activity is considered a crucial biomarker of mitochondrial content and 

an important indicator of tissue oxidative fitness, the augmented CS activity found 

in both exercise groups supports the morphometrical and capillarization data. 

Moreover, cardiac muscle mitochondrial respiratory capacity was evaluated as 

an indicator of central-related training adaptations and an important hallmark 

reflecting cardiac metabolism and function (Abel and Doenst 2011). In fact, our 

results show that both exercise models (FRW and HIIT) induced beneficial 

cardiac mitochondrial adaptations compatible with an increase in the metabolic 

coupling and were in accordance with our previous studies dealing with models 

of forced endurance exercise (Ascensao et al. 2005; Magalhaes et al. 2013). 

Indeed, the results from paper III showed that cardiac mitochondria from both 

FRW and HIIT animals energized with complex I-linked substrates had higher 

RCR compared to SED counterparts, which suggests that the metabolic coupling 

between oxygen consumption and ATP synthesis was improved. In fact, 

mitochondrial RCR is recognized as one of the best general measures of 

mitochondrial function in isolated mitochondria (Brand M  and Nicholls D 2011). 

Ultimately, our data suggest that physiological central mechanisms were also 

positively modulated by both HIIT and FRW and certainly contributed, at least in 

part, for the improved ability to perform maximal exercise through a more 

oxidative phenotype. 
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Finally, results of paper III showed that 12 weeks of FRW, but also of HIIT, 

induced an increase in the maximal speed evaluated in the MWT, a very 

important outcome related to animals’ functional capacity, even though the 

maximal speed achieved by HIIT-trained animals was higher than that of FRW. 

These two functional-related parameters are clear indicators of the increased 

animals’ ability to perform maximal exercise and of their metabolic response to 

high-levels of exercise through an improvement of the aerobic machinery at both 

central and peripheral levels. 

Taken together, data from paper III contribute to a better understanding of the 

FRW model impact on skeletal and cardiac muscle and to truly clarify its 

relevance when compared to other more formal and forced exercise models, 

such as HIIT. Additionally, in the context of the present thesis, the relevant data 

from paper III allowed us to design an intervention exercise model aimed to 

increase dams physical activity levels, using a combination of FRW with an 

endurance training model on a treadmill (IV and V).  

 

Maternal environmental exposure and intergenerational inheritance. 
The DOHaD theory proposes that environmental conditions during fetal and early 

life development influence offspring health with lasting or lifelong effects on 

growth, structure and metabolism (Hanson and Gluckman 2014). This 

environmental influence during critical periods of development have been 

described as the programming effect (Barker 1998). In fact, experimental data, 

particularly from animal models, support the DOHaD theory and help to explain 

the mechanisms of chronic disease programming in utero (WHO 2001). Actually, 

maternal malnutrition throughout gestation or at specific periods of fetal 

development have been associated to impaired fetal growth and glucose 

tolerance (WHO 2001; Bayol, Simbi, and Stickland 2005; Pereira et al. 2015). 

Nowadays, sedentary lifestyle and high-caloric intake diets are contributing for 

an increasing rate of metabolic diseases in western societies (Saklayen 2018). 

These unhealthy behaviors are especially relevant during pregnancy period, for 

both maternal and offspring health (WHO 2001). Likewise, one of the most 

prevalent metabolic complications during pregnancy period is the development 
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of GDM (Roglic 2016). Actually, GDM condition may have a negative impact in 

mother and offspring health during and after pregnancy. In fact, offspring from 

GDM dams exhibited SM impaired glucose regulation and insulin sensitivity, 

higher risk for type 2 diabetes mellitus (T2DM), disrupted liver metabolome, and 

hepatic steatosis (Pereira et al. 2015; Patel, White, and Deutsch 2015; Bayol, 

Bruce, and Wadley 2014). These (patho)physiological consequences in offspring 

result from progressive development of less resistant phenotypes in tissues with 

high metabolic activity, such as SM and liver, which are key cornerstones in 

different important adaptive-related axis (Simar et al. 2012; Son et al. 2020; 

Pereira et al. 2015). 

Considering the etiology of GDM, the promotion of maternal lifestyle changes, 

such as increased levels of physical activity, should be considered as core 

strategy to counteract GDM-associated health impairments for mothers and 

offspring (Birsner and Gyamfi-Bannerman 2020). In fact, a growing body of 

evidence demonstrate that promoting active lifestyle changes, such as enrolment 

in GE programs, induces health-related positive benefits, not only for mothers, 

but also for their offspring (reviewed in II) (Gilbert et al. 2012; Mottola and Artal 

2016), preventing adverse effects associated to maternal environmental 

exposure on offspring metabolism (Laker et al. 2014; Stanford et al. 2015). 

Several studies demonstrated that ME improves offspring long-term glucose 

homeostasis (Carter et al. 2012; Mottola 2013; Harris, Baer, and Stanford 2018; 

Stanford et al. 2017) and contributes to improve metabolic function (Raipuria, 

Bahari, and Morris 2015; Rajia, Chen, and Morris 2013). However, despite the 

current evidence about the positive effect of GE, studies exploring its role and the 

associated mechanistic explanation on tissues such as liver and SM are scarce.  

In the context of the experimental works IV and V, we used a model where female 

rats were fed with HFHS-diet prior to mating in order to induce a specific 

metabolic environment before pregnancy that would, in the particular conditions 

of pregnancy, prompt the development of metabolic remodeling, characteristic of 

GDM. In fact, sedentary HFHS dams showed impaired glucose tolerance and a 

higher gestational BW gain (IV), both important markers for GDM (Pereira et al. 

2015). Additionally, offspring from sedentary HSHS dams had higher BW at 
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weaning, which was in accordance with previous studies (Raipuria, Bahari, and 

Morris 2015; Bayol, Simbi, and Stickland 2005) and is considered a key indicator 

for higher risk of metabolic disorders development later in life (Shankar et al. 

2008). Moreover, the negative impact of maternal lifestyle on offspring BW was 

maintained until the 6th week of age. Interestingly, benefits from GE were 

observed in mothers and offspring. Namely, gestational BW gain and offspring 

BW were lower in HFHS exercised dams and in offspring, respectively.  

The deleterious consequences of maternal HFHS-consumption before and 

during gestation have been reported in offspring SM and liver tissues (Simar et 

al. 2012; Pileggi et al. 2016; Pereira et al. 2015; Patel, White, and Deutsch 2015). 

Our results showed that, from a morphologic point of view, the negative impact 

of maternal HFHS-diet and sedentarism was more pronounced in SM than in 

liver. In fact, HFHS-diet decreased SOL-to-BW ratio in the offspring from 

sedentary mothers (V). These results are in line with other studies that reported 

deleterious consequences on offspring SM from sedentary HFD-fed mothers 

(Simar et al. 2012; Pileggi et al. 2016; Son et al. 2020) and that were associated 

to reductions in SM weight, muscle cross-sectional area and fiber type 

composition (Bayol et al. 2009). Surprisingly, statistically non-significant 

differences were observed in morphologic parameters analyzed in liver (IV), such 

as tissue weight and histological evaluation (NAFLD score); however, a clear 

tendency was observed for a reduction of the NAFLD score in HFHS-fed mothers 

and their offspring induce by GE. This tendency was supported by a decrease in 

triglycerides content in offspring from exercised mothers and highlight the 

relevance of physical exercise against hepatic negative alterations, especially 

because hepatic triglycerides are considered an important marker of steatosis in 

rodent (Liang et al. 2014). Additionally, GE also had a positive influence in 

offspring SM composition inducing an increase in SOL-to-BW and TA-to-BW 

ratios. These results highlight the importance of maternal lifestyle impact in the 

offspring body composition, influenced by maternal diet and levels of physical 

activity (Raipuria, Bahari, and Morris 2015). 
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Intergenerational mitochondrial modulation 
Considering the important role of mitochondria in SM and liver metabolism, 

several studies have recently explored the impact of lifestyle on maternal 

mitochondrial network physiology and the possible intergenerational 

transmission to their offspring (Son et al. 2020; Bayol et al. 2009; Pileggi et al. 

2016; Raipuria, Bahari, and Morris 2015; Falcão-Tebas et al. 2020; Gusdon, 

Song, and Qu 2014; Bruce et al. 2009). In fact, maternal malnutrition, such as 

maternal HFD diet consumption induces a decrease in the mRNA expression of 

several biomarkers of mitochondrial biogenesis and dynamics, namely PGC-1α, 

Nrf1, and Tfam, (Son et al. 2020; Pileggi et al. 2016) associated with 

downregulation of OXPHOS subunits, both in liver (Borengasser et al. 2011; 

Bruce et al. 2009) and SM (Latouche et al. 2014). Indeed, in the offspring from 

HFHS-sedentary mothers our results indicate a decrease expression of subunits 

from complex I in liver (IV) and subunits of complex IV in TA (V). Additionally, 

exhibited an impairment in liver mitochondria bioenergetics, specifically in RCR 

evaluation when using complex I-linked substrates (IV). However, as already 

mentioned above, PE has been proven as a non-pharmacological strategy 

against several pathological conditions (Fiuza-Luces et al. 2013; Pedersen and 

Saltin 2015), including HFD-induced health-related complications (Rocha-

Rodrigues et al. 2018), being mitochondrial physiology in the center of the 

observed beneficial adaptations (detailed reviewed in I). In this sense, we aimed 

to explore the possible beneficial role of GE exercise in both liver and SM tissues. 

Interestingly, the positive impact of GE on the offspring SM mitochondria was 

evident. In paper V we showed an increase in protein expression of mitochondrial 

biogenesis biomarkers (AMPk and PGC-1α) in SOL, as well as OXPHOS content 

in SOL (C-I and C-IV subunits) and in TA (C-IV subunits and ANT). Accordingly, 

recent evidence (Son et al. 2020) has shown that enhanced mitochondrial 

biogenesis is associated with an increase in SM oxidative capacity and with a 

muscle fiber type shift from glycolytic to oxidative in offspring of exercised 

mothers. In addition, GE-induced improvements in liver mitochondrial 

bioenergetics were also clear (IV). In fact, OXPHOS C-III to CV protein 

expression were upregulated in HFHS-exercised mothers, as well as C-I and C-
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IV expression were upregulated in offspring. Alterations in liver protein 

expression were concomitantly with improvements in mitochondrial respiratory 

capacity, specifically when using complex I-linked substrates. Moreover, 

acylcarnitine profiling has been used to describe alterations in mitochondrial β-

oxidation in animal models of obesity (Koves et al. 2008). We did not find 

alterations in long-chain acylcarnitine levels of sedentary HFHS-fed dams when 

analyzed in liver and in plasma (IV). However, an increase in offspring plasma 

and liver acylcarnitines (C16, C18, and C18:1) was evident, corresponding to 

fatty acids diet composition consumed by mothers. Conversely, statistically non-

significant alterations were found in SM despite a clear tendency to increase long-

chain acylcarnitine levels (V), also in line with different FA composition between 

C and HFHS-diets consumed by mothers. Our data suggest that increased 

accumulation of long-chain acylcarnitine in the offspring plasma and liver may be 

a consequence of the maternal diet. In fact, studies in humans have reported 

reduced placental β-oxidation in GDM (Visiedo et al. 2013) leading to triglycerides 

accumulation in placenta, which may result in an increased transfer of placental 

fatty to the fetus. On the other hand, GE showed to be an effective strategy 

against excessive energy supply from HFHS-fed mothers to their offspring. In 

fact, reduced levels of fatty acids seem to be transferred to the fetus across the 

placenta, positively regulating acylcarnitine levels in offspring plasma and liver 

from exercised mothers.  

Considering the results obtained in papers IV and V, the positive effects of GE 

on mitochondrial SM and liver physiology were evident. However, to better 

understand some of the mechanisms that can explain intergenerational 

inheritance of GE protective effects, we evaluated the SM expression of some 

miRNA as markers of epigenetic regulation (V), able to have an impact in the 

biological programing of future generations. We have found that miR-338, which 

has been confirmed to inhibit COXIV at mRNA and protein level (Aschrafi et al. 

2008), was downregulated in the SM of the offspring from exercised mothers. 

Moreover, in accordance with data reported by Simão et al. (2019) and Lee et al. 

(2010), GE downregulated miR-34a, which is consistent with increased activation 

of SM AMPk/PGC-1α axis and mitigates the deleterious impact imposed by 
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maternal HFHS diet on mitochondrial biogenesis and metabolism-related 

markers. Accordingly, and in addition to miR-34a modulation, our data showed a 

downregulation of miR-378a mediated by GE. In fact, when overexpressed, both 

miRNAs were associated with mitochondrial dysfunction and with a decrease in 

fatty acid oxidation and oxygen consumption (Simão et al. 2019; Fulzele et al. 

2019; Carrer et al. 2012) suggesting that GE prevented, at least in part, some 

mitochondrial impairments through epigenetic regulation. 

Surprisingly, the SM expression of miR-494 was not influenced by maternal 

lifestyle, despite previous data suggesting that endurance exercise significantly 

decreases the content of miR-494 associated to the TFAM expression and 

mitochondrial biogenesis (Yamamoto et al. 2012). Consistently, we also did not 

observe alterations in TFAM expression. A clear difference in exercise 

interventions might eventually explain, at least in part, the differences in the 

expression of miR-494 obtained between our results and Yamamoto and 

coworkers (2012). In fact, in Yamamoto et al. (2012) work, the miRNA expression 

was evaluated in the SM of the exercised animals while in our study data was 

obtained from the offspring of the exercised dams. Considering the lack of any 

other study analyzing the expression of this miRNA in the offspring of exercised 

dams, as well as the sensitivity noted in the other miRNAs, it seems that maternal 

exercise is not a sufficiently strong stimulus to influence the role miR-494 in the 

intergeneration inheritance provided to offspring SM.  

Finally, improvements in endurance capacity, namely in maximal workload 

performance, induced by different training regimens (III) have been associated 

with improvements in mitochondrial respiratory capacity (Granata et al. 2016; 

Jacobs et al. 2013) and volume density (detailed reviewed in I). In addition to the 

metabolic modulation towards a more oxidative phenotype suggested above, 

mice lacking miR-378 through double-KO exhibited better physical performance 

and improved absolute muscle strength (Podkalicka et al. 2020). However, the 

intergenerational transmission of positive physiological adaptations induced by 

ME to their offspring have been poorly described. Indeed, some evidence 

suggest that maternal malnutrition may have a negative impact on offspring 

performance (Walter and Klaus 2014) and may be associated to an impairment 
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in mitochondrial network physiology (Falcão-Tebas et al. 2020; Raipuria, Bahari, 

and Morris 2015). Moreover, Eclarinal et al. (2016) reported that offspring from 

exercised mothers had a higher propensity for PE. In fact, to the best of our 

knowledge, paper V was the first study to show an improvement in MWT in 6-

week-old male offspring. Moreover, the improvements in MWT, in terms of 

maximal speed and time until exhaustion, were associated with markers of 

mitochondrial biogenesis, OXPHOS content, and decreases in miRNA-378 

expression, as well as with an increase in markers of mitochondrial content and 

function, like mtDNA content and CS activity in SM of offspring sired from 

exercised mothers. Some of the alterations found in the present study are in line 

with mitochondrial remodeling reported by other groups, specifically in terms of 

mitochondrial biogenesis (Raipuria, Bahari, and Morris 2015) and function 

(Falcão-Tebas et al. 2020). Additionally, a recent work from Son et al. (2020) 

showed improvements in maximal oxygen consumption during exercise as well 

as a higher time-to-exhaustion and distance performed in an acute graded 

aerobic treadmill test, also in offspring from exercised mother, but immediately 

after weaning. Once again, our results clearly shed light on the importance of 

maternal lifestyle, specifically the importance of GE, on phenotypic programming 

effect in the offspring, namely through the protective effect on health-related 

metabolic state and ultimately contributing to an enhanced functional 

performance.  
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1. FRW model induced SM morphologic alterations similar to forced exercise 

models, such as HIIT.  

 

2. Exercised animals engaged in a FRW program exhibited improvements in 

physiological central mechanisms associated, at least in part, to 

improvements in cardiac mitochondrial function.  

 

3. FRW animals showed an improved ability to perform maximal exercise 

associated to an oxidative phenotype. 

 

4. Gestational exercise counteracts the negative impact of HFHS maternal 

diet and sedentarism in offspring liver and SM morphology. 

 

5. Offspring from HFHS exercised mothers exhibited an improvement in liver 

and SM parameters of mitochondrial biogenesis, OXPHOS content and 

respiratory capacity, associated to enhancements in maximal exercise 

performance.  

 

6. Improvements in SM biomarkers of mitochondrial performance seems to 

be regulated, at least in part, by the role of miRNAs through epigenetic 

modifications inherited by the offspring generation.  

 
7. Although performed in the animal model and should be further confirmed 

in humans, the overall results suggest the relevance of GE against GDM-

associated metabolic impairments. Additionally, the scientific evidence 

from the present PhD thesis adds mechanistic knowledge that reinforces 

and encourages the implementation of physical exercise programs during 

pregnancy in the clinical counselling.
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