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Abstract  
 
“Special issue - In Utero and Early Life Programming of Aging and Disease” 

Background: Skeletal muscle (SM) adaptations to physical exercise (PE) has 

been extensively studied due, not only to the relevance of its in situ plasticity, but 

also to the SM endocrine-like effects in non-contractile tissues, such as brain, 

liver or adipocytes. Regular PE has been considered a pleiotropic 

nonpharmacological strategy to prevent and counteract the deleterious 

consequences of several metabolic, cardiovascular, oncological and 

neurodegenerative disorders. Additionally, PE performed by parents seems to 

have a direct impact in the offspring through the transgenerational programming 

of different tissues, such as SM. In fact, SM offspring programming mechanisms 

seems to be orchestrated, at least in part, by epigenetic machinery conditioning 

transcriptional or post-transcriptional processes. Ultimately, PE performed in the 

early in life is also a critical window of opportunity to positively modulate the 

juvenile and adult phenotype.  

Methods: Following detailed electronic database search, recent existing 

evidences about the effects of parental and early-life PE on SM programming 

were reviewed.  

Results: Parental PE have a positive impact in several health-related offspring 

outcomes, such as SM metabolism, differentiation, morphology and ultimately in 

offspring exercise volition and endurance. Also, early-life PE counteracts 

conceptional-related adverse effects and induces long-lasting healthy benefits 

throughout adulthood. Additionally, epigenetics mechanisms seem to play a key 

role in the PE-induced SM adaptations. 

Conclusions:  Despite the undoubtedly positive role of parental and early-life PE 

on SM phenotype, a strong research effort is still needed to better understand the 

mechanisms that positively regulate PE-induced SM programming.
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1. Introduction  

The skeletal muscle (SM) is a tissue primarily responsible for the force production 

and movement in the human body representing approximately 40% of total body 

weight1. Nowadays, SM is referred as a very specialized tissue with remarkable 

plasticity2, therefore, one of the most studied tissue regarding physical exercise 

(PE) adaptations.3  

PE imposes muscle stress that can disrupt homoeostasis during the exercise and 

recovery periods.4 To cope with this physiological challenge, acute and chronic 

muscle structural, functional and metabolic adaptations occur.2 Ultimately, 

alterations in key molecular pathways impact tissue phenotype preparing muscle 

towards similar future events and improving performance.1 The impact of PE on 

muscle plasticity may be expressed as changes in muscle endurance and 

strength.2 However, muscle adaptations are related to PE dose-response control 

such as frequency, intensity, time, type, volume and progression (the so-called 

FITT-VP principle).5 Considering the crucial mitochondrial role in several cellular 

metabolic processes, a central point in the improvement of SM “fitness” is the 

remodeling of mitochondrial network.3 These adaptations allow the muscle cells 

to be more functionally efficient with positive repercussions on SM phenotype and 

performance.6 In addition, PE-induced SM contractile activity has pleiotropic 

repercussions on non-contractile tissues6, being this SM endocrine-like effect 

mediated by several proteins secreted to the bloodstream, the so-called 

myokines.6,7 Therefore, PE is consensually recognized as an important 

preventive and/or therapeutic non-pharmacological intervention able to mitigate 

the development or the deleterious effects of a wide range of metabolic, 

cardiovascular, oncological and neurodegenerative diseases.8  

Recently, parental PE has also been proposed as having a positive role in the 

modulation of the offspring phenotype, such as in SM, with consequences in their 

fitness levels. In fact, besides maternal exercise (ME) performed during 

pregnancy9-13, paternal exercise before conception has also been recently 

associated to healthy-related outcomes14-17 highlighting the role of PE as a 

relevant strategy in transgenerational programming of the future generations. 

Furthermore, PE performed early in life also seems to induce mitigate adverse 

constrains inherited from gestational environment and prompt the juvenile with 



long-lasting healthy benefits throughout adulthood. Apart from other mechanistic 

insights, these PE-related adaptations seem to be orchestrated by epigenetic 

signaling that fine-tune gene expression or silencing under the control of transient 

or stable transcriptional or post-transcriptional mechanisms.18,19 

The aim of this review is to highlight the updated knowledge regarding the role of 

transgenerational programming and early-life healthy behaviors mediated by PE 

in the modulation of SM phenotype.  

 

2. Maternal exercise impact in transgenerational programming of 
skeletal muscle offspring 

Discoveries in the field of the next generation’s health and early life environmental 

exposure shed light on the concept of developmental origins of health and 

disease. This concept helps to understand the sensitivity of an organism to 

certain environmental insults during critical periods of development, such as fetal 

and perinatal period, that may affect the offspring risk for chronic diseases in a 

short- or long-term manner.20-22 An adverse in utero environment (i.e., maternal 

malnutrition, infections, or metabolic and hormonal disorders) might trigger fetal 

and/or perinatal adaptive responses, leading to persistent physiological and 

metabolic alterations.23 In fact, different investigations using either maternal 

nutrient restriction22,24,25 or increased high-fat diet (HFD) consumption26-28 have 

shown impaired glucose regulation and altered insulin sensitivity in the adult 

offspring. Moreover, there is evidence suggesting that adverse maternal nutrition 

during the sensitive periods of pregnancy and lactation can also influence the 

offspring predisposition to develop distinct pathological conditions, including 

diabetes29, non-alcoholic fatty liver disease13,30 and obesity later in life.21 Thus, 

ME during pregnancy may represent a cue by which fetus will cope with a hostile 

in utero environment (Figure 1). In fact, the benefits of active lifestyle during 

pregnancy, particularly ME, have been reported not only in mothers, but also in 

their children.31,32 Data from human and animal model studies, demonstrated that 

ME induced maternal benefits including reduced body weight, improved 

cardiovascular function and reduced risk for gestational hypertension and 

hyperglycemia, preeclampsia, and cesarean section12,33, whereas the offspring 

of exercised mothers have reduced risk of excessive body weight and fat mass, 



as well as improved long-term glucose homeostasis.11,12,33,34 Moreover, ME can 

also improve brain metabolism in the offspring and prevent neurodegenerative-

related neurotoxicity and cognitive impairment.35 Interestingly, as will be 

discussed below, ME can also prevent female offspring insulin resistance in the 

SM imposed by paternal obesity.10 These studies highpoint the beneficial role of 

exercise before and/or during pregnancy in offspring short- or long-term health. 

 

 
Fig. 1 Maternal exercise and active lifestyle during pregnancy induces numerous positive 
outcomes in the offspring generation. Skeletal muscle endocrine-like effect through the release 
of several muscle-derived molecules (myokines) into the blood stream and consequent effect on 
fetus throughout placental supply may represent one of the mechanisms associated to the 
positive healthy status in the offspring.  
 

The SM has a significant relative “weight” in whole-body mass, an incontestable 

structural and physiological relevance. It also plays a central role as an 

endocrine-type stimulator of distinct signaling pathways in several other tissues 

preventing chronic non-communicable diseases, namely during the exercise and 

post-exercise recovery periods.1,4,7 Therefore, conditions that impose constrains 

to SM normal development or induce degeneration may have a significant 

negative impact on the organism throughout life, and even in the healthy status 

of the next generations. 

Accordingly, maternal HFD consumption seems to have a deleterious 

consequence on offspring SM development36-38, being associated with reduced 



gene expression of the specific transcription factor myogenic differentiation 1 

(MYOD1).39 Downregulation of MYOD1, the master regulator of SM 

differentiation, leads to a reduced number of myogenic cells and may be related 

to impaired SM development. In line, Bayol et al showed that offspring sired by 

HFD-fed mothers exhibited a 25% reduction in muscle cross-sectional area and 

approximately 20% fewer muscle fibers.26 Moreover, decreases in capillary 

density, fiber cross-sectional area and type-IIa muscle fibers mRNA expression 

has been reported upon maternal HFD-consumption38 with negative 

consequences on offspring muscle force production.38,40 Furthermore, maternal 

HFD consumption induces alterations in SM mitochondrial physiology through a 

decrease in mRNA expression of several biomarkers of mitochondrial biogenesis 

and dynamics (peroxisome proliferator-activated receptor-γ coactivator-1α, PGC-

1α; nuclear respiratory factor 1 and mitochondrial transcription factor A, 

TFAM)38,41, associated to a downregulation of nuclear-encoded proteins linked to 

oxidative phosphorylation.42 

As SM also play a key role in systemic insulin-sensitivity and glucose uptake4, 

SM offspring-related metabolic impairments have been associated with 

deregulated parental nutritional regimens. In fact, maternal HFD-feeding lead to 

impairments in SM insulin-signaling26,40, glucose and lipid metabolism36, 

associated to reduced mRNA expression and content of glucose transporter type 

1 and 4, fatty acid synthase and PGC-1α.36,39,43,44 Furthermore, maternal HFD-

consumption seems to impair exercise performance in offspring as well as 

training efficiency early in life.44 

Bearing in mind the consensual health-related role of PE7, ME has been 

proposed as a non-pharmacological strategy to counteract or attenuate 

morphology, function or metabolism downregulation in offspring induced by 

parental malnutrition.33,45 However, as suggested before, even though 

considerable amount of data from several tissues, particularly liver13, adipose 

tissue46, brain35 and pancreas47 has been published, recent research has also 

been devoted to the impact of ME on offspring’s SM38,39. Regarding the 

development of SM in the offspring of HFD-fed mothers, Raipuria et al reported 

that ME reverted HFD-related MYOD1 downregulation in male offspring.39 

Moreover, SM weight, fiber cross-sectional area, type-IIa muscle fibers mRNA 

expression and concomitant maximal strength increased in offspring sired from 



exercised mothers.38 The metabolic mechanisms underlying ME effects on 

offspring glucose tolerance and insulin-sensitivity in SM have also been studied 

in different rodent models. Albeit there are discrepancies among these studies 

due to the use of different strains of mice28,34 and rats9,48,49, and different 

durations and modalities10,28,34 of ME, in general data suggest that ME before and 

during pregnancy improves glucose tolerance and insulin sensitivity in the 

offspring SM.10,34,48-50 Regarding the different exercise models, although free-

running wheel (FRW) has been associated to clear SM-related benefits in health 

animals51, the absence of intensity control may be one the reasons associated to 

the variability and distinct outcomes described in studies involving metabolic 

constrains.  

Alternatively, treadmill running is a well-established model used during 

pregnancy to control PE load. In fact, the intensity of exercise performed before 

and during gestation seems to play a key role in the offspring phenotypic 

adaptations. Low-intensity treadmill running exercise (55% of maximal aerobic 

speed) for 4-weeks before and during gestation improved SM glucose tolerance 

and insulin sensitivity in young male offspring.33,45,52 Additionally, Falcão-Tebas 

et al showed that maternal treadmill exercise before (60-75% of VO2max) and 

during pregnancy (65-50% of VO2max) increased glucose transporter type 4 

protein expression in the offspring10, which is in line with some previous studies 

even when FRW was used39, and may explain, at least in part, the attenuated 

lower insulin-stimulated glucose uptake in offspring sired by obese fathers. 

Moreover, citrate synthase activity, a marker of SM mitochondrial content, 

increased and reactive oxygen species production was normalized in female 

offspring, despite the lack of changes in the expression of mitochondrial 

biogenesis markers, such as PGC1α and TFAM, which contrasts with data 

reporting increased mRNA expression of PGC1α using a FRW model.39  

Taking into account the positive impact of ME in the offspring SM metabolic 

phenotype, improvement in exercise volition and performance would also be 

expected. In contrast with data reporting that maternal HFD reduced fatty acid 

synthase and glucose transporter type 1 gene expression, together with offspring 

impairment of exercise performance44, to our knowledge, only one study reported 

that ME performed before and during pregnancy positively modulated the 

propensity of the offspring for PE53. In fact, female offspring volition for exercise 



in the FRW was higher during different time points throughout life when compared 

with offspring from sedentary mothers. Considering the positive health-related 

outcomes of the fitness levels throughout life54, additional studies exploring 

offspring exercise ability, particularly maximal aerobic performance, could be of 

high interest to support the effectiveness of SM-related transgenerational 

programming of fitness in offspring sired from exercised mothers. In fact, only a 

very recent study by Son et al reported that gestational exercise improved 

endurance capacity in the offspring.38  

Taken together, data suggest that ME may have a vital role in offspring’s SM 

programming. However, more studies are necessary to identify the optimal ME 

training regimens and to fully elucidate the mechanisms responsible for the 

improvement in offspring SM responses to ME. 

3. Epigenetic mechanisms associated to skeletal muscle adaptation to 
physical exercise  

The regulation of gene expression is a fundamental process that establishes and 

impacts the phenotype induced by different environmental stimuli, including PE, 

in the different tissues.55,56 Nevertheless, 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 (Figure 2). Whilst DNA methylation and histone modifications 

involve a direct influence at chromatin level, but without changes in the genome 

sequence, miRNAs regulate the amount of proteins expressed in cells by 

modulating mRNA stability and the efficiency of translation.57 In this context, PE 

has the ability to modulate the epigenetic signature mapping of different cells, 

thus mediating the subsequent modifications at transcription and post-

transcription levels that characterizes distinct acute and chronic 

adaptations.56,58,59 

 



 
Fig. 2 Proposed epigenetic mechanisms that mediate the skeletal muscle gene expression in 
response to physical exercise, such as 1 – DNA methylation; 2 – histone modifications; 3 – 
microRNA post-transcriptional regulation.  
 

3.1. Variability of skeletal muscle epigenetic landscape mediated by 
physical exercise 
 

As illustrated in Figure 2, SM epigenetic landscape modulated by PE fine-tune 

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

transient or stable transcriptional or post-transcriptional mechanisms.18,19  

So far, an almost consensual idea supports that different types and regimens of 

PE, with distinct cohort of healthy and non-healthy active subjects60-63 revert or 

attenuate the methylation profile of genes involved in crucial metabolic or 

structural remodeling of SM pathways, such as Pgc-1α and Tfam, in a dose-

dependent manner.60 Moreover, the SM genome-wide DNA hypomethylation 

pattern (measured as the number of hypomethylated CpG-sites) obtained after a 

7-week resistance training program was retained and even exacerbated in the 

detraining and the retraining period, respectively.63 Ultimately, a 9-day period of 

bed-rest in healthy active subjects induced an increased methylation of the Pgc-

1α gene that was attenuated following 4-weeks of training.64 This could be 

particularly interesting since SM is a programmable tissue and can ‘remember’ 

early-life mechanical and metabolic stimuli through epigenetic mechanisms that 

underly SM memory, affecting its function throughout life.65 



Accordingly, histone modifications associated to phosphorylation, acetylation, 

and mono-, di-, and tri-methylation mechanisms seem to determine distinct 

spatial relationships between DNA and the histone core, conditioning SM 

transcriptional activation in response to exercise.66 McGee et al showed that 

although no difference in total histone deacetylases (HDAC) activity was found 

following exercise in human SM, alterations in class IIa HDAC function occurred 

through changes in subcellular localization, as HDAC 4 and 5 nuclear abundance 

immediately after PE were significantly decreased.66 This HDAC reallocation out 

of the nucleus67 seems to be orchestrated, at least in part, by phosphorylation 

kinase cascades, namely AMP-activated protein kinase and the calcium–

calmodulin-dependent protein kinase II.66 In addition, endurance-trained subjects 

respond to intense cycling exercise through mitogen-activated protein kinase 

signaling. Extracellular regulated kinase 1/2 and p38 pathways are associated 

with activation of mitogen and stress-activated kinase 1 and histone H3 

phosphorylation in human vastus lateralis from highly trained cyclists, which 

provides a potential cellular mechanism that facilitates exercise-related gene 

transcription.68 Accordingly, it has been recently showed that increased 

acetylation levels in H3 were closely related to up-regulation of gene expression 

involved in resistance exercise-related SM adaptations.69  

Ultimately, mounting data highlight the epigenetic-related role of miRNAs in the 

post-translational regulation of gene expression in SM response to exercise.70-72 

Although an impressive array of miRNAs is presently under accurate scientific 

surveillance regarding its impact in exercise-related adaptations, the inter-

individual variability of miRNAs expression in SM is still a matter of debate. 

Studies using resistance training reported muscle mass gain responses that are 

positively correlated with the expression levels of miR-378 in a high or low 

responsive manner.73 Moreover, data from endurance exercise participants 

emphasize the SM mRNA regulation of components of the miRNA biogenesis 

pathway (Drosha, Dicer and Exportin-5)74, as well as the role of miRNAs in the 

stimulation of microvascular remodeling62 and metabolic signaling pathways, 

such as mitochondrial biogenesis.74-76 While miRNAs molecules are essential 

cellular mediators of processes related with PE adaptation, secreted miRNAs can 

also act as signaling molecules mediating intercellular communication via 

paracrine or endocrine signaling. Cells can release miRNAs to the blood stream 



associated to lipid and protein carriers, namely extracellular microvesicles, 

exosomes and lipoproteins77-79 and deliver them in recipient cells thus regulating 

target gene expression and cell function.80 Nevertheless, data are still scarce 

regarding the intrinsic and accurate mechanisms associated to this circulating 

miRNA-mediated intercellular communication. In fact, further studies are needed 

to establish the biological cause-and-effect relationships between circulating and 

different tissue adaptations during exercise or post-exercise recovery.70 

 

3.2. Epigenome-mediated programming of offspring skeletal muscle 
through parental physical exercise 

Besides their fundamental role as modulators of the gene expression in several 

organs, epigenetic influence during prenatal and neonatal development has also 

been proposed to affect offspring metabolic health. Mounting evidence suggest 

that environmental factors, such as xenobiotics, diets and PE contribute to 

transgenerational epigenetic inheritance that alters cell/tissue function. 

Consequently, they may predispose to an increased disease risk or, in contrast, 

to putative beneficial health-related outcomes later in life.57 In this regard, some 

studies suggest that epigenetic-related programming associated to ME 

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

pathophysiological conditions at distinct levels of cellular organization in the 

offspring.30 

Nowadays it’s clear that parental environmental exposure has an influence on 

programming SM metabolism and phenotype. In fact, epigenetic alterations have 

been proposed as having a key role in the transgenerational transmission of 

metabolic impairments.29 Therefore, understanding whether and how epigenetic 

modifications can manifest downstream implications for offspring in SM may be 

of extreme importance. Accordingly, Prats-Puig et al reported gestational obesity-

related alterations in methylation levels of MYL6, MYH11, TNNT3, TPM2, CXCL2 

and NCAM1 genes in the umbilical cord, with implications in infant’s fasting 

glucose levels at 6 years of age, due to hypothetical in utero inappropriate 

epigenetic programming of SM.81 Moreover, increased SM miR-15a and miR-15b 

expression in offspring of mothers with gestational diabetes seems to be 



associated with fetal programming and consequent predisposition to develop 

type-2 diabetes and associated cardiometabolic disease later in life.82  

In contrast, ME is a promising non-pharmacological strategy capable to reduce 

the susceptibility of offspring to developing metabolic disease in adulthood, and 

therefore contributes to break the vicious cycle of transgenerational transmission 

of maternal-associated malnutrition diseases. Although epigenetic-related 

mechanisms are the main players proposed so far59,65,83, studies exploring the 

role of ME in the programming of offspring’s landscape are still scarce. Laker et 

al reported that ME attenuated Pgc-1α promoter hypermethylation in the SM of 

newborns from HFD-mothers, which is of crucial physiological and functional 

relevance considering the role of PGC-1α as a master regulator of mitochondrial 

biogenesis and oxidative metabolism.48 Moreover, other PGC-1α-related 

downstream targets such as glucose transporter type 4, cytochrome c oxidase 

subunit-4 and cytochrome c were also hypermethylated by the HFD and 

epigenetically prompted into a more positive phenotype by ME until 12-months of 

age.45 This highlights the life-long protection provided by PE regarding 

epigenetic-transgenerational programming. In addition, ME induced DNA 

demethylation of the Pgc-1α with consequent overexpression in offspring muscle 

PGC-1α 1/4 isoforms content, mitochondrial biogenesis and improved muscle 

function.38 

Until present, evidences are based on the relevance of ME on offspring health 

outcomes; however, recent research has shown that fathers’ environmental 

exposure may also play an important role in offspring programming.14-17 Sperm-

mediated programming through epigenetic transmission of heritable alterations 

in chromatin structure may be one potential mechanism by which paternal 

physiology can impact offspring development. Father’s environmental exposure 

leading to an obese phenotype may impair sperm number and motility84,85 

comprising fertility-related outcomes. In addition, the effects of paternal diet are 

likely to be transmitted to offspring through the sperm.84,86 Data from rodent 

studies showed that paternal nutritional behavior can also influence both the 

sperm and offspring DNA methylation profile. In fact, the HFD-fed fathers and 

their male offspring-related spermatozoa epigenome showed overlapping DNA 

methylation that compromises distinct signaling metabolic pathways.87 Moreover, 



paternal HFD decreased expression of dimethyl H3-K9 protein in sperm with 

further consequences on placental and fetus weight.88 

In contrast, paternal exercise is positively associated with progressive and total 

sperm motility16,17 (Figure 3). In fact, endurance, resistance and combined 

training might improve sperm parameters, including viability and motility of 

sperms through increasing the serum testosterone and luteinizing hormone 

levels.16,17 Recent data showed that reduced DNA methylation induced by 

exercise is present in germ cells suggesting that these positive outcomes can be 

transmitted to future generations.89 In an elegant study, Guth et al demonstrated 

that parental exercise resulted in an increased SM mass and improved glucose 

tolerance in female offspring. This parental exercise program altered the 

expression of several genes involved in lipid metabolism and specifically 

intramuscular lipogenesis in gastrocnemius (Adipoq, Cidec and Scd1) throughout 

two generations of sedentary male offspring14. Genes involved in insulin and 

leptin signaling, as well as in the control of glucose metabolism (H19, Ptpn1, Ogt 

and Oga), were differently methylated in the sperm of paternal trained mice, 

which was associated with altered expression of these genes in the offspring SM 

and with an improvement in the metabolic efficiency.15 Although controversial15,88 

, the expression of several paternal sperm miRNAs levels may be positively 

modulated by exercise training.90 The MiR-503 seems to be positively regulated 

by PE and have a role in target genes of cyclin family that are involved in cell 

cycle regulation.90 

Taken together, data published so far highlight the relevant role that parental 

exercise may also have in the epigenetic-related transgenerational programming 

of SM offspring. However, a strong research effort should be done to explore the 

truly effects of epigenetic-related mechanisms that mediate the impact of paternal 

exercise on offspring phenotype.  



 
Fig. 3 Paternal exercise and active lifestyle before conception have a positive effect on sperm 
viability and motility. Additionally, paternal exercise also has an impact in sperm chromatin 
structure through alterations in DNA methylation and in histone protein expression as well as in 
the modulation and expression of distinct miRNAs. Some of the paternal-induced epigenetic 
alterations are likely to be transmitted to offspring through the germ cells. In fact, paternal 
exercise, altered the skeletal muscle expression of several genes involved in the offspring glucose 
and lipid metabolism.  
 

4. Early-life exercise counteracts negative impact of parents’ lifestyle 

Besides the relevant role of PE before conception and during the gestational 

period, there is increasing evidence that early-life PE may also play a significant 

impact in the modulation of the juvenile offspring20,22,91-93 and adult phenotype94, 

as developmental programming is not restricted to the gestational period. In fact, 

the postnatal period is also a critical window of opportunity95,96, being PE 

performed during childhood negatively correlated to constrains inherited from an 

adverse gestational environment and induces lower prevalence of chronic 

diseases in adulthood.94,97 In fact, early-life exercise seems to mitigate the 

deleterious consequences of undernutrition during pregnancy and subsequent 

intrauterine growth restriction.22,91 Huber et al reported that in offspring exposed 

to maternal undernutrition, long-term daily moderate exercise reverted the 

decrease in fatty acid synthase protein expression and consequently improved 

overall energy expenditure and enhanced SM oxidative capacity.91 Therefore, the 

exercise-induced improvement in muscle metabolism contributed to the 



prevention of the paradoxical obesity development reported in undergrown 

offspring at birth.40 Furthermore, exercise engagement from early-life throughout 

adulthood in this model of undernourished mothers had the same effect in the 

prevention of obesity, when a moderate level of daily exercise was controlled by 

a locked FRW model only allowing 56m/day of running distance, which suggests 

that even moderate daily exercise prevents prenatally-induced obesity.97  

In a model of impaired uterine blood flow-induced low birth weight in offspring, 

Laker et al 92 showed that early-life PE until 9-weeks of age elicited SM 

mitochondrial biogenesis and oxidative capacity, through increased protein 

expression of PGC-1α, elevated β-Hydroxyacyl-CoA dehydrogenase and citrate 

synthase enzyme activities.92 However, no sustained effects of early exercise on 

the expression and activity of these proteins were still evident after the cessation 

of exercise (at 24-weeks of age), compromising the long-term SM beneficial 

programing induced by early-life exercise.47  

As previously discussed, similarly to the impact of maternal undernutrition during 

pregnancy, an excessive caloric intake during gestation is also associated with 

health-related complications in offspring.29,38 Recent works have demonstrated 

beneficial effects of early-life voluntary exercise on the metabolic profile of 

offspring from obese mothers with exercise reversing maternal obesity-induced 

adiposity.93 On the other hand, Falcão-Tebas et al focused on the offspring early-

life PE reprograming effect against paternal HFD consumption.20 Data revealed 

that only 4-weeks of exercise early in life normalized whole-body insulin 

sensitivity and reduced body weight in offspring later in adulthood (at 25-weeks 

of age), which seems to be influenced by SM adaptations, namely the increased 

levels of SM glucose transporter type 1 protein content in adulthood.20 Moreover, 

there have been reported improvements in mitochondrial respiration were 

reported20 suggesting that mitochondrial function 4-months post-partum in 

offspring from HFD parents may have contributed, at least in part, to the 

normalization of insulin sensitivity in SM. In addition, a work from Patterson et al 

showed that a 3-week FRW programme in rats, performed immediately after 

weaning, prevented the onset of diet-induced obesity for at least 10weeks after 

the cessation of exercise training, despite the continued HFD-consumption.98 

Besides the relevance of prenatal exercise on offspring health, recent striking 

findings show that maternal perinatal exercise (i.e., during lactation) can also 



impose metabolic reprogramming in the offspring, through changes in the 

composition breastmilk. Ribeiro et al reported that elevated insulin levels in the 

milk of exercising mothers could, at least partly, contribute to lessening the effects 

of early-life overfeeding on obesity development of their offspring.99 The better 

insight into exercise effects on breastmilk composition was given by a cross-

fostering study by Harris et al. Findings showed that offspring from sedentary 

mothers when cross-fostered by exercising dams improved glucose and insulin 

tolerance, in addition to a decrease in adiposity and body mass, compared to the 

offspring of exercising mothers nurtured by sedentary dams.100 It seems that ME 

expresses some of its beneficial metabolic effects through altering breast milk 

composition, particularly an oligosaccharide 3ʹ-sialyllactose, which levels 

correlate positively with exercise.100 These remarkable cross-fostering data 

actually demonstrate the role that ME may have on altering breast milk 

composition and thus, it’s possible involvement in the offspring metabolic 

status.100 Even though studies on this new aspect of ME mechanisms are in its 

infancy, it undoubtedly offers a new perspective on the benefits that ME during 

lactation may also have on the offspring metabolic programming. 

In summary, although the beneficial the role of parental and early-life PE seems 

to be sufficiently robust in rodent model studies, a strong effort is still needed to 

highlight the potential translation power of the benefits and related mechanisms 

into humans. Nevertheless, the current knowledge seems to be appropriated to 

establish clinical guidelines and scientifically supported evidences for the 

promotion of parental PE before and during gestation, as well as offspring PE 

early in life. In this sense, behavior’ changes regarding the practice of PE during 

pregnancy should be adopted as part of the huge parental responsibility with their 

offspring and with the society. 
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