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Resumo 

O estilo de vida materno e potenciais distúrbios metabólicos relacionados com o 

mesmo, como a diabetes mellitus gestacional (DMG), têm sido associados a 

alterações no ambiente intrauterino e são fortes moduladores da programação 

fetal, originando eventualmente condições metabólicas deletérias e stressantes 

para o feto. O exercício físico assume-se como uma estratégia essencial na 

prevenção/terapia de doenças hepáticas, mas pouco se conhece sobre o 

impacto do mesmo quando realizado durante a gravidez e os seus efeitos no 

desenvolvimento dos descendentes. Esta dissertação, composta por dois 

estudos de revisão e três estudos experimentais, pretendeu analisar o papel do 

exercício gestacional na função hepática dos descendentes quando 

comprometida pela DMG materna (estudos I, II e III), mas também na condição 

hepática pós-DMG materna (estudos I e II). Neste modelo animal de DMG 

induzida por dieta, avaliámos a função respiratória mitocondrial hepática das 

mães e dos descendentes masculinos (estudo I), bem como a histopatologia 

hepática, a acumulação de triglicerídeos e de acilcarnitinas (estudos I e III), 

marcadores de biogénese mitocondrial e de sinalização de controlo de 

qualidade, e a regulação epigenética via mecanismos de microRNA (estudos II 

e III) em mães e descendentes masculinos e femininos. A bioenergética 

mitocondrial hepática foi estimulada através de exercício gestacional, prevenindo 

os problemas infligidos pela dieta materna nos descendentes masculinos e 

proporcionando adaptações maternas preservadas até 8 semanas após o parto. 

O estilo de vida materno afetou notavelmente o metabolismo lipídico dos 

descendentes masculinos, motivando alterações em fatores transcricionais 

associados ao metabolismo glicolítico, tendo-se verificado um menor impacto 

nos descendentes femininos. Adicionalmente, o exercício gestacional revelou-se 

como um poderoso regulador da biogénese e dinâmica mitocondrial, prevenindo 

ou revertendo a tendência induzida pela dieta materna no sentido da fissão 

mitocondrial e não da fusão, e demonstrou ser um modulador mais potente de 

mecanismos epigenéticos associados à expressão de microRNA do que a dieta 

materna. As vias de sinalização apoptótica e auto(mito)fágica, exclusivamente 

em mitocôndrias, foram alteradas apenas nas mães. Em termos gerais, os 
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nossos dados sugerem que o exercício gestacional pode prevenir 

consequências metabólicas relacionadas com a DMG nos descendentes, 

devendo, por isso, ser considerado como um modulador muito poderoso e 

favorável do ambiente intrauterino e como uma importante estratégia contra a 

DMG. 

 

PALAVRAS-CHAVE: Exercício gestacional; Diabetes gestacional; Programação 

fetal; Saúde dos descendentes; Mitocôndrias hepáticas. 
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Abstract 

Maternal lifestyle and potential related metabolic disorders, such as gestational 

diabetes mellitus (GDM), have been associated with alterations in in utero 

environment and are strong modulators of fetal programming, eventually leading 

to aggravated and stressful metabolic conditions for the fetus. Physical exercise 

has been proved as the cornerstone in the prevention/therapy of liver diseases, 

yet less is known about physical exercise performed during pregnancy and its 

effects on offspring development. This dissertation, comprised of two review and 

three experimental studies, intended to analyze the role of gestational exercise 

on offspring liver health jeopardized by maternal GDM (studies I, II, and III), but 

also on maternal post-GDM liver condition (studies I and II). In this diet-induced 

GDM animal model, we assessed maternal and male offspring hepatic 

mitochondrial respiratory function (study I), as well as hepatic histopathology, 

triglyceride and acylcarnitine accumulations (studies I and III), markers of 

mitochondrial biogenesis and quality control signaling, and epigenetic regulation 

via microRNA mechanisms (studies II and III) in mothers and male and female 

offspring. Hepatic mitochondrial bioenergetics was stimulated by gestational 

exercise, thus preventing impairments imposed by maternal diet in male 

offspring, but also providing adaptations in mothers preserved even 8 weeks 

post-partum. Maternal lifestyle remarkably affected lipid metabolism in male 

offspring, with less impact on female offspring, that rather expressed changes in 

glucose-related transcriptional factors. Also, gestational exercise was a powerful 

regulator of mitochondrial biogenesis and dynamics, preventing or reverting 

maternal diet-induced shift towards mitochondrial fission rather than fusion, and 

it was a more potent modulator of microRNA mechanisms than the maternal diet 

itself. Apoptotic and auto(mito)phagy signaling pathways, exclusively in 

mitochondria, were altered only in mothers. In general, our data suggest that 

gestational exercise can prevent GDM-related metabolic consequences in the 

offspring, proposing it as a very powerful modulator of in utero environment and 

important strategy against GDM. 

KEYWORDS: Gestational exercise; Gestational diabetes; Fetal programming; 

Offspring health; Liver mitochondria.  
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Developmental Origins of Health and Disease 

The etiology of human diseases includes genetic and environmental factors that 

rarely act independently (Liu et al., 2009). Without neglecting the genetic 

component, the interaction of numerous environmental factors, biological and/or 

socio-economic, may ultimately affect developmental processes and human 

health (Hoffman et al., 2017). Recent scientific evidence and emerging progress 

in the field of epigenetics bring a new concept that explains disease etiology, the 

so-called developmental origins of health and disease (Heindel & Vandenberg, 

2015). This concept, explaining the link between early-life exposure to 

environmental factors and later-life disease development, was developed by 

David Baker in the 1980s (Barker & Osmond, 1986). According to this paradigm, 

alterations in in utero environment, due to maternal stress, (mal)nutrition, 

infections, drugs, and other environmental chemicals, may be reflected in the fetal 

cell differentiation processes and thus in developmental plasticity. However, 

some effects of environmental influences might not be phenotypically as apparent 

at birth, but rather promote delicate alterations in gene expression, cell numbers, 

and even metabolism. Therefore, an adverse in utero environment may trigger 

fetal adaptive responses, and consequently increase the risk for later-life 

development of metabolic dysfunction or disease, or even an earlier onset and/or 

an increased severity of disease (Gluckman et al., 2008; Heindel & Vandenberg, 

2015).  

In fact, the growing scientific evidence support this hypothesis. By intaking of 

excessive calories and not having a way to “spend” them due to low levels or total 

absence of physical exercise, pregnant women with this kind of lifestyle usually 

transmit this “high-caloric burden” through placenta, making in utero environment 

more cytotoxic. Recent studies have shown that the consumption of high-caloric 

diet by the maternal generation can remarkably affect offspring metabolism, 

particularly in the liver, adipose tissue, and skeletal muscle (Mouralidarane et al., 

2013; Saben et al., 2013). Maternal “junk” food diet during pregnancy and 

lactation induces molecular metabolic adaptations in the offspring liver regardless 

of offspring post-weaning diet. Altered in utero environment, due to maternal diet, 

induces irreversible liver damage in the offspring. In fact, these offspring still 
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develop fatty liver even if fed with a balanced diet after weaning, although the 

condition is not as exacerbated as in the offspring fed with “junk” food (Bayol et 

al., 2010). Similar studies also reported that maternal high-fat diet (HFD) 

predisposes offspring to non-alcoholic fatty liver disease (NAFLD) with observed 

hyper-responsiveness if the offspring also consumes HFD (Wankhade et al., 

2018; Wankhade et al., 2017) and with male offspring being more prone to 

NAFLD phenotype (Wankhade et al., 2018). Furthermore, exposure to 

intrauterine hyperglycemia or insulin resistance (IR), which are common in 

gestational diabetes mellitus (GDM), has the potential to program liver metabolic 

capacity of the fetus. Maternal GDM-related alterations of in utero environment 

resulted in offspring IR (Li et al., 2017; Yamashita et al., 2003), impaired glucose 

(Strakovsky et al., 2011) and lipid (Bush et al., 2011; Chang et al., 2019; Li et al., 

2017; Talton et al., 2019; Zhang et al., 2017) metabolism, and even increased 

intrahepatic lipid accumulation and consequent NAFLD (Brumbaugh et al., 2013; 

Pereira et al., 2015). Bearing in mind that pregnancy is a particular state with 

many physiological and metabolic alterations to respond to the needs of the 

growing fetus, it is not a surprise that any external insult, such as maternal 

lifestyle alterations towards improper dietary habits and sedentarism, may modify 

the very precisely coordinated and regulated pregnancy metabolism, resulting in 

adverse in utero environment and impaired fetal development and growth.  

 

Gestational diabetes mellitus (GDM) 

Even during healthy pregnancies, glucose and lipid metabolism undergo some 

significant alterations. Pregnancy is a dynamic state with numerous anatomic, 

physiological, and biochemical adaptations in order to meet essential metabolic 

demands of a developing and growing fetus. Over the course of pregnancy, the 

metabolic state changes from an anabolic to a catabolic phase. In the first two 

trimesters, the anabolic state involves maternal increase in insulin sensitivity and 

in lipid deposition, resulting from hyperphagia and enhanced de novo lipogenesis. 

This nutrient storage is needed for maternal and fetal demands in later gestation 

and lactation. In the last trimester, the switch to a catabolic state occurs resulting 

in an accelerated lipid breakdown as well as increased IR. Consequently, 
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maternal glucose and free fatty acid (FFA) concentrations rise to respond to the 

increasing nutritional demands (Lain & Catalano, 2007; Zeng et al., 2017). Even 

though this shift from early-gestation insulin sensitivity to late-gestation IR 

represents a logical sequence of events in a healthy pregnancy, in women with a 

history of diabetes, obese women, or those with hyperglycemia, these metabolic 

alterations are more aggravated during pregnancy. Therefore, with further 

enhanced gestational IR, the risk for GDM increases (Lain & Catalano, 2007). 

This GDM represents a condition of glucose intolerance and resulting 

hyperglycemia with the first onset occurring during pregnancy (American 

Diabetes Association, 2003; Buckley et al., 2012). However, there is no 

consensus regarding the diagnostic criteria. In fact, the recommended cut-off 

value for fasting glucose levels is 92 mg/dL (5.1 mmol/L) according to the 

International Association of Diabetes and Pregnancy Study Groups (IADPSG) 

(International Association of Diabetes and Pregnancy Study Groups Consensus 

Panel, 2010) and the American Diabetes Association (ADA) (American Diabetes 

Association, 2016), or 100 mg/dL (5.6 mmol/L) according to the United Kingdom 

National Institute for Health and Care Excellence (NICE) (Webber et al., 2015). 

Generally, the oral glucose tolerance test (OGTT) is performed at 24-28 weeks 

of gestation, using the previously mentioned fasting glucose cut-off values and 

post-prandial 180 mg/dL (10 mmol/L) 1-hour after glucose intake and 153 mg/dL 

(8.5 mmol/L) (IADPSG and ADA) (American Diabetes Association, 2016; 

International Association of Diabetes and Pregnancy Study Groups Consensus 

Panel, 2010) or 140 mg/dL (7.8 mmol/L) (NICE) (Webber et al., 2015) 2-hour after 

glucose intake. In Portugal, following the ADPSG recommendations, the General 

Directorate of Health (DGS) recommends that GDM may be diagnosed in the first 

trimester if the blood glucose values ranged between 92 mg/dL and 126 mg/dL, 

avoiding the OGTT of the second trimester. Therefore, for pregnant women with 

fasting glucose values lower than 92 mg/dL, the second trial to GDM is performed 

regularly at 24-28 weeks of gestations using OGTT (Almeida et al., 2017). Yet, 

the fasting blood glucose screening at initial medical visits is still not 

recommended by any of these three associations (American Diabetes 

Association, 2016; International Association of Diabetes and Pregnancy Study 
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Groups Consensus Panel, 2010; Webber et al., 2015). Interestingly, although the 

comparison of the early screening and detection of GDM with more convenient 

guidelines showed no apparent neonatal benefit, it was associated with an 

increased risk for small-for-gestational-age infants, as well as with higher 

healthcare costs due to more frequent medical visits (Ferreira et al., 2018). 

Furthermore, ADA defines GDM as diabetes diagnosed in the second or third 

trimester (American Diabetes Association, 2016) considering that an increase in 

IR, possibly related to GDM, usually begins at 20-24 weeks of gestation due to 

the rising levels of pregnancy-associated hormones (Kamana et al., 2015). It is 

assumed that about 7% of all pregnancies are related to GDM, with reported 

range of 1-14% in the United States (American Diabetes Association, 2003). In 

Europe, the prevalence ranges 2-6% of pregnancies (Buckley et al., 2012), but it 

seems that the global prevalence can vary between 9% and 45% (Agarwal et al., 

2015). 

Besides prevalent metabolic complications and possible genetic predisposition, 

an excessive weight gain during pregnancy and some lifestyle factors, such as 

malnutrition and sedentary behavior, can also be important risk factors for GDM 

as maternal dietary intake rich in fat and/or carbohydrates might influence 

glucose tolerance during pregnancy and the risk of developing GDM. It is also 

speculated that nutritional habits established years before pregnancy may trigger 

IR in pregnancy, whereas diet during pregnancy has low additional effect on this 

factor (Radesky et al., 2008). Furthermore, low levels of physical activity and 

sedentary behavior were associated with a higher risk of developing GDM (Leng 

et al., 2016; Pons et al., 2015; Zhang et al., 2006). 

Also, women with GDM and suffering from hyperglycemia, hyperlipidemia, and 

hyperinsulinemia are at higher risk for pregnancy and delivery complications, 

including cesarean delivery and neonatal macrosomia and hypoglycemia 

(DeSisto et al., 2014; Kc et al., 2015). Moreover, even though GDM signs usually 

disappear soon after delivery, metabolic alterations that took place during the 

pregnancy period could have already provoked some metabolic stress in mothers 

and fetus, which would be expressed only later in life (Coustan, 2013). In fact, 

women with history of GDM are vulnerable to develop diabetes mellitus 5-10 
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years post-partum (Auvinen et al., 2020; Feig et al., 2008; Noctor & Dunne, 2015), 

but also NAFLD, although much later in life (5-16 years after delivery) (Ajmera et 

al., 2016; Foghsgaard et al., 2017; Forbes et al., 2011; Lavrentaki et al., 2019). 

Moreover, children from GDM mothers are more prone to impaired glucose 

tolerance (Dabelea et al., 2008) and especially to liver diseases (Brumbaugh et 

al., 2013; Patel et al., 2016), as their fetal metabolism is unable to buffer the 

excess of placental lipid transport (Brumbaugh & Friedman, 2014). In fact, recent 

research emphasized that the exposure to maternal GDM can cause an 

increased lipid accumulation in the offspring liver, which also increases the 

susceptibility to hepatic steatosis (Bush et al., 2011; Li et al., 2017; Pereira et al., 

2015; Talton et al., 2019).  

 

Fetal liver metabolism in normal and GDM-related pregnancies 

Mechanisms of embryology, development and function of fetal liver could explain 

the association between maternal GDM and increased susceptibility to offspring 

hepatic impairment and lipid accumulation. Fetal liver has two important functions 

– hemopoietic and cardiovascular, the latter serving as a vascular link between 

the placenta and the heart (Giancotti et al., 2019). During fetal development, 

about half of the blood from the placenta enters the portal vein, supplying liver 

with oxygenated and nutrient-rich blood, whereas the rest of the blood goes 

directly to the fetal heart and brain (Tan & Lewandowski, 2020). Changes in 

placental nutrient supply, i.e., due to maternal malnutrition and increased body 

fat stores, may affect fetal liver perfusion and hepatic development, therefore, 

increasing the risk for metabolic and cardiovascular diseases later in life (Haugen 

et al., 2005). As an adaptive mechanism to diminish nutrition or oxygenation, the 

fetus redistributes its blood flow towards more essential organs, such as brain, at 

the expense of liver, muscle, and gut (Giancotti et al., 2019; Haugen et al., 2005). 

However, this nutrient allocation depends on the (im)balance between fetal 

nutrient demand and placental nutrient supply (Godfrey et al., 2012). In a 

condition of nutrients (glucose and fatty acids (FA)) excess, when mothers are 

obese, or with impaired glucose tolerance characteristic of GDM, placental 

nutrient transport is increased and can lead to prenatal lipid deposition (Godfrey 
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et al., 2012) and consequent risk of macrosomia (Herrera & Desoye, 2016). Due 

to increased placental nutrient transport, the blood flow to the fetal liver increases 

(Delhaes et al., 2018). Actually, in normal pregnancies, the increase of placental 

lipid flux and transport matches the development of adipose tissue (Stewart et 

al., 2013), which appears at around mid-gestation (Symonds et al., 2012), much 

later than the liver that appears at about the third week of gestation and rapidly 

grows until the 10th week (Giancotti et al., 2019). However, in pregnancies 

associated to maternal obesity, IR, and/or GDM, an early catabolic switch might 

occur resulting in augmented placental lipid transport, especially in early-to-mid 

pregnancy before the development of adipose tissue, leading to an ectopic lipid 

accumulation in liver and other developing tissue (Stewart et al., 2013). This 

condition establishes a lipotoxic in utero environment and eventually triggers the 

development of metabolic disturbances reflected as IR, metabolic syndrome, 

diabetes, and/or NAFLD in adulthood (Giancotti et al., 2019; Parrettini et al., 

2020; Stewart et al., 2013). Therefore, if already primed during the fetal 

development, the liver of the children whose mothers were diagnosed with 

pregnancy hyperglycemia and GDM more vulnerable to any possible insult during 

childhood and adulthood. 

 

Liver metabolism 

When the liver is metabolically compromised, liver homeostasis is harmed, which 

can further worsen any existing liver dysfunction. As a high-metabolic tissue, liver 

coordinates numerous processes, including glucose, lipid, and protein 

metabolism, xenobiotic detoxification, bioenergetics, urea metabolism, and 

secretion of some plasma proteins. Also, being one of the largest glands of the 

body, liver expresses its exocrine (through the production of bile) and endocrine 

functions (through the secretion of hormones, including angiotensinogen, 

thrombopoietin, and insulin-like growth factors) (Si-Tayeb et al., 2010) with crucial 

impact in body metabolism and role in the interplay between various organs, such 

as skeletal muscle and adipose tissue (Rui, 2014). As nutrients from diet, i.e., 

glucose, FA, and amino acids are absorbed through the hepatic portal vein, liver 

has first access to them when compared to the peripheral tissues (Moore et al., 
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2012). However, depending on the physiological conditions and bodies’ 

nutritional needs, glucose and triglycerides (TG) can be mobilized from the liver 

and secreted into the circulation to be metabolized by other tissues, including 

muscle and adipose tissue (Rui, 2014). Therefore, based on the glycemic state, 

two metabolic scenarios can be ascribed for liver glucose: 1) liver can release 

glucose, originated from glycogenolysis or gluconeogenesis, to the circulation, or 

2) after entering the hepatocytes, glucose can be used for glycogen synthesis, 

whereas the excess of glucose can be converted to FA (Adeva-Andany et al., 

2016; Rui, 2014). The FA influx from diet, de novo lipogenesis in liver, or lipolysis 

in adipose tissue can contribute to the hepatic lipid input. Thus, to prevent 

eventual lipid excess, FFA undergo β-oxidation in liver mitochondria, or 

esterification into TG in cytoplasm, which are either stored or packed and 

secreted into the circulation as very-low-density lipoprotein (VLDL) (Nassir et al., 

2015). Eventually, FFA availability in the liver can be also regulated by lipophagy, 

a selective form of autophagy with an important function in the regulation of lipid 

metabolism in the liver (Martinez-Lopez & Singh, 2015). Dynamic regulation of 

hepatic glucose and lipid metabolic pathways and tight interaction of liver with 

other tissues has a crucial part in meeting the systemic metabolic demands. 

Therefore, a well and precise coordination of hepatic metabolism is needed, and 

any eventual dysregulation of liver metabolism signaling and subsequent liver 

failure, contribute to the development of chronic liver disorders, including NAFLD 

(Jiang et al., 2020).  

 

Mitochondrial dysfunction in metabolic diseases 

In metabolically disturbed conditions, liver mitochondria are one of the first 

sensors of hepatic citotoxicity. As liver is very rich in mitochondria (~18% of 

mitochondria per hepatocyte volume), mitochondria have a vital role in its 

metabolism (Wei et al., 2008). In fact, besides their role in Ca2+ and redox 

homeostasis, pH regulation, and cellular remodeling and adaptation, 

mitochondria are the primary site of β-oxidation and oxidative phosphorylation 

(OXPHOS). As cellular powerhouses, mitochondria produce adenosine-

triphosphate (ATP) through OXPHOS using substrates obtained from glucose, 
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lipids as well as proteins. Therefore, they can easily sense any alteration in 

glucose and lipid metabolism and their failure to manage subcellular metabolic 

processes may result in the impaired regulation of hepatic metabolism (Wei et 

al., 2008). 

Mitochondrial respiration involves metabolic reactions and processes that 

accomplish the oxidation of nutrients-derived substrates, converting the 

macronutrient energy to ATP, the universal cellular energy donor (Hoeks et al., 

2012). Under physiological conditions, more than 80% of the demanded ATP is 

produced through OXPHOS, whereas the remaining is mainly provided through 

glycolysis (Papa et al., 2012). According to the Mitchell’s chemiosmotic theory 

from 1961, the transfer of electrons derived from substrate oxidation is coupled 

with ATP synthesis in the mitochondria (Mitchell, 1961). The electron transport 

chain (ETC), consisting of four enzyme complexes (CI, CII, CIII, and CIV) and 

two mobile carriers (coenzyme Q and cytochrome c), receives electrons derived 

from oxidizable substrates at CI and CII that are then passed throughout the 

remaining ETC and transferred to molecular oxygen (O2). Matched with this 

electron carrier transport, an electrochemical proton gradient is generated and 

subsequently used by ATP synthase to phosphorylate ADP to ATP (Benard et 

al., 2006; Mitchell, 1961; Zhao et al., 2019). These mitochondrial respiration-

related processes need to be precisely orchestrated and controlled, with 

continuous import of necessary substrates and ADP and export of ATP, as an 

impairment in mitochondrial respiration can result in metabolic dysfunction (Papa 

et al., 2012). Nevertheless, the OXPHOS is not 100% efficient, even in 

physiological conditions, due to the proton and electron leak. Hence, neither all 

the electrons are transported to their final electron acceptor O2, resulting in 

reactive oxygen species (ROS) production, nor the proton motive force is 

completely coupled with ATP synthesis. Yet, proton leak regulation by uncoupling 

proteins (UCPs) and ROS generation have an important role in physiology of the 

cell (Zhao et al., 2019). In chronic liver diseases, such as non-alcoholic 

steatohepatitis, an increase in FFA availability over stimulates β-oxidation and 

the generation of nicotinamide adenine dinucleotide (NADH) leading to the 

increased electron flux through the ETC (Gonçalves et al., 2013). Ultimately, this 
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stressful condition is associated to enhanced electron ETC leakage and 

correspondent increase in ROS generation (Koliaki et al., 2015; Patterson et al., 

2016). Therefore, under such prolonged state of excessive hepatic lipid 

accumulation, mitochondrial bioenergetics will become compromised resulting in 

reduced rates of mitochondrial respiration and ATP synthesis. Concomitantly, 

lower hepatic ATP content (Szendroedi et al., 2009) and ATP synthase flux 

(Schmid et al., 2011) were related to IR and increased lipid accumulation in type 

2 diabetes patients, and diminished mitochondrial respiration was observed in 

NAFLD patients (Koliaki et al., 2015). Moreover, maternal HFD during gestation 

may reduce the expression or activity of ETC complexes even in the offspring 

regardless of them post-weaning diet (Borengasser et al., 2011; Bruce et al., 

2009).  

Fine coordination between generation of new mitochondria and removal of the 

old and damage ones is important for the maintenance of mitochondrial 

homeostasis and pool of healthy mitochondrial network. Mitochondrial biogenesis 

is closely coupled with mechanisms of mitochondrial dynamics, fission and 

fusion, as well as mitophagy (Popov, 2020). In this fine-tuning process, the main 

regulator of biogenesis - peroxisome proliferator‐activated receptor‐gamma 

coactivator-1 alpha (PGC‐1α) attracts a lot of attention in the research of 

mitochondriopathies. In fact, as a co-transcriptional regulation factor, PGC-1α 

activates transcription factors and thus promotes the expression of mitochondrial 

transcription factor A (TFAM), involved in transcripition and replication of 

mitochondrial DNA (mtDNA) (Jornayvaz & Shulman, 2010). Reduced PGC-1α 

expression or activity are associated with increased lipid accumulation in the liver 

(Aharoni-Simon et al., 2011; Morris et al., 2013; Morris et al., 2012), IR, and 

diabetes (Patti et al., 2003). In the condition of maternal diabetes, abnormal 

placental function can occur leading to diminished mitochondrial biogenesis in 

the placenta and reduction in PGC-1α and TFAM expression, and mtDNA copy 

number in a sex-specific manner (S. Jiang et al., 2017). Similarly, maternal HFD 

intake during pregnancy reduced the activity of PGC-1α in the liver of male but 

not female offspring (Borengasser et al., 2011), suggesting sex-specific 

adaptations during in utero development under adverse conditions. 
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As referred above, the mitochondrial dynamics is closely related to the processes 

of mitochondrial biogenesis, allowing mitochondrial genetic and functional 

complementation (Seo et al., 2010). Nutrient availability and supply, as well as 

stress levels can influence the dynamics of the mitochondrial network – fusion or 

fission, toward a condition that is more prone to maintain mitochondrial 

homeostasis and bioenergetics. Under the lack of nutrients, mitochondria 

undergo fusion (regulated by mitofusin 1 (MFN1) and mitofusin 2 (MFN2) in the 

outer mitochondrial membrane, and optic atrophy 1 (OPA1) in the inner 

mitochondrial membrane) and elongate to enhance its bioenergetics efficiency 

(Yu & Pekkurnaz, 2018). In contrast, in a nutrient-rich environment, mitochondrial 

network tends to fragment to avoid energy losses, which also decreases 

bioenergetic efficiency, in a process mediated by dynamin-related protein 1 

(DRP1) and mitochondrial fission 1 (Fis1) (Schrepfer & Scorrano, 2016). 

Additionally, mitochondrial damage or presence of high cellular stress stimulate 

fission to separate the healthy mitochondrial network from the damaged sections 

that will further undergo degradation through mitophagy (Nasrallah & Horvath, 

2014). Aberrant mitochondrial dynamics has been observed in pathological 

conditions, such as obesity, IR, diabetes, and NAFLD (Bach et al., 2003; Bonnard 

et al., 2008; Longo et al., 2021; Mansouri et al., 2018; Patti et al., 2003). Also, it 

is suggested that mtDNA quality can control mitochondrial dynamics. During 

fusion, the contents between mitochondria exchanges, yet the redistribution of 

ETC might enhance ROS production and mtDNA content. The consequent 

increase in mtDNA would then provide sufficient copies of mtDNA for continual 

cycles of fusion and fission (Sadakierska-Chudy et al., 2017). In contrast, it is 

suggested that hyperglycemia and hyperlipidemia favor mitochondrial 

fragmentation, thus altering mitochondrial bioenergetics (Bonnard et al., 2008), 

which actually matches with mtDNA copy numbers depletion in such conditions 

(Kamfar et al., 2016; Litvinova et al., 2019; Pinti et al., 2019). Additionally, mtDNA, 

as a circular double-stranded molecule in the mitochondrial matrix is very 

sensitive to oxidative damage due to the lack of histones and DNA repair 

mechanisms, which means that mitochondrial integrity and function can easily be 
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jeopardized under several stressful stimuli or pathological conditions (Wei et al., 

2008). 

 

MicroRNAs in liver health and disease 

The evidence that in utero stress may modulate fetal epigenome are emerging. 

Alterations in maternal metabolism homeostasis may provoke differential fetal 

adaptation responses, such as increased energy store capacity or alterations in 

metabolic pathways, ultimately leading to phenotypic changes and metabolic 

disorders in adult offspring (Goyal et al., 2019). The GDM may be one of the 

insults resulting in alterations of fetal epigenome and developmental origin of 

offspring metabolic diseases. In fact, upon exposure to altered maternal 

metabolism, i.e., hyperglycemia, hyperlipidemia and related alterations in 

placental transport of glucose, lipids, and amino acids, fetus gets conditioned by 

adaptive processes at cellular, tissue or organ levels that might involve epigenetic 

mechanisms. These prolonged epigenetic processes, additionally pressured by 

adult offspring lifestyle, may contribute to the onset of metabolic disorders even 

in young adulthood (Agarwal et al., 2018).  

Considered as the link between the internal (genetic) and external 

(environmental) factors underlying the expression of the phenotype, the 

epigenetic events behind the epigenetic landscape involve DNA methylation, 

histone modifications, and micro-RNA (miRNAs) regulation (Wei et al., 2008). 

MiRNAs are non-coding RNAs involved in post-transcriptional gene expression 

regulation. In fact, controlling gene regulation through a dynamic process that 

maintains a steady state of gene expression (Fu et al., 2013; Iliopoulos et al., 

2010; O'Brien et al., 2018; Tüfekci et al., 2014), miRNAs play an important role 

in fetal development and various biological processes, such as cellular 

proliferation, metabolism or cell death. Subcellular localization, cell type, cell 

state, abundance of target mRNA, and the affinity of miRNA-mRNA regulation 

are some of the factors modulating miRNAs activity and efficiency in gene 

regulation (O'Brien et al., 2018). Thus, aberrant miRNA expression has been 

associated to human diseases, including pregnancy complications (Fu et al., 

2013).  
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Regarding hepatocytes, one of the most abundant miRNAs is miR-122-5p that is 

involved in lipid metabolism (Ceccarelli et al., 2013). In this particular case, the 

expression of a variety of genes involved in lipid metabolism is downregulated by 

this miRNA, including fatty acid synthesis, peroxisome proliferator-activated 

receptor c, and sterol regulatory element binding 1 (SREBP1), which regulates 

hepatic TG synthesis (Kalaki-Jouybari et al., 2020). It is also involved in 

mitochondrial metabolic gene regulation, being the overexpression of miR-122 in 

human hepatoma cell associated with the increase of PGC-1α expression 

(Burchard et al., 2010). In contrast, reduced levels of miR-122 in the liver were 

observed in NAFLD patients (Miyaaki et al., 2014), diet-induced diabetic rats 

(Kalaki-Jouybari et al., 2020) and in the liver of male, but not female, fetuses of 

GDM mothers, suggesting sex-specific epigenetic in utero regulation (Fornes et 

al., 2020; Fornes et al., 2018). Moreover, the inhibition of mir-122 has been 

associated with increased hepatic lipid accumulation, reinforcing its protective 

role against NAFLD (Hu et al., 2019). In fact, being also an important regulator of 

cell cycle, miR-122 in cooperation with anti-apoptotic miR-34a balances cell 

survival and proliferation in normal liver (McDaniel et al., 2014). Aberrant 

expression of these two miRNAs (miR-34a upregulation and miR-122 

downregulation) is present in NAFLD and hyperglycemic conditions, suggesting 

their important role in hepatic energy metabolism (Cheung et al., 2008; Li et al., 

2009). Furthermore, miR-34a overexpression seems to induce SREBP1 

overactivation through Sirtuin 1 (SIRT1) inhibition, shifting the lipid metabolism 

towards more lipogenic (Wu et al., 2020). Aberrantly elevated mir-34a in HFD-

fed mice with fatty livers can attenuate fibroblast growth factor (FGF) 19 signaling 

(Fu et al., 2012), and thus hepatic glycogen synthesis (Kir et al., 2011). In a similar 

study, miR-34a overexpression downregulated SIRT1, subsequently decreasing 

transcriptional activity of PGC-1α through SIRT1-induced PGC-1α acetylation, 

but also diminished FGF21 signaling (Fu et al., 2014), which is important in 

repressing the transcription of SREBP1 (Zhang et al., 2011). This clearly 

suggests a role of miR-34a in promoting, although indirectly, hepatic lipid 

accumulation. Also, PGC-1α and SREBP1 expression can be dependent on miR-

130b. It has been reported that its overexpression is related with a slight 
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upregulation of SREBP1, as well as with downregulation of PGC-1α and TFAM 

and consequent impaired mitochondrial biogenesis (Shaoning Jiang et al., 2017; 

Zhang et al., 2020). On the contrary, miR-494 downregulation has been 

associated with an increase of mitochondrial content and TFAM expression 

(Yamamoto et al., 2012). However, considering the complexity of miRNAs’ 

mechanisms of action, its abundance and variety, the specific role of each miRNA 

in complex diseases, especially in those with increased intergenerational 

transmission risk, is yet to be elucidated. 

 

Preventive and therapeutic potential of physical exercise against chronic 

liver diseases 

The inability of maternal organism to overcome the condition of IR that emerges 

during pregnancy increases the risk of both mothers, fetus, and neonate to 

develop GDM-related complications. Hence, the proper management and 

treatment of GDM is an extremely important clinical and health-related concern. 

As previously referred above, maternal GDM is associated with the risk of 

pediatric fatty liver disease. However, as no medications for the NAFLD treatment 

of adults and children are yet approved, pharmacological therapies targeting 

some of the associated comorbidities (obesity, IR, diabetes) are recommended. 

Some of these have been studied in children, such as vitamin E, which may be 

used in patients with non-alcoholic steatohepatitis as an antioxidant, although its 

long-term safety is not known, whereas probiotics, omega-3 fatty acids, 

metformin, and ursodeoxycholic acid are still not advised as more research is 

needed. Experimental therapies in children, including leptin analogs, anti-

lipopolysaccharide antibodies, or some antioxidants are so far in early phases of 

clinical trials. Among some of the non-pharmacological therapies proposed to 

children, physical exercise and diet are used in a clinical practice, while bariatric 

surgery is only considered for adolescents with severe obesity or related severe 

comorbidities. Therefore, lifestyle interventions among children against NAFLD 

are highly recommended (Draijer et al., 2019).  

In fact, nowadays, physical exercise has been widely recognized as the most 

important and potential non-pharmacological therapeutic strategy to provide 
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systemic (Bhat et al., 2012; Fiuza-Luces et al., 2018) and mitochondrial benefits 

against chronic liver diseases (Fletcher et al., 2014; Gonçalves, Maciel, et al., 

2014; Gonçalves, Passos, et al., 2014; Linden et al., 2015; Santos-Alves et al., 

2014; Santos-Alves et al., 2015). Moreover, studies have shown that physical 

exercise is an effective therapy for IR and type 2 diabetes (Marson et al., 2016; 

Motahari-Tabari et al., 2014; Sampath Kumar et al., 2019), as well as for ectopic 

lipid accumulation and NAFLD (Lee et al., 2019; Zhang et al., 2016) in adults or 

adolescents. Enhanced hepatic mitochondrial respiration followed by increase in 

PGC-1α expression and improved mitochondrial metabolism are only some of 

the physical exercise-related mitochondrial adaptations (Fletcher et al., 2014). 

Similarly, physical exercise promoted mitochondrial adaptive remodelling through 

improved mitochondrial biogenesis, dynamics, and autophagy in the liver 

(Santos-Alves et al., 2015).  

In addition, there is also increasing evidence that early-life physical exercise has 

an important role in the modulation of children metabolic phenotype and later-life 

metabolic health (Beleza et al., 2021). In line, early-life physical activity has been 

associated with a lower prevalence of chronic endocrine and cardiometabolic 

diseases later in life (Fernandes & Zanesco, 2010).  

Interestingly, recent works also have shown that early-life exercise practice can 

rescue increased adiposity and mitigate IR susceptibility in the offspring of obese 

mothers. However, the extent of metabolic profile improvements was dependent 

on the offspring post-weaning diet (Bahari et al., 2013; Caruso et al., 2013; Rajia 

et al., 2013). 

Considering that preventive strategies are always more advisable and beneficial 

than therapeutic approaches from a clinical, social, and economic point of view, 

the scientific interest and enthusiasm to uncover and develop preventive tools 

that are efficient even in the earlier development stage, such as during in utero 

life is emerging. In fact, as maternal GDM-related metabolic burden can affect the 

in utero fetus development, several preventive strategies are proposed to protect 

both mother and fetus being lifestyle changes, such as in diet and physical 

exercise habits primary goals (Garrison, 2015). Still, an analysis of 19 trials was 

not able to associate different dietary advices for women with GDM and related 
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perinatal outcomes (Han et al., 2017). Oral medications, such as those commonly 

used in the treatment of type 2 diabetes mellitus – metformin, glyburide, and 

insulin therapy are also prescribed to prevent GDM-characteristic hyperglycemia 

(Garrison, 2015). Nevertheless, precaution is needed as during pregnancy 

regular changes in, among others, maternal cardiovascular, respiratory, 

gastrointestinal, and renal homeostasis might occur together with alterations in 

pharmacodynamics and pharmacokinetics. Pregnancy-related changes in 

maternal physiology and metabolism may also affect drug distribution, 

bioavailability, and clearance in unpredictable manners, although conclusive 

research data is still lacking (Ansari et al., 2016; Feghali et al., 2015). 

Furthermore, the placenta is as semipermeable drug barrier as the blood-brain 

barrier and capable of dealing with drug metabolism. Thus, drugs transferred 

through or metabolized by placenta might also affect drug pharmacokinetics itself 

and raises concerns about fetal safety (Ansari et al., 2016).  

Considering all the above mentioned, lifestyle interventions, particularly the 

promotion of physical exercise, emerge as the most efficient, safest, and 

beneficial approach in this context (American College of Obstetricians and 

Gynecologists, 2020; American College of Sports Medicine, 2020), although the 

mechanisms related to the modulation of several metabolic processes are very 

complex and some of them are yet to be uncover by science. Nevertheless, the 

interplay between epigenetic, endocrine, and metabolic-related adaptations 

associated to physical exercise, highlights the role of maternal gestational 

exercise (GE) as a promising non-pharmacological preventive and therapeutic 

approach to mitigate potential deleterious conditions associated to pregnancy 

both for mothers and offspring. 
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The metabolic impact of maternal diet and GE and potentially related 

development of gestational diabetes mellitus on the offspring health, particularly 

on the hepatic mitochondrial modulation, due to an adverse in utero environment, 

raised a lot of attention in the recent research. Considering the putative physical 

exercise protective mechanisms against metabolic disorders, including insulin 

resistance, diabetes, and fatty liver diseases, the main purposes of this doctoral 

dissertation were to analyze: (1) the role of GE against maternal diet-induced in 

utero “unhealthy” environment and consequent liver mitochondrial deleterious 

alterations in 6-week-old offspring, and (2) alterations in maternal metabolism 8-

weeks post-partum and GE cessation, particularly focusing on liver mitochondrial 

function and structure and the epigenetic alterations involved in the 

intergenerational transmission of maternal metabolic burden. 

 

Therefore, the general hypothesis of this dissertation is that physical exercise 

performed during pregnancy is an important preventive strategy to reduce the risk 

of developing liver disorder later in life, as well as to prevent transmitting the 

impaired hepatic metabolic burden to offspring. 

 

Through three original experimental articles, that constitute an integral part of this 

dissertation, several objectives were designed in order to answer to the general 

hypothesis and contribute to the main purpose. 

 

Original article I 

The general aim was to analyze the effects of GE against deleterious impact of 

maternal diet and gestational diabetes mellitus on liver mitochondrial function and 

hepatic fat accumulation in the mothers and 6-week-old male offspring. 

 The specific objectives concern the effects of GE on: 

(i) gestational diabetes characteristics in the mothers; 

(ii) liver structural changes and fat accumulation in mothers 8-week 

post-partum and in the male offspring; 

(iii) systemic and hepatic acylcarnitine profile in both generations; 

(iv) liver mitochondrial function in both generations; 
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(v) liver mitochondrial expression of OXPHOS subunits and UCP2 in 

both generations. 

 

Original article II 

The general aim was to analyze the effects of GE against deleterious impact of 

maternal diet and gestational diabetes mellitus on liver mitochondrial quality 

control signaling in the mothers and 6-week-old male offspring. 

The specific objectives concern the effects of GE on: 

(i) liver and mitochondrial structural alterations in both generations; 

(ii) liver expression of mitochondrial biogenesis markers (PGC-1α, 

TFAM, TOM20, and mtDNA copy number) in both generations; 

(iii) liver expression of estrogen receptor alpha in both generations; 

(iv) liver expression of mitochondrial dynamics markers (MFN1, MFN2, 

OPA1, and DRP1) in both generations; 

(v) liver expression of auto(mito)phagy signaling markers (Beclin-1, 

Bcl2, LC3-II, Parkin, and PINK1) in both generations; 

(vi) liver expression of apoptosis signaling markers (Bax, Bcl2, 

cytochrome c) in both generations; 

(vii) liver expression of microRNAs modulating lipid metabolism (miR-

122, miR-34a, miR-370, miR-130b, and miR-494) in both 

generations. 

 

Original article III 

The general aim was to analyze the effects of GE against deleterious impact of 

maternal diet and gestational diabetes mellitus on liver hepatic fat accumulation 

and mitochondrial quality control signaling in the 6-week-old female offspring. 

The specific objectives concern the effects of GE on: 

(i) liver structural changes and fat accumulation; 

(ii) systemic and hepatic acylcarnitine profile; 

(iii) liver and mitochondrial structural alterations; 

(iv) liver expression of mitochondrial biogenesis markers (PGC-1α, 

TFAM, TOM20, and mtDNA copy number); 
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(v) liver expression of estrogen receptor alpha in both generations; 

(vi) liver expression of mitochondrial dynamics markers (MFN1, MFN2, 

OPA1, and DRP1); 

(vii) liver expression of auto(mito)phagy signaling markers (Beclin-1, 

Bcl2, LC3-II, Parkin, and PINK1); 

(viii) liver expression of apoptosis signaling markers (Bax, Bcl2, 

cytochrome c); 

(ix) liver expression of microRNAs modulating lipid metabolism (miR-

122, miR-34a, miR-370, miR-130b, and miR-494) in both 

generations. 
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Figure 1. Potential mechanisms behind the development of non-
alcoholic fatty liver disease (NAFLD) in children 
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Figure 2. Liver-muscle crosstalk 
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Figure 3. Breaking the intergenerational cycle of NAFLD with 
maternal exercise 
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Table 1. Alterations in offspring hepatic metabolism in response to 
maternal exercise performed before and/or during pregnancy. 
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Figure 1. Experimental (A) and exercise (B) protocol. 
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Table 1. Animal data and plasma biochemical analyses 
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Figure 2. Effect of maternal high-fat high-sucrose diet and gestational 
exercise on maternal body weight gain during gestation period 
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Figure 3. Representative light micrographs (×200) of liver tissue from 
all groups and generations 

Table 2. NAFLD score recorded from mothers' and offspring livers of all 
experimental groups, blindly observed under light microscope. 
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Figure 4. Effect of maternal high-fat high-sucrose diet and gestational 
exercise on maternal (A) and offspring (B) liver triglyceride content. 
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Figure 5. Effect of maternal high-fat high-sucrose diet and gestational 
exercise on acylcarnitine levels in (A) plasma and (B) liver in the 
maternal generation on acylcarnitine levels in plasma (C) and liver (D) 
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Figure 6. Effect of maternal high-fat high-sucrose diet and 
gestational exercise on liver mitochondria (A) state 3 respiration, (B) 
state 4 respiration, (C), respiratory control ratio (RCR), and (D) 
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Figure 7. Effect of maternal high-fat high-sucrose diet and gestational exercise 
on OXPHOS subunits in (A) maternal generation and (B) offspring generation 
and UCP2 content in (C) maternal generation and (D) offspring generation; and 
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Experimental study I: Supplementary data 

 

Supplementary data 1 (S1). The difference in fatty acid composition between 
Control diet (C) and High-fat high-sucrose diet (HFHS). 
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Abstract 

Maternal high-caloric nutrition and related gestational diabetes mellitus (GDM) 

are relevant modulators of the intrauterine environment, increasing the risk for 

liver metabolic alterations, particularly in mitochondrial bioenergetics and related 

signalling processes in mothers and offspring. In contrast, as a non-

pharmacological approach against metabolic disorders, exercise is highly 

recommended in GDM treatment. We analysed whether gestational exercise 

(GE) protects mothers from diet-induced GDM metabolic consequences and 

mitigates liver mitochondrial deleterious alterations in their 6-week-old male 

offspring.  

Female Sprague-Dawley rats were fed with control or high-fat high-sucrose 

(HFHS) diet and kept sedentary or submitted to GE. Male offspring were 

sedentary and fed with control diet.  

Sedentary HFHS mothers and their offspring showed impaired hepatic 

mitochondrial biogenesis and morphological evidence of mitochondrial 

remodelling. In contrast, GE-related beneficial effects were demonstrated by 

upregulation of mitochondrial biogenesis signalling markers (peroxisome 

proliferator-activated receptor-gamma co-activator-1alpha, mitochondrial 

transcription factor A) and mitochondrial fusion proteins (mitofusin 1, mitofusin 2) 

and downregulation of mitochondrial fission dynamin-related protein 1. 

Alterations in miR-34a, miR-130b, and miR-494, associated with epigenetic 

regulation of mitochondrial biogenesis, suggested that GE is a more critical 

modulator of intergenerational changes in miRs expression than the maternal 

diet. Auto/mitophagic and apoptotic signalling markers were not substantially 

affected by maternal diet/GE in the offspring, whereas they were modulated in 

mothers at the mitochondrial but not tissue level.  

In conclusion, GE seems to positively modulate the altered hepatic mitochondrial 

biogenesis and dynamics markers and quality control signalling associated with 

maternal HFHS diet-related GDM in mothers and offspring. 

 

Keywords: Gestational diabetes, mitochondrial biogenesis, mitochondrial 

dynamics, epigenetics, gestational exercise, fetal programming 
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Abbreviations: C - control diet, ChREBP - carbohydrate response element 

binding protein, DRP1 - dynamin related protein 1, E – exercised animals; ERα - 

estrogen receptor alpha, GDM - gestational diabetes mellitus, GE – gestational 

exercise, HFHS - high-fat high-sucrose diet, IR - insulin resistance, LC3 - 

microtubule-associated protein-1 light chain 3, MFN1 - mitofusin 1, MFN2 - 

mitofusin 2, mtDNA - mitochondrial DNA, NAFLD - non-alcoholic fatty liver 

disease, nDNA - nuclear DNA, OPA1 - optic atrophy 1, OXPHOS - oxidative 

phosphorylation, P – pregnant animals; PCA - principal component analysis, 

PEPCK - phosphoenolpyruvate carboxykinase, PINK1 - PTEN Induced Kinase 1, 

PGC-1α - peroxisome proliferator-activated receptor gamma co-activator-1alpha, 

S – sedentary animals; SREBP-1 - sterol regulator element binding protein 1, 

TFAM - mitochondrial transcription factor A, TOM20 - translocase of outer 

membrane 20. 
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INTRODUCTION  

The intrauterine environment can disturb susceptible cell proliferation and 

differentiation processes, leading to some (ir)reversible alterations in embryonal 

and fetal development. Maternal nutrition alterations result in a specific in utero 

milieu that strongly impacts the offspring's early life development. Moreover, the 

nutritional environment during pre-conception and pregnancy can be a significant 

risk factor for metabolic disorders in adulthood [1]. Exposure to maternal 

hyperglycemia and insulin resistance (IR) in pregnancy, characteristic of 

gestational diabetes mellitus (GDM), represents a risk factor for the development 

of various metabolic disturbances in the offspring, including obesity, adiposity, 

altered glucose metabolism, hypertension, and non-alcoholic fatty liver disease 

(NAFLD) [2]. Also, the increased metabolic risk may be transmitted to the 

following three generations [3]. Maternal metabolic status can program skeletal 

muscle mitochondrial dysfunction across three generations, probably through 

germline alterations and aberrant oocytes [4]. Given the essential role of 

mitochondria in metabolism and cellular quality control signalling, mitochondrial 

dysfunction may be one of the first events characterizing the onset of metabolic 

diseases. Indeed, mitochondrial impairment has been observed in liver tissue 

under deleterious conditions of IR, diabetes, NAFLD, or drug-induced liver injury 

[5-7]. Importantly, mitochondrial inheritance tends to be almost exclusively 

uniparental. Although paternal mitochondrial DNA (mtDNA) can be transferred to 

the offspring in some exceptional cases, maternal inheritance remains more 

dominant [8, 9]. This sheds light on the importance of maternal mitochondrial 

health at determining offspring mitochondrial fate, thereby influencing the 

phenotype of future generations. 

However, data on GDM-related alterations in liver mitochondrial function of 

mothers and offspring are limited. Mitochondrial biogenesis, mitophagy, and 

dynamic processes modulate mitochondrial function to maintain mitochondrial 

homeostasis and plasticity to adapt to metabolic demands. These processes can 

be compromised in IR, diabetes, and liver diseases [10, 11]. Despite similar 

pathophysiological mechanisms between GDM and non-gestational diabetes, 

characterized by IR and hyperglycaemia, the context of pregnancy probably 
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brings a new aspect on underlying mechanisms, which urges a need for research 

on GDM-related pathophysiology. Since GDM consequences are potentially 

transmitted across generations, their management becomes an important matter 

to be considered. Although some pharmacological approaches against GDM are 

recommended, lifestyle changes involving nutritional and physical exercise habits 

are considered essential first-line non-pharmacological preventive and 

therapeutic approaches against GDM [12, 13]. In fact, physical exercise has been 

recommended as a beneficial strategy against diabetes and liver diseases [11, 

14, 15]. Exercise has also been proposed to regulate the mitochondrial life cycle 

by enhancing mitochondrial biogenesis and dynamics, and thus improving 

metabolic function [16]. Using this same diet-induced GDM model, we previously 

reported that gestational exercise (GE) antagonized some of the impairments 

observed in mitochondrial function from GDM mothers, and that these benefits 

were maintained for a prolonged period after exercise training cessation. 

Moreover, GE diminished the adverse effects of maternal diet on mitochondrial 

respiration and prevented lipid accumulation in male offspring liver [17]. However, 

some signalling processes related to mitochondrial physiology, namely 

mitochondrial biogenesis and dynamics, (auto)mitophagy and apoptotic signaling 

that are usually pivotal at determining the hepatic protective effects of exercise 

against in NAFLD models, are still to be elucidated in mothers with GDM and, 

particularly, their offspring. Therefore, in the present study, we aimed to better 

understand the relevance of an GE against GDM-induced deleterious 

consequences in both generations. We investigated effects of maternal diet and 

GE on liver mitochondrial dynamics and biogenesis as well as quality control 

signalling in male offspring and their eventual regulation through microRNA 

mechanisms. Additionally, we followed up the effects of diet-induced GDM and 

GE on liver mitochondrial alterations in mothers 8 weeks after the pregnancy and 

exercise cessation. 
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MATERIAL AND METHODS 

Animal model      

Female 7-week-old Sprague-Dawley rats were randomly divided into two diet 

groups: control (C) and high-fat, high-sucrose (HFHS) diet (E157452-047 and 

D12451 (II) mod., Ssniff, Soest, Germany) group. After 7 weeks, dams were 

mated, and pregnant (P) HFHS-fed dams divided into sedentary animals (S) and 

animals submitted to exercise protocol during pregnancy (E). This resulted in 

three experimental groups (n = 6): P-C-S: sedentary C-fed dams; P-HFHS-S: 

sedentary HFHS-fed dams; and P-HFHS-E: exercised HFHS-fed dams. The P-

HFHS-E dams were exercised on a motor-driven treadmill (LE8700, Panlab 

Harvard Apparatus, Holliston, USA) 6 days/week, 40-60 min/day for 3 weeks, as 

previously described [17], and additionally, they had access to the free-running 

wheels during pregnancy. The sedentary groups were placed on a static treadmill 

to be exposed to the same environmental conditions. Dams were delivered 

naturally, and the offspring was weaned at 3 weeks of age. Male pups (one from 

each litter) were assigned to three different experimental groups depending on 

the maternal treatment (n = 6): C-S: offspring of C-fed sedentary dams; HFHS-S: 

offspring of HFHS-fed sedentary dams; and HFHS-E: offspring of HFHS-fed 

exercised mothers. All the offspring were C-fed and sedentary. Dams were 

sacrificed at 8 weeks after delivery and the offspring at 6 weeks of age.  

All animals were housed in a normal environment (21-22⁰C; 50-60% humidity, 

12h light/dark cycles), receiving food and water ad libitum. The Ethical Committee 

of the Institute for Research and Innovation in Health – i3S, University of Porto, 

and National Government Authority (Direção Geral de Alimentação e Veterinánia; 

No.0421/000/000/2018) approved the experimental protocol, in compliance with 

the Guidelines for Care and Use of Laboratory Animals in Research advised by 

the Federation of European Laboratory Animal Science Associations (FELASA). 

All the authors are accredited by FELASA to perform animal experiments. 

 

Animal sacrifice and tissue sampling 

Animals were anaesthetized (induction at 5% isoflurane, 1 L/m O2; maintaining 

at 2.5% isoflurane, 0.4 L/m O2) after overnight fasting. The liver was rapidly 
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excised, rinsed with ice-cold PBS, weighed, separated for microscopy, and 

mitochondria isolation. Mitochondria were isolated as previously described [17]. 

Liver tissue and isolated mitochondria suspension were stored at -80⁰C for later 

semi-quantification by Western blotting. The blood collected from inferior vena 

cava was centrifuged (3000 ×g, 10 min). Collected plasma was stored at −80°C 

for later biochemical analysis. 

 

Transmission electron microscopy 

For evaluation of ultrastructural alterations induced by diet and exercise, liver 

tissues were fixed in 2,5% glutaraldehyde (Electron Microscopy Sciences, 

Hatfield, USA) and 2% paraformaldehyde (Merck, Darmstadt, Germany) in 

cacodylate Buffer 0.1M (pH 7.4), dehydrated and embedded in Epon resin 

(TAAB, Berks, England). Ultrathin sections (40–60 nm thickness) were prepared 

on a RMC Ultramicrotome (PowerTome, USA) using diamond knives (DDK, 

Wilmington, DE, USA). The sections were mounted on 200 mesh copper or nickel 

grids, stained with uranyl acetate and lead citrate for 15 min each, and examined 

under a JEOL JEM 1400 TEM (Tokyo, Japan). Images were digitally recorded 

using a CCD digital camera Orious 1100W Tokyo, Japan at the HEMS / IBMC - 

Institute for Molecular and Cell Biology of the University of Porto 

 

Hepatic glycogen content determination 

Liver tissue (30 mg) was homogenized in 600 µl of ddH2O, boiled for 10 min at 

95⁰C, and centrifuged at 15,500xg for 10 min at 4⁰C. The supernatant was diluted 

in PBS (1:6) and each sample (30 µl) was either digested in one volume of 

1.2U/ml amyloglucosidase (Sigma-Aldrich, A1602) or diluted in one volume of 

PBS. After setting up, the microplate (with blanks, glucose standards (0.01, 0.02, 

0.04, 0.08, 0.16 mg/ml), and digested/diluted samples) was incubated for 60 min 

at 37⁰C, and then for 5 min at room temperature. Afterwards, 100 µl of Glucose 

assay reagent (Sigma-Aldrich, G3293) was added and the plate was incubated 

for 15 min at room temperature. The absorbance was measured at 340 nm. The 

glycogen content was calculated based on the glucose standard curve and the 
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difference in the absorbance between digested and untreated samples. The 

protocol was adapted from Tennessen et al. [18]. 

 

Western blotting 

Previously isolated liver mitochondria were used for analysis, as well as liver 

tissue homogenized in RIPA lysis buffer (20188, Millipore) supplemented with 

protease and phosphate inhibitors cocktails (P2714, Sigma-Aldrich; 524636, 

Millipore) and centrifuged. Equivalent amounts (20 µg) of liver mitochondria or 

tissue denatured in sample loading buffer were separated by SDS-PAGE 

electrophoresis (12% gels) and transferred to PVDF membranes. Membranes 

were blocked with non-fat dry milk or BSA (in Tris-buffered saline with 0.1% 

Tween20), and afterwards incubated with primary antibodies: anti-Bax (Cell 

Signaling, #2772), anti-Bcl2 (Cell Signaling, #2870), anti-Beclin1 (Cell Signaling, 

#3495), anti-carbohydrate response element binding protein (ChREBP) (Santa 

Cruz, sc-515922), anti-Cytochrome C (BD Biosciences, 556433), anti-dynamin 

related protein 1 (DRP1) (Cell Signaling, #8570), anti-estrogen receptor alpha 

(ERα) (Santa Cruz, sc-787), anti-microtubule-associated protein-1 light chain 3 

(LC3) (MBL, PD014), anti-mitofusin 1 (MFN1) (Santa Cruz, sc-50440), anti-

mitofusin 2 (MFN2) (Santa Cruz, sc-50331), anti-optic atrophy 1 (OPA1) (Abcam, 

ab119685), anti-Parkin (Cell Signaling, #4211), anti-phosphoenolpyruvate 

carboxykinase, cytosolic (PEPCK-C) (Santa Cruz, sc-377027), anti-peroxisome 

proliferator-activated receptor gamma co-activator-1alpha (PGC-1α) (Abcam, 

ab54481), anti-PTEN Induced Kinase 1 (PINK1) (Abcam, ab23707), anti-sterol 

regulator element binding protein 1 (SREBP-1) (Abcam, ab3259), anti-

mitochondrial transcription factor A (TFAM) (Santa Cruz, sc-23588), anti-

translocase of outer membrane 20 (TOM20) (Santa Cruz, sc-11415). Later, 

membranes were incubated with secondary antibodies: horseradish peroxidase-

conjugated anti-goat, anti-mouse, or anti-rabbit (Santa Cruz, sc-2354, sc-2005, 

sc-2357, respectively). Protein bands were visualized using Clarity Western ECL 

Substrate (Bio-Rad, #1705061) and acquired by ChemiDoc-XRS Image System 

(Bio-Rad). Bands' density was determined by using the Image Lab software 6.0.1 

(Bio-Rad). Ponceau S staining was used to normalize differences in protein 
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loading and transfer [19]. The final data were expressed as the percentage 

variation of the control values (% P-C-S and % C-S for the mothers and offspring, 

respectively). 

 

Real-time PCR analysis 

For quantitative assessment of mRNA expression, total RNA was extracted from 

rats' liver (30 mg of tissue) using PureLinkTM RNA Mini Kit (12183018A, 

ThermoFisher Scientific) and following manufacturer's instruction. Total RNA was 

then converted to cDNA using Xpert cDNA Synthesis Mastermix (#GK81, 

GRISP). Real-time PCR was performed for quantitative assessment of mRNA 

expression using the fluorescent dye, PowerUp Sybr Green Master Mix (A25742, 

ThermoFisher Scientific) on a Step One Plus thermocycler (Applied Biosystems). 

The relative expression of target genes was normalized to the housekeeping 

gene using fluorescence threshold cycle values (Ct) calculated for each sample. 

For mRNA transcripts, the following primers were used: Pgc-1α (forward 5’-

AAAAGCTTGACTGGCGTCAT-3’; reverse 5’-TCAGGAAGATCTGGGCAAAG-

3’), Tfam (forward 5’-GCTAAACACCCAGATGCAAAA-3’; reverse 5’-

CGAGGTCTTTTTGGTTTTCC-3’); Mfn1 (forward 5’-

TGGTCACACAACCAACTGCT-3’; reverse 5’-GGGCCAAAATACGTGCACAA-

3’); Mfn2 (forward 5’-GTGACGTGTTGGGTGTGAT-3’; reverse 5’-

GGACATCTCGTTTCTAGCTGGT-3’); Drp1 (forward 5’-

CCAGGAATGACCAAGGTCCC-3’; reverse 5’-CCTCGTCCATCAGGTCCAAC-

3’);  18S rRNA (forward 5’-CATTCGAACGTCTGCCCTAT-3’; reverse 5’-

GTTTCTCAGGCTCCCTCTCC-3’). For miRNA analysis, small RNA was 

extracted from the rats' liver (20 mg of tissue) using mirVana miRNA Isolation Kit 

(AM1560, Invitrogen) according to the manufacturer's protocols. The cDNA was 

obtained using the TaqMa Advanced miRNA Assay (A25576, Applied 

Biosystems). The relative expressions of miR-122-5p, miR-34a-5p, miR-130b-3p, 

and miR-494-3p were determined using the TaqMan Fast Advanced Master Mix 

(Applied Biosystem). The primers used were assay ID rno480899_mir, 

rno481304_mir; rno481304_mir; rno481191_mir. Relative mRNA and miRNA 
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expressions were reported as fold values of the control group (% P-C-S and % 

C-S for the mothers and offspring, respectively). 

 

Quantification of mitochondrial DNA copy number 

Total DNA was isolated from rats' livers (30 mg) using GRS Genomic DNA Kit 

BroadRange (#GK06.0100, GRISP). For the detection of liver nuclear DNA 

(nDNA) and mtDNA, specific primer sequences were used: GAPDH (forward 5’-

GGAAAGACAGGTGTTTTGCA-3'; reverse 5’-AGGTCAGAGTGAGCAGGACA-

3') and Rnr2 (forward: 5′-AGCTATTAATGGTTCGTTTGT-3′; reverse 5’-

AGGAGGCTCCATTTCTCTTGT-3′), respectively [20]. Quantitative real-time 

PCR was conducted using PowerUp SYBR® Green Master Mix (A25742, 

ThermoFisher Scientific) on a Step One Plus thermocycler (Applied Biosystems) 

using paired reverse and forward primers with mitochondrial and nuclear 

products performed separately, under the following conditions 95⁰C for 3 min, 40 

cycles of 95⁰C for 15 s and 60⁰C for 1 min. The results were presented as 

mtDNA/nDNA (∆Ct = Ct(nDNA) – Ct(mtDNA); relative mtDNA content = 2 × 

2∆Ct). 

 

Statistical analysis 

The results are expressed as the mean ± SEM (Standard Error of the Mean). 

Statistical analysis was performed in GraphPad Prism 9.0 software (GraphPad 

software, San Diego, CA, USA). Data were analysed using one-way ANOVA test 

followed by Sidak post-hoc test, with the significance level set at 5%. The follow-

up statistics were performed with the program RStudio Team (Integrated 

Development for R. RStudio, MA, USA). 

 

RESULTS     

Histology       

Although some phenotypic patterns were observed, the ultrastructural 

examination of the different male liver tissue samples did not show any 

statistically significant alterations between groups (Table 1). The male offspring 

of sedentary HFHS-fed mothers showed a trend towards a lower number of 
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mitochondrial structures per field and, at the same time, an increased 

mitochondrial diameter (p < 0.1). On the contrary, GE partially prevented these 

alterations and reduced the number of lipid droplets in the offspring's livers. 

Interestingly, the presence of glycogen in the liver of HFHS-S offspring was not 

detected, whereas C-S and HFHS-E offspring did not differ in histologically 

observed glycogen accumulation. Due to technical problems with the samples, 

the animals from the maternal generation were not histologically examined. 

 

Table 1. Semiquantitative analysis of ultrastructural examination of offspring liver 
tissue. 
 C-S HFHS-S HFHS-E 
No. lipid droplets 251.4 ± 38.8 253.2 ± 40.4 195.0 ± 32.0 
No. mitochondrial 
structures 

2434.0 ± 73.7 
2075.0 ± 

315.4 
2183.6 ± 

288.2 
Mitochondria diameter 0.72 ± 0.02 0.86 ± 0.02 0.78 ± 0.08 
Megamitochondria - - - 
No. abnormal mitochondria 7.4 ± 2.0 3.6 ± 1.2 26.3 ± 9.0# 
No. intramitochondrial 
granules 

+ + + 

Intramitochondrial 
crystalline inclusion 

0.8 + 0.8 3.2 + 1.0 1.0 + 0.3 

Glycogen accumulation + - ++ 
C – maternal control diet; HFHS – maternal high-fat high-sucrose diet; S – 
sedentary mothers; E – exercised mothers. 
Values are means ± SEM (n = 6). * vs. P-C-S (p < 0.05) or vs. C-S (p < 0.05) in 
mothers or offspring, respectively. # vs. P-HFHS-S (p < 0.05) or vs. HFHS-S (p < 
0.05) in mothers or offspring, respectively. 
 

Regulators of glucose/lipid metabolism   

Considering the role of transcriptional factors SREBP-1 and ChREBP in glucose 

and lipid metabolism, and PEPCK-C in gluconeogenesis, their protein amount 

was examined (Fig. 1). In mothers, no increase in mature/native SREBP-1 ratio 

was observed due to HFHS-feeding, while GE induced its decrease (Fig. 1a). In 

HFHS-E offspring, the same effect of GE was observed; however, exposure to 

maternal HFHS diet increased SREBP-1 ratio in the offspring liver (Fig. 1d). 

Although the HFHS diet in mothers lowered PEPCK content (Fig. 1c), a reduced 

PEPCK content in the offspring was only observed when mothers were exercised 

(Fig. 1f). GE had the same stimulatory effect on plasma insulin in mothers (Fig. 
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1h) and hepatic glycogen accumulation in both generations (Fig. 1g, 1i), the latter 

parameter agreeing to the offspring hepatic glycogen accumulation histologically 

observed. 

 

Figure 1. Effects of maternal HFHS and GE on regulators of liver glucose and 
lipid metabolism in mothers: (a) ratio of mature (65 kDa) and native (125 kDa) 
SREBP-1 form, (b) relative content of ChREBP, (c) relative content of PEPCK, 
(d) hepatic glycogen content, (e) plasma insulin levels; and in offspring: (f) ratio 
of mature and native SREBP-1 form, (g) relative content of ChREBP, (h) relative 
content of PEPCK, (i) hepatic glycogen content, (j) plasma insulin levels; (k) 
representative transmission electron microscopy images of liver parenchyma of 
male offspring at intermediate magnification (12,000×): the presence of an 
increase of a number of mitochondria (mt), enlarged intramitochondrial granules 
(arrows), higher abnormal mitochondria (ab mt), glycogen accumulation 
(arrowheads); scale bar=1 µm. GE – gestational exercise; C – mothers fed with 
control diet; HFHS – mothers fed with high-fat high-sucrose diet; S – sedentary 
mothers; E – exercised mothers. * vs. P-C-S (p < 0.05) or vs. C-S (p < 0.05) in 
mothers or offspring, respectively. # vs. P-HFHS-S (p < 0.05) or vs. HFHS-S (p < 
0.05) in mothers or offspring, respectively. 
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Mitochondrial biogenesis end-points    

The protein expression of key regulators mitochondrial biogenesis (PGC-1α and 

TFAM) were assessed. Non-statistically significant decreases in PGC-1α and 

TFAM protein content, due to maternal HFHS diet and sedentary lifestyle, were 

observed in both generations, while GE stimulated their protein expression. 

Statistical differences were found between P-HFHS-S and P-HFHS-E regarding 

TFAM protein content in both mothers and offspring and PGC-1α in offspring (Fig. 

2a, 2d). These effects of GE were also observed in transcripts (Fig. 2b, 2e). 

Furthermore, Tfam mRNA levels were remarkably reduced in HFHS-S offspring 

(p ≤ 0.01), which was reverted by GE (p ≤ 0.05) (Fig. 2f). In contrast to maternal, 

offspring mitochondrial DNA copy number was similarly altered by maternal diet 

and/or exercise (Fig. 2f). On the other hand, maternal diet and exercise did not 

affect TOM20 content (Fig. 2a, 2d). To further identify diet and exercise effects, 

principal component analysis (PCA), performed by using markers of 

mitochondrial biogenesis in the offspring of HFHS-fed mothers, showed a clear 

difference based on the maternal physical activity levels (Fig. 2h), which is not as 

noticeable in mothers (Fig. 2g). This effect could be a consequence of physical 

activity cessation after pup delivery. 
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Figure 2. Effects of maternal HFHS and GE on different markers of liver 
mitochondrial biogenesis in mothers: (a) relative content of PGC-1α, TFAM, and 
TOM20, (b) heat map showing the relative expression levels for Pgc-1α and Tfam 
transcripts (c) mitochondrial DNA copy number, (g) principal component analysis 
of hepatic mitochondrial biogenesis markers; and in offspring: (d) relative content 
of PGC-1α, TFAM, and TOM20. (e) heat map showing the relative mRNA 
expression levels of Pgc-1α and Tfam, (f) mitochondrial DNA copy number, (h) 
principal component analysis of hepatic mitochondrial biogenesis markers. GE – 
gestational exercise; C – mothers fed with control diet; HFHS – mothers fed with 
high-fat high-sucrose diet; S – sedentary mothers; E – exercised mothers. * vs. 
P-C-S (p < 0.05) or vs. C-S (p < 0.05) in mothers or offspring, respectively. # vs. 
P-HFHS-S (p < 0.05) or vs. HFHS-S (p < 0.05) in mothers or offspring, 
respectively. 
 

Mitochondrial dynamics    

The liver mitochondrial content of proteins involved in mitochondrial fusion 

(MFN1, MFN2, and OPA1) and mitochondrial fission (DRP1) was analysed. In 

HFHS dams, a sedentary lifestyle induced a reduction in the content of 

mitochondrial fusion proteins, whereas GE reverted this effect in MFN1 and 

MFN2 contents, but not in OPA1. DRP1 protein expression was 26% increased 

by HFHS diet in sedentary dams, whereas GE significantly reduced its content 

(Fig. 3a). Furthermore, mRNA levels of Mfn1, Mfn2, and Drp1 tended to decrease 
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due to HFHS diet and to increase in the exercising animals, although without a 

significant statistical difference (Fig. 3b). Regarding the male offspring, most of 

mitochondrial fusion proteins' content was not significantly affected by maternal 

diet and exercise; yet, GE slightly mitigated the decrease in OPA1 content 

imposed by the maternal HFHS diet. Similarly to their mothers, the offspring of 

sedentary HFHS mothers had increased mitochondrial fission-related DRP1 

protein expression, inhibited by maternal GE despite maternal HFHS diet (Fig. 

3c). Intrauterine exposure to maternal HFHS diet resulted in decreased 

transcripts for Mfn1 (p ≤ 0.05), Mfn2 (p = 0.06), and Drp1 (P ≤ 0.01) in male 

offspring, which was prevented by GE (Fig. 3d). Like in mitochondrial biogenesis 

PCA (Fig. 2g, 2h), the same effects of GE were observed regarding the 

mitochondrial dynamics' markers (Fig. 3e, 3f), undoubtingly showing the strong 

impact of GE despite altered intrauterine environment due to maternal HFHS diet. 

 
Figure 3. Effects of maternal HFHS and GE on different markers of liver 
mitochondrial dynamics in mothers: (a) relative mitochondrial content of MFN1, 
MFN2, OPA1, and DRP1, (b) heat map showing the relative transcripts for Mfn1, 
Mfn2, and Drp1, (c) principal component analysis of hepatic mitochondrial 
dynamics markers; and in the offspring: (d) relative mitochondrial content of 
MFN1, MFN2, OPA1, and DRP1, (e) heat map showing the relative hepatic 
transcripts for Mfn1, Mfn2, and Drp1, (f) principal component analysis of hepatic 
mitochondrial dynamics markers. GE – gestational exercise; C – mothers fed with 
control diet; HFHS – mothers fed with high-fat high-sucrose diet; S – sedentary 
mothers; E – exercised mothers. * vs. P-C-S (p < 0.05) or vs. C-S (p < 0.05) in 
mothers or offspring, respectively. # vs. P-HFHS-S (p < 0.05) or vs. HFHS-S (p < 
0.05) in mothers or offspring, respectively. 
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Estrogen receptor-α protein expression    

Since ER signalling has been associated with regulating metabolic function and 

is necessary for exercise-related protection against liver diseases [21], we 

determined the protein levels of ERα in whole liver and liver mitochondria, as it 

can also locate in mitochondria regulating mitochondrial biogenesis [22]. HFHS 

feeding in mothers reduced the mitochondrial content of ERα, which was 

prevented by exercise during pregnancy; yet, this was not observed at the whole 

liver tissue level (Fig. 4a). In male offspring, no alterations were observed in ERα 

protein expression (Fig. 4b). 

 

Figure 4. Effects of maternal HFHS and GE on the protein expression of ERα in 
the liver tissue and mitochondria of (a) maternal generation and (b) offspring 
generation. GE – gestational exercise; C – mothers fed with control diet; HFHS – 
mothers fed with high-fat high-sucrose diet; S – sedentary mothers; E – exercised 
mothers. * vs. P-C-S (p < 0.05) or vs. C-S (p < 0.05) in mothers or offspring, 
respectively. # vs. P-HFHS-S (p < 0.05) or vs. HFHS-S (p < 0.05) in mothers or 
offspring, respectively. 
 

Auto(mito)phagy signalling    

Being autophagy and mitophagy both important mechanisms for cell quality 

control processes, coupled with mitochondrial biogenesis and dynamics, we 

assessed the content of proteins PINK1 and Parkin, and LC3-II, pro-autophagic 

Beclin1, and anti-autophagic and anti-apoptotic Bcl2. The hepatic levels of these 

proteins were not significantly affected by maternal diet/GE in mothers or 

offspring. HFHS feeding reduced Parkin content in dams, while GE increased it 

by 38% (Fig. 5b). The same effect was observed in the pro-autophagic Beclin1 

content (Fig. 5g). The offspring of exercised HFHS mothers showed increased 

PINK1 expression (Fig. 5d). However, the offspring of sedentary HFHS mothers 

had a higher LC3-I protein content, and the same trend in LC3-II, which was 
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rescued by GE (Fig. 5f). The Beclin/Bcl2 ratio was not altered in any of the groups 

studied. 

 

Figure 5. Effects of maternal HFHS and GE on the protein expression of different 
markers of auto(mito)phagy signalling in liver and liver mitochondria in mothers: 
(a) relative content of PINK1, (b) relative content of Parkin, (c) relative content of 
LC3-I and LC3-II and their ratio, (d) relative content of Beclin1 and Bcl2 and their 
ratio; and in offspring: (e) relative content of PINK1, (f) relative content of Parkin, 
(g) relative content of LC3-I and LC3-II and their ratio, (h) relative content of 
Beclin1 and Bcl2 and their ratio. GE – gestational exercise; C – mothers fed with 
control diet; HFHS – mothers fed with high-fat high-sucrose diet; S – sedentary 
mothers; E – exercised mothers. * vs. P-C-S (p < 0.05) or vs. C-S (p < 0.05) in 
mothers or offspring, respectively. # vs. P-HFHS-S (p < 0.05) or vs. HFHS-S (p < 
0.05) in mothers or offspring, respectively. 
 

Apoptotic signalling    

Analysis of the content of some pro-apoptotic proteins at the tissue level showed 

no alterations in any generation (Fig. 6). Nevertheless, the same proteins were 

remarkably modulated at the mitochondrial level, particularly in the maternal 

generation, suggesting a delicate adjustment of these mechanisms to diet and 

physical activity levels. Mitochondrial pro-apoptotic Bax and its ratio over Bcl2 

increased by 38% in HFHS-fed animals, which was prevented by exercise (Fig. 

6c). Opposite effects were observed in mitochondrial cytochrome c content (Fig. 

6e), suggesting that cytochrome c release occurred in the P-HFHS-S group and 

was prevented even with a short exercise period. In the offspring, alterations of 
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the intrauterine environment did not affect apoptotic signalling pathway. Maternal 

HFHS increased Bax and Bcl2 content, which was reverted by GE (Fig. 6d). 

Nevertheless, it seems that maternal diet and exercise were not sufficiently strong 

factors to modulate some of the proteins involved in apoptotic pathways in the 

offspring. 

 
Figure 6. Effects of maternal HFHS and GE on the protein expression of different 
markers of apoptotic signalling in mothers: (a) relative content of liver Bax and 
Bcl2 and their ratio, (b) relative content of liver mitochondrial Bax and Bcl2 and 
their ratio, (c) relative content of liver and liver mitochondrial cytochrome c; and 
in offspring: (d) relative content of liver Bax and Bcl2 and their ratio, (e) relative 
content of liver mitochondrial Bax and Bcl2 and their ratio, (f) relative content of 
liver and liver mitochondrial cytochrome c. GE – gestational exercise; C – 
mothers fed with control diet; HFHS – mothers fed with high-fat high-sucrose diet; 
S – sedentary mothers; E – exercised mothers. * vs. P-C-S (p < 0.05) or vs. C-S 
(p < 0.05) in mothers or offspring, respectively. # vs. P-HFHS-S (p < 0.05) or vs. 
HFHS-S (p < 0.05) in mothers or offspring, respectively. 
 

Expression of miR-122, miR-34a, miR-130b, and miR-494 in the liver   

Recent data published by our group [17] and the data here presented suggest 

that mitochondrial bioenergetics and network regulation were modulated by 

maternal diet/GE, particularly in the offspring. Epigenetic regulation could help 
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explain the intergenerational effect of maternal diet/GE. We examined 

microRNAs that regulate hepatic lipid metabolism and/or mitochondrial 

biogenesis. Even though miR-122 is one of the most abundant hepatic 

microRNAs involved in lipid metabolism [14], no alterations were observed in 

mothers or offspring (Fig. 7a, 7e). However, miR-34a, known to inhibit PGC-1α 

activation [23], was reduced with GE in both mothers and their male offspring 

(Fig. 7b, 7f), which corroborates with PGC-1α regulation (Fig. 2). With similar 

roles, miR-130b expression was stimulated by HFHS diet, but prevented by GE 

(Fig. 7c, 7g) following regulation of PGC-1α. Interestingly, miR-494, targeting 

TFAM [24], was increased by HFHS diet in mothers and only slightly in offspring, 

whereas GE decreased its levels only in the offspring generation (Fig. 7d, 7h). 

 

Figure 7. Effects of maternal HFHS and GE on the micro-RNA expression in 
maternal livers: (a) relative expression of miR-122, (b) relative expression of miR-
34a, (c) relative expression of miR-130b, (d) relative expression of miR-494; and 
in offspring: (e) relative expression of miR-122, (f) relative expression of miR-34a. 
(g) relative expression of miR-130b; (h) Relative expression of miR-494. GE – 
gestational exercise; C – mothers fed with control diet; HFHS – mothers fed with 
high-fat high-sucrose diet; S – sedentary mothers; E – exercised mothers. * vs. 
P-C-S (p < 0.05) or vs. C-S (p < 0.05) in mothers or offspring, respectively. # vs. 
P-HFHS-S (p < 0.05) or vs. HFHS-S (p < 0.05) in mothers or offspring, 
respectively. 
 

DISCUSSION    

Maternal nutrition alterations during pregnancy and/or GDM may induce 

metabolic alterations during early embryonic and fetal life and trigger chronic 

metabolic disorders in offspring [4, 25, 26]. However, maternal GE can prevent 

these adverse effects on metabolic health [27, 28] and even reduce the risk for 
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NAFLD and obesity in high-fat diet (HFD)-fed offspring [29, 30]. Recently, our 

group suggested that GE mitigated liver lipid accumulation and mitochondrial 

dysfunction in male offspring of GDM mothers and prevented some HFHS 

deleterious consequences in mothers, most probably those restricted to GDM 

[17]. Therefore, we aimed to clarify putative mechanisms behind these GE-

modulated metabolic and mitochondrial manifestations, focusing on 

mitochondrial biogenesis and dynamics, and quality control signalling in mothers 

and male offspring. 

Considering previously observed effects of maternal diet/GE on hepatic 

triglyceride accumulation [17], we analysed SREBP-1 and ChREBP content, as 

vital transcription factors involved in de novo lipogenesis. Decline in 

mature/native SREBP-1 ratio in exercising mothers and their male offspring 

supports the decreased hepatic triglyceride accumulation observed in our 

previous study [17], as SREBP-1 knocking down lowered hepatic triglycerides 

content [31]. However, ChREBP was not affected in our study. Yet, SREBP-1 is 

activated by insulin and ChREBP by glucose independently of insulin [32, 33], 

and as increased SREBP-1 is related to IR [34], it could be speculated that GDM-

characteristic IR was a more important factor in affecting the male offspring lipid 

metabolism. In contrast to our expectations, miR-122, as a liver-specific 

microRNA targeting SREBP-1 [14], was not affected by maternal diet/GE. In diet-

induced diabetic and NAFLD rats, exercise improved NAFLD phenotype by 

inducing hepatic miR-122 and downregulating its target genes [14]. Reduced 

hepatic miR-122 has been reported in offspring of HFD-fed mice [35] and male 

fetuses of GDM mothers [36]. Whether our study's offspring miR-122 content was 

not susceptible to specific in utero conditions or whether there is a reversal effect 

of the offspring C diet post-weaning consumption deserves further studies. In a 

healthy liver, miR-122 and miR-34a cooperatively regulate and balance cell 

survival and proliferation [37], with miR-34a being upregulated in the liver of HFD 

mice [38] and steatohepatitis patients [39]. Despite non-statistically significant 

increase of miR-34a in the offspring of GDM mothers, GE remarkably inhibited 

its expression in both generations. Similarly, swimming suppressed brain miR-

34a expression and thus rescued impaired autophagy and mitochondrial 
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dynamics in brain aging disorders [40], whereas voluntary exercise in HFD rats 

reduced testicular miR-34a and related apoptosis [41]. Still, the effect of exercise 

on miR-34a levels is not fully understood, particularly at the intergenerational 

level.  

Being involved in hepatic glycogenesis and gluconeogenesis, SREBP-1 

knockdown resulted in the upregulation of genes associated with these 

processes [31]. The increased hepatic glycogen accumulation in exercised HFHS 

mothers and their offspring with reduced SREBP-1 gene expression corroborates 

this finding. Hepatic gluconeogenesis is found to increase in NAFLD and diabetes 

[42-44], although this effect was prevented with exercise [42]. Chronic exercise 

modulated PEPCK expression by improving insulin sensitivity [42], whereas 

acute exercise increased hepatic glycogen content and reduced PEPCK levels in 

obese and diabetic animals [45], which agrees with our data. Gluconeogenesis 

tends to increase during pregnancy regardless of GDM [45], which is opposite 

from our observations. Yet, as reliance on gluconeogenesis is lower when 

glucose is directly available from external resources [44], low PEPCK levels after 

18-week of sucrose-rich diet are not surprising, with 3 weeks of exercise probably 

not being enough to counteract this effect. Nevertheless, miR-34a changes can 

explain, at least partially, offspring hepatic PEPCK regulation and glycogen 

accumulation. Hepatic miR-34a overexpression was associated with increased 

PEPCK mRNA level [46]. Also, miR-34a downregulation restored fibroblast 

growth factor-19 [46] and -21 signalling [47], which further restored glycogen loss 

in diabetic animals [48], and eventually supressed SREBP-1 [49] and PEPCK 

[50], respectively. Also, enhanced PGC-1α has been detected in miR-34a knock-

out mice [23], which corroborates our data. In fact, lipogenic SREBP-1c can 

interfere and inhibit PGC-1α recruitment, thus suppressing hepatic PEPCK [51], 

which our study also supports. Therefore, SREBP-1 alterations, at least partly 

and indirectly regulated by miR-34a in the offspring of exercising mothers, could 

explain previously observed changes in hepatic lipid accumulation of male 

offspring [17].  

In fact, excessive lipid accumulation is associated with impaired activity of PGC-

1α and, thus, decreased mitochondrial biogenesis, which consequently leads to 
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decreased β-oxidation and respiratory function [52, 53], which we also observed 

in the liver of male offspring of HFHS mothers [17]. Mitochondrial biogenesis is 

important to enhance mitochondrial capacity, alleviating hepatic lipid 

accumulation [54].  Impaired mitochondrial biogenesis, observed as reduced 

PGC-1α and TFAM and mtDNA content, was found in NAFLD mice [52] and 

diabetic patients [55, 56], which might be related to their reduced exercise 

capacity [57]. Mitochondrial biogenesis is also impaired in diabetic women's 

placenta, which appears to be sex-specific, with PGC-1α, TFAM, and mtDNA 

content reduced in the placenta of male offspring [58], bringing a possible risk of 

metabolic disturbances in adulthood. Indeed, our data agree with these findings. 

Although in GDM mothers, GE increased PGC-1α content to some extent, 

prolonged HFHS consumption and exercise cessation were the probable reason 

for not reverting it to the control level. Still, its downstream target TFAM 

suggested potentially impaired mitochondrial biogenesis in GDM mothers, which 

was reverted by exercise. Similarly, in the offspring, GE promoted PGC-1α and 

TFAM expression and the generation of new mitochondria in the offspring, as 

supported by increased mtDNA copy number. Additionally, liver PGC-1α 

upregulation can reduce hepatic triglyceride accumulation and prevent impaired 

mitochondrial respiration [56, 57], the effects we reported previously [17] and 

which could be, at least partly, attributed to PGC-1α overexpression. 

Mitochondrial biogenesis can be further regulated by the translocation of ERα into 

mitochondria. A prolonged over-stimulation or deficiency of ER-mediated 

mitochondrial biogenesis can lead to over-accumulation or deficiency of ATP and 

ROS, and generally, mitochondrial dysfunction [22]. Interestingly, maternal 

diet/GE changes rather affected ERα content in liver mitochondria than on the 

tissue level, suggesting the importance of ERα-related mitochondrial biogenesis 

during pregnancy. Also, exercise could increase ERα expression in visceral 

adipose tissue [59], while ERα signalling was involved in exercise-related 

beneficial effects against hepatic steatosis, with some of them being limited with 

ERα loss [21]. Still, this association could not be made in the offspring, probably 

due to their young age before their estrogen synthesis and regulation began [60]. 

Expression of miR-130b and miR-494 that target PGC-1α and TFAM, 
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respectively, was also modulated by maternal diet/GE. Maternal GDM stimulated 

miR-130b expression and SREBP-1 ratio in both generations while 

downregulated PGC-1α and TFAM, with the latter suggested to be directly 

regulated by this microRNA [61].  

MiR-130b overexpression has been associated with impaired mitochondrial 

biogenesis in human placenta in diabetic conditions [62] and with a parallel 

decline in PGC-1α and TFAM content [62, 63]. Although some exercise 

modalities can decrease circulating miR-130b [64, 65], the effects of exercise on 

liver miR-130b expression are not known. Up to our knowledge, this is the first 

study showing that reduction in hepatic miR-130b levels due to GE is associated 

with alterations in PGC-1α in mothers and male offspring. Exercise can 

downregulate skeletal muscle miR-494 expression as well [24, 66], and thus 

upregulate TFAM expression [24], which was also evident in the offspring of 

exercised HFHS-mothers. Although peripheral blood miR-494 is reportedly 

downregulated in GDM women [67], GDM mothers had upregulated hepatic miR-

494 regardless of exercise, suggesting that miR-494 effects might be tissue-

specific and that exercise cessation influenced its expression.  

The regulation of mitochondrial biogenesis is closely coupled with mitochondrial 

dynamics and mitophagy to remove damaged mitochondria and maintain viable 

ones [68]. Maternal nutrient oversupply can lead to alterations in the balance 

between mitochondrial fission and fusion and eventual metabolic compromise 

[69]. Hyperglycaemia and hyperlipidemia can shift mitochondria towards fission 

over fusion, favoring mitochondrial fragmentation and decreasing mitochondrial 

generation ATP capacity [70]. In fact, a similar effect of GDM-related 

hyperglycemia was noticed in liver mitochondria of GDM dams and their offspring, 

which agrees with observed content of PGC-1α. PGC-1α pathway regulates 

MFN2 [71], which deficiency has been associated with IR and diabetes [56, 70], 

followed by PGC-1α deficiency as well [56]. Reduced MFN2 levels and related 

mitochondrial damage and apoptosis were observed in the placenta of early 

miscarriages [72], suggesting that precise regulation of mitochondrial dynamics 

is necessary for some developmental processes [73]. Our data suggest that 

mitochondria may favor fission to remove dysfunctional mitochondria and 
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preserve bioenergetics, in GDM dams and their offspring. Regardless of the 

different regulation of mitochondrial fusion in two generations, GE improved 

mitochondrial biogenesis and dynamics, thus stimulating adaptive response for 

mitochondrial renewal. Exercise can stimulate mitochondrial fusion [11, 74]. In 

high-energy demanding conditions, such as exercise, mitochondria tend to fuse 

and extend their network providing benefits to cellular homeostasis [75]. 

Interestingly, among fusion proteins, the offspring of exercised mothers had only 

significantly higher OPA1 levels, partly explained by the improved mitochondrial 

oxidative phosphorylation (OXPHOS) capacity observed in this offspring group 

[17]. Under high levels of OXPHOS, OPA1 activity at the mitochondrial 

membranes, and thus, mitochondrial inner membrane fusion activity is 

stimulated, whereas mitochondrial outer membrane fusion seems to be 

insensitive to OXPHOS regulation [76]. On the other side, OPA1 might be 

important for regulating OXPHOS, as OPA1-depleted cells expressed 

impairments in OXPHOS [77, 78]. GE also prevented increasing mitochondrial 

fission protein content imposed by maternal GDM in both generations. As the 

activation of DRP1-mediated fission can respond to the presence of damaged 

mitochondria, exercise might be an important factor shaping offspring 

mitochondria in the very early stage of fetal development. 

PINK1 regulates mitophagy through Parkin and DRP1 activation in response to 

mitochondrial damage [79]. In sedentary dams, HFHS diet upregulated DRP1 

content, but downregulated Parkin expression, without affecting PINK1. Yet, 

PINK1 activation is not mandatory for mitophagy since DRP1 could eventually 

successfully contribute to remove damaged mitochondria [79]. Decreased Parkin 

levels, and thus decreased stimulation of mitophagy, may suggest an impaired 

removal of damaged mitochondria enforced by HFHS and sedentary lifestyle in 

dams. In HFD-induced steatohepatitis Parkin has also been shown to be reduced 

in sedentary animals, whereas exercise restored mitophagy signalling [11]. We 

did not observe such effect of GE in dams, which could be ascribed to the 

exercise cessation after pregnancy and streghtens the need for regular physical 

activity. Still, intrauterine exposure to GE stimulated offspring PINK1 protein 

expression. PINK1 can ensure the rapid segregation of damaged mitochondria 
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and faster mitophagy, without necessary over-activation of DRP1 [79]. Besides, 

PINK1 accumulation can reduce mtDNA replication to limit the damaged mtDNA 

transmission [80], which agrees with our results. Therefore, data suggest that GE 

is an important factor during intrauterine development that maintains a healthy 

mitochondrial pool in male offspring. The increase of MFN1 and MFN2 content 

with the regulation of PINK1/Parkin by GE may represent a rescue mechanism 

to compensate for the mitochondrial damage by maternal GDM. However, we did 

not observe any alteration in hepatic apoptotic signalling. Likewise, Bax 

expression was not affected in the placenta of diabetic women [72, 81]. 

Interestingly, Bax content was differently regulated at the mitochondrial and 

tissue level. In fact, regulation of mitochondrial fusion and fission is associated 

upstream with apoptosis [72, 81]; therefore, it is not surprising that alterations in 

apoptotic signalling were only observed at the liver mitochondrial, but not at the 

tissue level. Bax translocation and accumulation in mitochondria under apoptotic 

stimuli can be an early event contributing to the cytochrome c release from 

mitochondria and initiation of the intrinsic apoptotic signalling [82]. Accordingly, 

the cytochrome c content in mothers was greatly reduced in liver mitochondria, 

but not at the tissue level, which GE successfully prevented. Although the 

mitochondrial isolation protocol may lead to loss of some cytochrome c, which 

may be more extensive in some groups than in others, this result suggests that 

physiologically, an increased cytochrome c release occurs in HFHS-fed mothers, 

which concomitantly increases apoptotic signaling  Still, Bax accumulation might 

not be the only cause of the lower mitochondrial content of cytochrome c, as 

fission-related DRP1 is also involved in apoptotic signalling through cytochrome 

c [81]. Mitochondrial DRP1 levels were indeed increased in sedentary HFHS 

dams, which added to OPA1 depletion [83] might had facilitated a potential 

cytochrome c release and contributed to a slight pro-apoptotic image in GDM 

dams. Yet, such changes were not observed in the male offspring, and despite 

eventual regulation of Bax and Bcl2 protein expression, maternal diet/GE did not 

modulate apoptotic signalling, at least in this age, sex, and tissue. 

Generally, GE alleviated hepatic metabolic disturbances in GDM mothers despite 

prolonged HFHS feeding and exercise cessation. The impact of GE was more 
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obvious and influential in the following generation. GE prevented the over-

excessive placental transfer of maternal food-derived nutrients to the fetal liver, 

thus reducing the nutritional pressure on offspring liver mitochondria and enabling 

normal development of liver structure and function and mitochondrial biogenesis 

dynamics, and quality control signalling. In general, our results revealed that 

changes caused by diet and GE are more evident in liver mitochondria rather 

than in the whole liver tissue, either directly or via in utero environment. In the 

absence of interventions, these mitochondrial alterations and the prolonged 

harmful lifestyle may lead to a more exacerbated metabolic phenotype. 
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Abstract 

Gestational diabetes mellitus (GDM) is associated with a high-risk for metabolic 

complications in offspring. However, exercise is recognized as a non-

pharmacological strategy against metabolic disorders and is recommended in 

GDM treatment. This study aimed to investigate whether gestational exercise 

(GE) could modulate maternal high-fat high-sucrose (HFHS) diet-related hepatic 

metabolic and mitochondrial outcomes in female offspring of mothers with HFHS-

induced GDM. 

Female Sprague-Dawley rats were fed with control or HFHS diet and kept 

sedentary or submitted to GE. Their female offspring were fed with control diet 

and kept sedentary. Hepatic lipid accumulation, lipid metabolism regulators, 

mitochondrial biogenesis and dynamics markers, and microRNAs associated to 

the regulation of these markers were evaluated. 

Female offspring of GDM mothers showed increased body weight at early age, 

whereas GE prevented this effect of maternal HFHS-feeding and reduced hepatic 

lipid accumulation. GE stimulated hepatic mRNA transcription and protein 

expression of mitochondrial biogenesis markers (peroxisome proliferator-

activated receptor-gamma co-activator-1alpha and mitochondrial transcription 

factor A) and mRNA transcription of mitochondrial dynamics markers (mitofusin-

1, mitofusin-2, and dynamin-related protein-1) that were altered by maternal 

GDM, while mitochondrial dynamics markers protein expression was not affected 

by maternal diet/GE except for optic atrophy-1. MicroRNAs associated with these 

processes (miR-122, miR-34a, miR-130b, miR-494), and the expression of 

auto/mitophagy- and apoptosis-related proteins were not substantially influenced 

by altered intrauterine environment.  

Our findings suggest that GE is an important regulator of the intrauterine 

environment positively affecting liver metabolism and promoting liver 

mitochondrial biogenesis in female offspring despite eventual effects of maternal 

HFHS-feeding and related GDM. 

 

Keywords: gestational exercise; fetal programming; pregnancy; physical 

exercise.  
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Abbreviations: ALT – Alanine aminotransferase; AST – Aspartate 

aminotransferase; BW - Body weight; C – Control diet; ChREBP - Carbohydrate 

response element binding protein; E – Exercised animals; ERα - Estrogen 

receptor alpha; ETC - Electron transport chain; FA - Fatty acid; GDM - Gestational 

diabetes mellitus; GE - Gestational exercise; GTT - Glucose tolerance test; HDL 

– High-density lipoproteins; HFHS - High-fat, high-sucrose diet; IR - Insulin 

resistance; LC3 - Microtubule-associated protein-1 light chain 3; LDL – Low-

density lipoproteins; MFN1 - Mitofusin 1; MFN2 - Mitofusin 2; NAFLD - Non-

alcoholic fatty liver disease; NAS - NAFLD activity score; nDNA - Nuclear DNA; 

OPA1 - Optic atrophy 1; OXPHOS - Oxidative phosphorylation; PCA – Principal 

Component Analysis; PEPCK - Phosphoenolpyruvate carboxykinase; PGC-1α - 

Peroxisome proliferator-activated receptor gamma co-activator-1alpha; S – 

Sedentary animals; SREBP-1 - Sterol regulator element binding protein 1; TFAM 

- Mitochondrial transcription factor A; TOM20 - Translocase of outer membrane 

20; UCP2 - Uncoupling protein 2.  
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INTRODUCTION 

Maternal lifestyle can affect metabolic status of their newborns, which can even 

be prolonged throughout their lifetime. Offspring liver health can be considerably 

threatened by maternal nutrition and (related) metabolic disorders, including 

insulin resistance (IR), diabetes, and liver diseases [1]. The most common 

metabolic condition occurring during pregnancy - gestational diabetes mellitus 

(GDM), can have short- or long-time consequences on mothers and offspring. 

GDM-associated adverse intrauterine environment has metabolic complications 

and possible impact the fetal genome, eventually potentiating the development 

of the metabolic disturbance in the offspring [2,3]. Mitochondria may undergo 

alterations that influence fetal metabolic health because of their important role in 

hepatic metabolism. In fact, the fetal liver has fewer mitochondria and limited or 

absent gluconeogenesis potential compared with the adult liver. If maternal 

lifestyle results in excess liver accumulation of fuels, the fetus might face harmful 

alterations in hepatic β-oxidation, Krebs cycle activity, and de novo lipogenesis 

that affect mitochondrial health. Eventually, this pathological scenario may 

enhance fetal hepatic lipid accumulation, priming the fetal liver for (mitochondrial) 

failure and risk for liver diseases in adulthood [4]. 

Therefore, it is of great clinical and social relevance to propose efficient 

therapeutic strategies against this maternal condition, thus preventing the fetus’ 

transmission of maternal metabolic disturbances. Usually, pharmaceuticals used 

against IR or diabetes are also recommended for the GDM treatment [5]. 

However, the effect of maternal pharmaceutical intervention during pregnancy on 

fetal drug tolerance, metabolism, and elimination are not completely understood. 

While during early pregnancy, drug metabolites in amniotic fluid originate from 

the maternal blood, during later gestation, they can also be excreted through fetal 

urine and re-ingested by swallowing. As drug-induced alterations in mothers and 

fetus may affect the delivery and distribution of oxygen and nutrients [6], 

physicians need to balance between maternal therapy and potential effects on 

the fetus [7]. This emphasizes the need to replace pharmacological therapies 

during pregnancy with safer alternatives. Gestational exercise (GE) is 

recommended as the first-line strategy against GDM [8,9]. Exercise has been 
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proven as an effective preventive and/or therapeutic non-pharmacological tool 

against metabolic diseases not related to pregnancy [10-12]. Chronic exercise 

can induce hepatic mitochondrial biogenesis, dynamics, and autophagy 

signalling, eventually contributing to hepatocyte renewal and beneficial 

mitochondrial adaptations, thus mitigating the phenotype associated with high-

caloric consumption-related conditions [13]. Additionally, GE counteracts non-

healthy maternal lifestyle (high-caloric diet consumption and sedentarism) or 

abates and delays more progressive disease development if the offspring follows 

the maternal lifestyle [14,15]. These GE effects can be explained by the effective 

turnover of energy originating from the maternal diet, thus reducing the excessive 

placental fuel transfer and consequent pressure on fetal hepatic mitochondria. 

Therefore, considering that the focus of intergenerational inheritance of metabolic 

diseases is mainly focused on male offspring, and that the data about the impact 

of GDM on liver (mitochondrial) status of young female offspring are still rare, our 

study assessed whether GE prevents the deleterious effects of maternal diet, 

contributing to a more resistant mitochondrial phenotype in their female offspring. 

 

MATERIAL AND METHODS 

Animals 

The experimental protocol has been previously described with details [16]. 

Briefly, female Sprague-Dawley rats (aged 7 weeks), purchased from Charles 

River (L’Arbresele, France), were fed with control (C) diet (E157452-047, Ssniff, 

Soest, Germany) or high-fat, high-sucrose (HFHS) diet (D12451 (II) mod., Ssniff, 

Soest, Germany) groups. After 7 weeks, the dams were mated with male rats fed 

with C diet. During and after pregnancy, the animals were fed with respective 

diets. The mothers fed with C diet were sedentary during the whole experimental 

protocol. Half of the pregnant HFHS-fed dams were submitted to GE protocol 

during 3 weeks of pregnancy (E) while the rest remained sedentary (S). The 

exercising HFHS mothers performed the physical exercise program only during 

3 weeks of pregnancy. The animals were exercised on a motor-driven treadmill 

(LE8700, Panlab Harvard Apparatus, Holliston, MA, USA) 6 days per week, 40-

60 minutes per day during the dark cycle for 3 weeks, with a gradual increase of 
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training duration in the 1st week and a gradual increase of training intensity during 

the following 2 weeks. However, in the last few days of the protocol (E19-E21 

pregnancy day), the intensity and duration of the exercise were adjusted 

according to each animal's need. Additionally, the exercising mothers had access 

to running wheels inside their cages for the whole period of pregnancy until 

delivery to mimic voluntary physical activity. One week before the exercise 

protocol, animals from the exercising group were adapted to the treadmill. The 

sedentary groups were also placed on a static treadmill to be exposed to the 

same environmental conditions. Mothers were allowed to deliver naturally. At 

birth, litter size was reduced to three male and three female pups to avoid food 

competition. The offspring was separated from the mothers after 3 weeks of 

nursing. One female pup from each litter was assigned to three different 

experimental groups (n = 6 per group): C-S - offspring of sedentary C-fed 

mothers; HFHS-S - offspring of sedentary HFHS-fed mothers; and HFHS-E - 

offspring of exercised HFHS-fed mothers. The offspring from all experimental 

groups were fed with C diet and sedentary and were sacrificed at 6 weeks of age. 

All animals were housed in a normal environment (21-22⁰C; 50-60% humidity, 12 

h light/dark cycles), receiving food and water ad libitum. The Ethical Committee 

of the ”Instituto de Investigação e Inovação em Saúde – i3S”, University of Porto, 

and National Government Authority (Direção Geral de Alimentação e Veterinánia 

– No.0421/000/000/2018) approved the experimental protocol, and in compliance 

with the Guidelines for Care and Use of Laboratory Animals in Research advised 

by the Federation of European Laboratory Animal Science Associations 

(FELASA). All the authors are accredited by FELASA to perform animal 

experiments. 

 

Glucose tolerance test 

To confirm gestational glucose metabolism of the female offspring, oral glucose 

tolerance test (GTT) was performed at 5 weeks of age. Glucose was administered 

to the rats at the dose of 2 g/kg of body weight (BW) in the form of non-flavoured 

jelly, according to the procedure described in Zhang [17]. Rats were previously 

trained to eat non-flavoured jelly without glucose. Moreover, considering that a 
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prolonged fasting-induced hypoglycaemia during pregnancy could influence the 

fetus development, the fasting period prior to gestational GTT in mothers was 

reduced to 6 hours, and the same procedure was, thus, performed in offspring 

GTT. 

 

Animal sacrifice and tissue sampling 

Animals were anaesthetized (induction at 5% isoflurane, 1 L/m O2; maintaining 

at 2.5% isoflurane, 0.4 L/m O2) between 8:00 and 10:00 am after overnight 

fasting. Blood was collected from inferior vena cava and centrifuged (3000 x g, 

10 min, 4⁰C). Collected plasma was stored at -80⁰C. Plasma was later used for 

biochemical and metabolomics analysis. The abdominal cavity was opened to 

remove the liver, which was subsequently rinsed with ice-cold PBS, weighed, and 

separated for light and electron microscopy, Western blotting and PCR analysis.  

 

Light and transmission electron microscopy and liver triglyceride content 

Liver tissues were fixed in 4% paraformaldehyde (pH 7.4), dehydrated in a graded 

series of alcohol (70-100%), and embedded in paraffin. 4µm tissue sections in 

adhesive slides were stained with hematoxylin/eosin. Stained slides were blindly 

evaluated using the Carl-Zeiss Axio Observer light microscope equipped with 

Zen2 software by two veterinary pathologists (TBG and FG). Histologic evaluation 

considered the main histologic features of non-alcoholic fatty liver disease 

(NAFLD) in rodent models [18]. The following parameters were considered: (1) 

microvesicular steatosis, (2) macrovesicular steatosis, (3) hypertrophy, (4) 

lobular inflammatory foci (all lymphocytic foci except for portal location), (5) portal 

inflammation. All parameters were evaluated in a four-level scoring system, in 

which 0 corresponds to the absence of the alteration (< 5%), 1 to low-grade lesion 

(5-33% altered), 2 to moderate-grade lesion (33-66%), and 3 to high-grade lesion 

(> 66% altered). 

For evaluation of ultrastructural alterations, liver tissues were fixed in 2,5% 

glutaraldehyde (Electron Microscopy sciences, Hatfield, USA) and 2% 

paraformaldehyde (Merck, Darmstadt, Germany) in cacodylate Buffer 0.1M (pH 

7.4), dehydrated and embedded in Epon resin (TAAB, Berks, England). Ultrathin 
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(40–60 nm) sections were prepared on RMC Ultramicrotome (PowerTome, USA) 

using diamond knives (DDK, Wilmington, DE, USA) and mounted on 200 mesh 

copper or nickel grids, stained with uranyl acetate and lead citrate for 15 min 

each. Afterwards, they were examined under a JEOL JEM 1400 TEM (Tokyo, 

Japan). Images were digitally recorded using a CCD digital camera Orious 

1100W Tokyo, Japan at the Institute for Molecular and Cell Biology of the 

University of Porto. 

For the determination of hepatic triglyceride content, Triglyceride Quantification 

Kit (BioVision, Milpitas, USA) was used following the manufacturer's instructions. 

 

Analysis of acylcarnitine levels in plasma and liver homogenates 

Plasma acylcarnitines were detected using Whatman 903 paper (Guthrie cards) 

and quantified by tandem mass spectrometry (MS/MS), through standard 

protocols [19]. Hepatic acylcarnitine quantification was performed using the 

protocol adapted from Petucci et al. [20]. Liver tissue was homogenised in ice-

cold 80% methanol (1:10 ratio), vortexed, centrifuged at 14000 rpm (10⁰C, 5 

minutes) and supernatant was collected. In a 96-well plate, 140 µL of supernatant 

and 100 µL of methanol containing deuterated acylcarnitine internal standard 

solutions (Cambridge Isotope labs, USA) were added to each well. The mixture 

was dried using nitrogen flow and derivatised to the corresponding buthyl esters 

by incubation with 60 µL of 3N buthanolic HCl (70⁰C, 15 min). Samples were dried 

again using nitrogen reconstituted with 200 µL of 80% methanol for flow injection 

MS/MS in an API 4000 QTRAP (Sciex, Washington, D.C., USA). 

 

Hepatic glycogen content determination 

Following the adapted protocol by Tennessen et al. [21], liver tissue (30 mg) was 

homogenized in 600 µl of ddH2O, boiled (95⁰C, 10 min), and centrifuged (15,500 

x g, 10 min, 4⁰C). After diluting the supernatant in PBS (1:6), to each sample (30 

µl) was added one volume of either 1.2U/ml amyloglucosidase (Sigma-Aldrich, 

A1602) or PBS. The glucose standards were prepared (0.01, 0.02, 0.04, 0.08, 

0.16 mg/ml). Samples, previously digested with amyloglucosidase or diluted in 

PBS, were incubated at 37⁰C for 60 min, and afterwards for 5 min at RT. To each 
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microplate well, Glucose assay reagent (Sigma-Aldrich, G3293) was added (100 

µl) and after the incubation, for 15 min at RT the absorbance was measured at 

340 nm. The difference in the absorbance between samples digested with 

amyloglucosidase and untreated samples was used to calculate the glycogen 

content. 

 

Western blotting 

Liver tissue was homogenized in RIPA lysis buffer (20188, Millipore) with 

protease and phosphate inhibitor cocktails (P2714, Sigma-Aldrich; 524636, 

Millipore) and centrifuged. Equivalent amounts of liver tissue were denatured in 

sample loading buffer and separated by dodecyl sulfate-polyacrylamide gel 

electrophoresis (SDS/PAGE, 12% gels), and subsequently transferred to PVDF 

membranes. Membranes were blocked with non-fat dry milk or BSA in Tris-

buffered saline with 0.1% Tween20, and then incubated with the following primary 

antibodies: anti-Bax (Cell Signaling, #2772), anti-Bcl2 (Cell Signaling, #2870), 

anti-Beclin1 (Cell Signaling, #3495), anti-carbohydrate response element binding 

protein (ChREBP) (Santa Cruz, sc-515922), anti-Cytochrome C (BD Biosciences, 

556433), anti-dynamin related protein 1 (DRP1) (Cell Signaling, #8570), anti-

estrogen receptor alpha (ERα) (Santa Cruz, sc-787), anti-microtubule-associated 

protein-1 light chain 3 (LC3) (MBL, PD014), anti-mitofusin 1 (MFN1) (Santa Cruz, 

sc-50440), anti-mitofusin 2 (MFN2) (Santa Cruz, sc-50331), anti-optic atrophy 1 

(OPA1) (Abcam, ab119685), anti-oxidative phosphorylation (OXPHOS) cocktail 

(Abcam, ab110413), anti-Parkin (Cell Signaling, #4211), anti-

phosphoenolpyruvate carboxykinase (PEPCK) (Santa Cruz, sc-377027), anti-

peroxisome proliferator-activated receptor gamma co-activator-1alpha (PGC-1α) 

(Abcam, ab54481), anti-PINK1 (Abcam, ab23707), anti-sterol regulator element 

binding protein 1 (SREBP-1) (Abcam, ab3259), anti-mitochondrial transcription 

factor A (TFAM) (Santa Cruz, sc-23588), anti-translocase of outer membrane 20 

(TOM20) (Santa Cruz, sc-11415), anti-uncoupling protein 2 (UCP2) (Sigma 

Aldrich, SAB2501087). Later, membranes were incubated with the following 

secondary antibodies: horseradish peroxidase-conjugated anti-goat (Santa Cruz, 

sc-2354), anti-mouse (Santa Cruz, sc-2005), or anti-rabbit (Santa Cruz, sc-2357). 
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Protein bands were visualized using Clarity Western ECL Substrate (Bio-Rad, 

#1705061) and acquired by ChemiDoc-XRS Image System (Bio-Rad). Band 

density was determined with the Image Lab software 6.0.1 (Bio-Rad). Ponceau 

S staining was used for normalization of differences in protein loading or transfer 

[22], and the final data were expressed as the percentage variation of the control 

values (% C-S). 

 

Real-time PCR analysis 

Total RNA was extracted from rats’ liver (30 mg) using PureLinkTM RNA Mini Kit 

(12183018A, ThermoFisher Scientific). Total RNA was then converted to cDNA 

using Xpert cDNA Synthesis Mastermix (#GK81, GRISP, Portugal). Real-time 

PCR was performed for quantitative assessment of mRNA expression using the 

fluorescent dye, PowerUp Sybr Green Master Mix (A25742, ThermoFisher 

Scientific) on a Step One Plus thermocycler (Applied Biosystems). The relative 

expression of target genes was normalized to the housekeeping gene using 

fluorescence threshold cycle values (Ct) calculated for each sample. For mRNA 

transcripts, the following primers were used: Pgc-1α (forward 5’-

AAAAGCTTGACTGGCGTCAT-3’; reverse 5’-TCAGGAAGATCTGGGCAAAG-

3’), Tfam (forward 5’-GCTAAACACCCAGATGCAAAA-3’; reverse 5’-

CGAGGTCTTTTTGGTTTTCC-3’); Mfn1 (forward 5’-

TGGTCACACAACCAACTGCT-3’; reverse 5’-GGGCCAAAATACGTGCACAA-

3’); Mfn2 (forward 5’-GTGACGTGTTGGGTGTGAT-3’; reverse 5’-

GGACATCTCGTTTCTAGCTGGT-3’); Drp1 (forward 5’-

CCAGGAATGACCAAGGTCCC-3’; reverse 5’-CCTCGTCCATCAGGTCCAAC-

3’);  18S rRNA (forward 5’-CATTCGAACGTCTGCCCTAT-3’; reverse 5’-

GTTTCTCAGGCTCCCTCTCC-3’).  

For miRNA analysis, small RNAs were extracted from the liver (20 mg) using 

mirVana miRNA Isolation Kit (AM1560, Invitrogen) according to the 

manufacturer’s protocols. The cDNA was obtained using the TaqMa Advanced 

miRNA Assay (A25576, Applied Biosystems) following the manufacturer’s 

protocols. The relative expressions of miR-122-5p, miR-34a-5p, miR-130b-3p, 

and miR-494-3p were determined on a Step One Plus thermocycler (Applied 
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Biosystems) using the TaqMan Fast Advanced Master Mix (Applied Biosystem). 

The following primers were used: assay ID rno480899_mir, rno481304_mir; 

rno481304_mir; rno481191_mir. Relative mRNA and miRNA expressions were 

reported as fold value of the control group (% C-S). 

 

Quantification of mitochondrial DNA copy number 

Total DNA was isolated from liver (30 mg) using GRS Genomic DNA Kit 

BroadRange (#GK06.0100, GRISP, Portugal). Specific primers for nuclear DNA 

(nDNA) were: forward 5’-GGAAAGACAGGTGTTTTGCA-3’; reverse 5’-

AGGTCAGAGTGAGCAGGACA-3’; and for mitochondrial DNA (mtDNA): 

forward: 5′-AGCTATTAATGGTTCGTTTGT-3′; reverse 5’-

AGGAGGCTCCATTTCTCTTGT-3′ [23]. Quantitative Real-time PCR was 

conducted using PowerUp SYBR® Green Master Mix (A25742, ThermoFisher 

Scientific) on a Step One Plus thermocycler (Applied Biosystems). Mitochondrial 

and nuclear products were performed separately, but under the same conditions 

(95⁰C for 3 min, 40 cycles of 95⁰C for 15 s and 60⁰C for 1 min). The results were 

presented as mtDNA/nDNA (∆Ct = Ct(nDNA) – Ct(mtDNA); relative mtDNA 

content = 2 × 2∆Ct). 

 

Statistical analysis 

The results are expressed as the mean ± SEM (Standard Error of the Mean). 

Statistical analysis was performed in GraphPad Prism 8.0 software (GraphPad 

software, San Diego, CA, USA). Data were analysed using one-way ANOVA test 

followed by Sidak post-hoc test, with the significance level set at 5%. The follow-

up statistics were performed with the program RStudio Team (Integrated 

Development for R. RStudio, MA). 

 

RESULTS 

Animal characteristics 

At sacrifice (6 weeks of age), the female offspring from three experimental groups 

did not show any alterations in BW, liver weight, or the analysed plasma 

parameters (Table 1). However, we observed a non-statistically significant 
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increase in BW and blood glucose, triglycerides, cholesterol, and aspartate 

aminotransferase (AST) levels in the offspring of sedentary HFHS diets, which 

were reverted by GE. 

 

Table 1. Animal data and plasma biochemical analyses 

 C-S HFHS-S HFHS-E 

Body weight (g) 168.80 ± 5.76 174.50 ± 2.90 162.00 ± 5.41 

Liver weight (g) 6.14 ± 0.38 6.42 ± 0.31 5.63 ± 0.19 
Liver weight/body weight 
(mg·g−1) 

36.42 ± 1.74 37.11 ± 1.14 32.97 ± 1.35 

Glucose (mg/dL) 167.60 ± 8.79 182.80 ± 13.27 183.00 ± 7.75 

Triglycerides (mg/dL) 47.17 ± 3.64 59.00 ± 7.16 57.00 ± 4.73 

Cholesterol (mg/dL) 91.67 ± 3.44 100.75 ± 6.55 86.83 ± 3.71 

HDL (mg/dL) 65.33 ± 3.18 59.00 ± 2.74 58.60 ± 2.11 

LDL (mg/dL) 30.71 ± 1.41 30.50 ± 2.42 26.33 ± 1.67 

AST (U/L) 81.40 ± 2.42 94.80 ± 16.41 77.20 ± 2.90 

ALT (U/L) 38.71 ± 1.84 39.40 ± 1.96 33.80 ± 2.57 
Values are means ± SEM (n = 6). 
C – maternal control diet; HFHS – maternal high-fat high-sucrose diet; S – 
sedentary mothers; E – exercised mothers; 
ALT – alanine aminotransferase; AST – aspartate aminotransferase; HDL – high-
density lipoproteins; LDL – low-density lipoproteins. 
 

Interestingly, compared to the offspring of either sedentary C-fed mothers or 

exercised HFHS-fed mothers, the female offspring of sedentary HFHS-fed 

mothers had a higher BW at weaning (Fig.1A). The same effect of maternal 

diet/exercise was maintained until sacrifice, when similar trends were observed 

(Fig.1B). Even though HFHS diet feeding impaired the maternal glucose 

tolerance [16], such diet effect was not observed in their 5-week-old female 

offspring (Fig. 1C,D). 
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Figure 1. Effect of maternal HFHS diet and GE on female offspring body weight 
changes from (A) weaning period to (B) the sacrifice point at 6 weeks of age; and 
(C, D) offspring glucose tolerance at 5 weeks of age. GE – gestational exercise; 
C – maternal control diet; HFHS – maternal high-fat high-sucrose diet; S – 
sedentary mothers; E – exercised mothers; GTT – glucose tolerance test. Values 
are means ± SEM (n = 6). * vs. C-S (p < 0.05). # vs. HFHS-S (p < 0.05). 
 

Histological analysis and liver triglyceride content 

Offspring of exercised HFHS-fed mothers showed lower NAFLD activity score 

(NAS) and liver triglyceride content compared to the offspring from sedentary C-

fed or HFHS-fed mothers even though the effect of diet was not observed (Table 

2, Fig. 2), suggesting that GE regulated placental lipid transfer to the fetuses. 

However, for rodent steatosis models, it is suggested that hepatic triglyceride 

score would be a more precise measure of steatosis than histological analysis 

[18]. Indeed, we observed a clearer image of hepatic lipid accumulation, 

consistent with some other liver parameters. As observed on electron 

microscopy, the number of lipid droplets showed a non-statistically significant 

decrease in the offspring of sedentary HFHS mothers (Table 2, Fig. 2), even 

though lipid droplets with larger diameter were observed in this group (data not 
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shown), and an opposite effect, more similar to the control group, was observed 

in the offspring of exercised mothers. 

An increasing trend in mitochondrial number and diameter and a clear rise in 

intramitochondrial crystalline inclusion, resulting from maternal HFHS diet, was 

prevented with GE. 

 

Table 2. NAFLD activity score recorded from offspring livers of all experimental 

groups, observed blindly under light microscope, hepatic triglyceride content, and 

semiquantitative analysis of ultrastructural examination of offspring liver tissue. 

 C-S HFHS-S HFHS-E 
NAS 4.9 ± 0.8 5.4 ± 0.7 3.5 ± 0.2# 
Hepatic triglyceride 
content (mg/g tissue) 

1.6 ± 0.1 1.8 ± 0.4 0.9 ± 0.05# 

    
No. lipid droplets 154.7 ± 26.3 98.0 ± 23.7 189.6 ± 38.2 
No. mitochondria 2579.7 ± 169.3 3038.0 ± 292.9 2419.8 ± 508.8 
Mitochondria diameter 0.59 ± 0.02 0.82 ± 0.02* 0.62 ± 0.04# 
Megamitochondria - - - 
No. abnormal 
mitochondria 

38.5 ± 9.1  28.0 ± 11.0 25.25 ± 2.0 

No. intramitochondrial 
granules 

+ + + 

Intramitochondrial 
crystalline inclusion 

0.0 ± 0.0 3.3 ± 0.3* 1.0 ± 0.4# 

Glycogen 
accumulation 

+ ++ + 

NAS – NAFLD activity score; C – maternal control diet; HFHS – maternal high-
fat high-sucrose diet; S – sedentary mothers; E – exercised mothers. Values are 
means ± SEM (n = 6). * vs. C-S (p < 0.05). # vs. HFHS-S (p < 0.05). 
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Figure 2. Effect of maternal HFHS diet and GE on (A) representative light 
micrographs (×200) of liver tissue (microvesicular steatosis (black arrow), 
macrovesicular steatosis (white arrow), lobular inflammation (black arrowhead); 
Scale bar = 50μm.) and (B) representative transmission electron micrographs 
(x12 000) of liver parenchyma (increase of mitochondrial number (ab mt), 
enlarged intramitochondrial crystalline inclusion (arrow), glycogen accumulation 
(arrowhead), lipid droplets (Lp); Scale bar = 1 µm.). GE – gestational exercise; C 
– maternal control diet; HFHS – maternal high-fat high-sucrose diet; S – 
sedentary mothers; E – exercised mothers. 
 

Plasma and liver acylcarnitine levels 

As acylcarnitine profiling can describe changes in β-oxidation, plasma and liver 

samples were used to measure acylcarnitine levels. As can be depicted from Fig. 

3B, the liver was more sensitive than plasma to maternal HFHS diet and/or GE. 

Maternal HFHS feeding and sedentarism led to increased levels of long chain 

acylcarnitines in plasma (Fig. 3A), but especially in the liver (Fig. 3B). However, 

GE was able to prevent the abnormal acylcarnitine accumulation, and 

consequent mitochondrial abnormalities. Furthermore, the increased levels of 

acylcarnitines in the offspring livers correlate to the increased fatty acid (FA) 

content of the HFHS diet consumed by mothers [16], suggesting that the fetal 

liver suffers adaptations to the conditions of altered maternal diet. 
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Figure 3. Effect of maternal HFHS diet and GE on acylcarnitine levels in (A) 
plasma and (B) liver in the female offspring. GE – gestational exercise; C – 
maternal control diet; HFHS – maternal high-fat high-sucrose diet; S – sedentary 
mothers; E – exercised mothers. Values are means ± SEM (n = 6). * vs. C-S (p < 
0.05); # vs. HFHS-S (p < 0.05). 
 
OXPHOS complex subunit and UCP2 protein expression  

Even though no statistically significant changes were observed in the protein 

expression of electron transport chain (ETC) complexes, some general trends 

were identified in OXPHOS complex subunits (Fig. 4A), suggesting that they can 

be differently regulated in female offspring by maternal diet and exercise. On the 

other hand, hepatic UCP2 protein was significantly reduced in the offspring of 

exercised HFHS-fed mothers, although HFHS feeding alone in mothers did not 

affect its content. 

 

Figure 4. Effect of maternal HFHS diet and GE on liver (A) Relative contents of 
OXPHOS subunits and (B) Relative content UCP2. GE – gestational exercise; C 
– maternal control diet; HFHS – maternal high-fat high-sucrose diet; S – 
sedentary mothers; E – exercised mothers; CI – complex I CI-NDUFB8 subunit; 
CII – complex II CII-SDHB subunit; CIII – complex III CIII-UQCRC2 subunit; CIV 
– complex IV CIV-MTCO1 subunit; CV – complex V CV-ATP5A subunit; UCP2 – 
Uncoupling protein 2. Bands were normalized to Ponceau-S staining (the 
corresponding well is shown). Normalized bands were expressed as a 
percentage of the C-S. Values are means ± SEM (n = 6). # vs. HFHS-S (p < 0.05). 
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Regulators of glucose/lipid metabolism   

Transcriptional factors SREBP-1 and ChREBP are involved in the regulation of 

glucose and lipid metabolism, and PEPCK in gluconeogenesis, thus, the protein 

expression of these genes was examined in the female offspring (Fig. 5). 

Intrauterine exposure to maternal HFHS feeding only upregulated hepatic 

ChREBP protein expression (Fig. 5B), whereas GE reduced ChREBP and 

PEPCK content (Fig. 5B, C). Maternal diet and/or exercise neither affect plasma 

insulin levels (Fig. 5E) nor hepatic glycogen accumulation, although non-

statistical differences were observed (Fig. 5D). 

 

Figure 5. Effects of maternal HFHS diet and GE on the protein expression of 
different markers of liver glucose and lipid metabolism (A) Ratio of mature (64 
kDa) and native (125 kDa) SREBP-1 form; (B) Relative content of ChREBP; (C) 
Relative content of PEPCK; (D) Hepatic glycogen content; (E). Western blot 
bands were normalized to Ponceau-S staining (the corresponding well is shown). 
Normalized bands were expressed as a percentage of C-S. GE – gestational 
exercise; C –mothers fed with control diet; HFHS –mothers fed with high-fat high-
sucrose diet; S – sedentary mothers; E – exercised mothers; ChREBP - 
carbohydrate response element binding protein; PEPCK - phosphoenolpyruvate 
carboxykinase; SREBP-1 - sterol regulator element binding protein 1. Values are 
means ± SEM (n = 6). * vs. C-S (p < 0.05); # vs. HFHS-S (p < 0.05). 
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Mitochondrial biogenesis end-points 

To analyse alterations in liver mitochondrial biogenesis, the gene expression and 

protein content of key promotors of mitochondrial biogenesis PGC1α and TFAM, 

as well as the protein content of mitochondrial protein importer TOM20 and 

mtDNA copy number were assessed. A non-statistical decrease in PGC1α and 

TFAM protein in female offspring of HFHS-fed mothers were identified (Fig. 

6A,B). Despiste this, GE remarkably upregulated mRNA and protein levels of 

PGC1α and TFAM (Fig. 6A,B). On the other hand, the mitochondrial protein 

import, as observed as TOM20 protein content (Fig. 6C) and mtDNA copy 

number (Fig. 6C), were not affected by maternal diet/GE. Interestingly, principal 

component analysis using markers of mitochondrial biogenesis in the offspring of 

HFHS-fed mothers showed a difference based on the maternal physical activity 

levels (Fig. 6D). We also assessed ERα protein content, as it can also regulate 

mitochondrial biogenesis, particularly upon its translocation to mitochondria [24]; 

however, no alterations in the liver of female offspring were observed (Fig. 6E). 
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Figure 6. Effects of maternal HFHS diet and GE on the protein expression of 
different markers of liver mitochondrial biogenesis: (A) Relative content of PGC-
1α, TFAM, and TOM20; (B) Heat map showing the relative transcript levels for 
Pgc-1α and Tfam; (C) Mitochondrial DNA copy number; (D) Principal component 
analysis of hepatic mitochondrial biogenesis markers; (E) Relative content of 
ERα. Western blot bands were normalized to Ponceau-S staining (the 
corresponding well is shown). Normalized bands were expressed as a 
percentage of C-S. GE – gestational exercise; C –mothers fed with control diet; 
HFHS –mothers fed with high-fat high-sucrose diet; S – sedentary mothers; E – 
exercised mothers; ERα – estrogen receptor-alpha; PGC-1α - peroxisome 
proliferator-activated receptor gamma co-activator-1alpha; TFAM - mitochondrial 
transcription factor A; TOM20 - translocase of outer membrane 20. Values are 
means ± SEM (n = 6). * vs. C-S (p < 0.05); # vs. HFHS-S (p < 0.05). 
 

Mitochondrial dynamics 

Being closely associated with mitochondrial biogenesis, mitochondrial dynamics 

is a key feature for maintaining mitochondrial integrity. We analysed the mRNA 

and protein content of mitochondrial fusion proteins MFN1, MFN2, and OPA1 and 

mitochondrial fission protein DRP1. As observed on Fig. 7A, the content of 

mitochondrial fusion and fission proteins was unaffected by maternal diet and/or 

exercise, except for the OPA1 protein levels. The maternal HFHS-diet-induced 

increase of inner mitochondrial fusion protein content was restored to control 

values by GE. This suggests that the inner mitochondrial membrane, containing 
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the ETC, might be more sensitive to alterations imposed by dietary manipulations 

in the mother. Nevertheless, mRNA levels of Mfn1, Mfn2, and Drp1 decreased in 

the offspring of sedentary HFHS mothers (Mfn2: p < 0.05), whereas GE 

significantly rescued this change in all 3 genes (p < 0.05) (Fig. 7B). Concordantly, 

principal component analysis using markers of mitochondrial dynamics showed 

a clear distinction between the offspring of HFHS-fed mothers based on the 

maternal physical activity levels (Fig. 7C), pointing that GE has a substantial 

impact on the intrauterine environment. 

 

Figure 7. Effects of maternal HFHS diet and GE on the protein expression of 
different markers of liver mitochondrial dynamics: (A) Relative protein content of 
MFN1, MFN2, OPA1, and DRP1; (B) Heat map showing the transcripts for of 
Mfn1, Mfn2, and Drp1; (C) Principal component analysis of hepatic mitochondrial 
dynamics markers; Western blot bands were normalized to Ponceau-S staining 
(the corresponding well is shown). Normalized bands were expressed as a 
percentage of C-S. GE – gestational exercise; C –mothers fed with control diet; 
HFHS –mothers fed with high-fat high-sucrose diet; S – sedentary mothers; E – 
exercised mothers; DRP1 - dynamin related protein 1; MFN1 – mitofusin1; MFN2 
– mitofusin2; OPA1 - optic atrophy 1. Values are means ± SEM (n = 6). * vs. C-S 
(p < 0.05); # vs. HFHS-S (p < 0.05). 
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Auto(mito)phagy and apoptotic signalling 

Processes of mitochondrial biogenesis and dynamics are closely coupled with 

auto(mito)phagy mechanisms. Therefore, we also analysed the content of 

mitochondrial quality control proteins PINK1, Parkin, and LC3, as well as pro-

autophagic Beclin1 and pro-apoptotic Bax and anti-autophagic and anti-apoptotic 

Bcl2. We also measured the amount of cytochrome c present in the whole liver 

homogenates. The only significant alteration was measured in Parkin protein 

expression (Fig. 8A), which was increased by the maternal diet, whereas GE 

reverted it to the control levels. However, liver autophagy signalling (Fig. 8C) and 

apoptotic signalling (Fig. 8D) or cytochrome c (Fig. 8) were not altered by 

maternal HFHS diet and/or exercise, suggesting that this is likely not one main 

mechanism which an altered intrauterine environment modulates fetal liver 

metabolism in female offspring. 
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Figure 8. Effect of maternal HFHS diet and GE on the hepatic protein expression 
of different markers of mitophagy signalling: (A) Relative content of PINK1 and 
Parkin, (B) Relative content of LC3-I and LC3-II, and their ratio; autophagy 
signalling: (C) Relative content of Beclin1 and Bcl2 and their ratio; and apoptotic 
signalling: (D) Relative content of Bax and its ratio with Bcl2, (E) Relative content 
of Cytochrome C; (F) Typical immunoblots of respective proteins are presented. 
Bands were normalized to Ponceau-S staining (the corresponding well is shown). 
Normalized bands were expressed as a percentage of C-S. GE – gestational 
exercise; C –mothers fed with control diet; HFHS –mothers fed with high-fat high-
sucrose diet; S – sedentary mothers; E – exercised mothers. Values are means 
± SEM (n = 6). * vs. C-S (p < 0.05). # vs. HFHS-S (p < 0.05). 
 

Expression of miR-122, miR-34a, miR-130b, and miR-494 in the liver 

To assess whether epigenetic mechanisms were involved in regulating the 

intrauterine effect of maternal diet and exercise, we examined microRNAs known 

to regulate hepatic lipid metabolism and/or mitochondrial biogenesis, such as 

miR-122, miR-34a, miR-130b, and miR-494. However, no significant alterations 
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of these miRNAs were identified in the liver of the female offspring, except for 

miR-34a (Fig.9). In this case, GE considerably prevented an increasing trend of 

miR-34a in the female offspring previously exposed to a maternal HFHS diet. 

 

Figure 9. Effects of maternal HFHS diet and GE on the micro-RNA expression in 
the liver: (A) Relative expression of miR-122. (B) Relative expression of miR-34a. 
GE – gestational exercise; C –mothers fed with control diet; HFHS –mothers fed 
with high-fat high-sucrose diet; S – sedentary mothers; E – exercised mothers. 
(C) Relative expression of miR-130b. (D) Relative expression of miR-494. Values 
are means ± SEM (n = 6). * vs. C-S (p < 0.05). # vs. HFHS-S (p < 0.05). 
 

DISCUSSION 

Considering various pregnancy-related metabolic adaptations in response to fetal 

demands, and GDM-related possible intergenerational transmission of metabolic 

burden, design of an effective treatment to protect offspring metabolic health is a 

complicated task. Given the consensual beneficial effects of exercise against liver 

diseases, it is expected that GE would improve metabolic state of the offspring 

exposed to maternal GDM-related metabolic manifestations. Data on liver 

mitochondrial changes due to maternal HFHS diet and related GDM and GE as 

a non-pharmacological tool against detrimental intrauterine environment is 

lacking, especially in female offspring. Therefore, we analysed whether GE could 

modulate hepatic lipid accumulation and mitochondrial biogenesis and dynamics 

in the female offspring of mothers with diet-induced GDM. 

Macrosomia is one of the most frequent complications in offspring of GDM 

mothers, since an increased blood glucose is transferred through the placenta to 

the fetus, and stored as body fat [25]. Compared to the offspring of non-GDM 

mothers, 3-week-old female offspring of GDM mothers showed increased BW, 

which maintained for the following 2 weeks. GE prevented this excessive BW 

increase, yet, not reverting it completely to the control levels, implying that high-

caloric intake during lactation can still program offspring development. Indeed, 
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high-fat diet consumption only during lactation can also increase the offspring BW 

[26]. 

Maternal high-caloric diet before and during pregnancy can predispose offspring 

to NAFLD development [27-29]. However, in our study, HFHS-S offspring did not 

differ from C-S offspring regarding NAS or liver triglyceride content, although a 

tendency for less lipid droplets but of a larger size was found. Still, in most of 

those studies, offspring were fed with high-fat diet, which probably potentiated an 

existing milder phenotype induced by maternal nutrition. Accordingly, no changes 

were observed in lipogenic transcription factor SREBP1 content, nor in miR-122, 

which targets SREBP1 and FA synthesis [30]. However, ChREBP was 

upregulated in the HFHS-S offspring. Both SREBP1 and ChREBP are needed 

for coordinated glycolytic and lipogenic regulation, but differently stimulated – by 

insulin and glucose, respectively [31], thus we could speculate that maternal 

GDM-related hyperglycemia was more important factor affecting the female 

offspring lipid metabolism. High-carbohydrate diet could induce transcription of 

both ChREBP and PEPCK [32], which we only observed in ChREBP content, 

whereas GE downregulated expression of both proteins. Decreased ChREBP 

content could partly explain lower lipid accumulation in HFHS-E offspring, since 

hepatic ChREBP inhibition is shown to alleviate hepatic steatosis [33]. Lower 

PEPCK content could be explained by downregulated miR-34a by GE. In fact, 

exercise prevented miR-34a overexpression, associated with the suppression of 

fibroblast growth factor-21 signalling, which suppresses PEPCK further [34]. The 

regulation of female offspring miR-34a levels also corresponded to the trends 

observed in hepatic glycogen accumulation, as miR-34a can suppress fibroblast 

growth factor-19 signalling, important in glycogen regulation [35,36].  

It was also proposed that ERα can protect female mice from NAFLD [37] whereas 

in male mice, ERα signalling was necessary for exercise-related beneficial effects 

against NAFLD [38]. In our study, GE did not alter hepatic ERα content in female 

offspring, despite reduced hepatic lipid accumulation in these animals compared 

to HFHS-S offspring, suggesting that GE prevented hepatic lipid accumulation in 

6-week-old offspring before the activation of ERα-related signalling. One 

limitation was that we used total liver extracts and we cannot conclude whether 
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a differential localization of the receptor existed. In rats, after the initial postnatal 

raise in estradiol concentrations from maternal or adrenal origin, its levels decline 

until the 6th week of age, after which hormone synthesis regulation begins [39]. 

Since exercise can reduce the FAs availability [40], one of the possible 

explanations could be that GE was efficient in energy turnover, so that less 

dietary FAs from the maternal diet were transported and accumulated in the fetal 

liver, which hepatic acylcarnitine levels in HFHS-E offspring also support. 

In fact, the maternal HFHS diet was enriched with long-chain FAs (C14:0, C16:0, 

C16:1, C18:0, C18:1, C18:2) [16], which correlates to the acylcarnitines 

increased in the livers of HFHS-S offspring – C14:0, C16:0, C18:0, C18:1, and 

C18:2, with non-statistical increases in C16:1. This was not followed by plasma 

levels of some acylcarnitines, suggesting that the fetal liver is primarily primed by 

maternal excessive calories intake. Actually, FAs from maternal diet are 

transferred to the fetal liver, which still has an incomplete capacity to cope with 

the excessive nutrient supplies. With an increase of available nutrients, β-

oxidation can be initially increased, but without a concomitant increase of Krebs 

cycle fluxes, β-oxidation flux rapidly becomes a surplus, resulting in acylcarnitine 

accumulation. In accordance with others [41], our results support that maternal 

HFHS diet and sedentary behaviour can induce liver acylcarnitine accumulation 

and consequent mitochondrial failure in the offspring liver. Also, exercise can 

increase plasma acylcarnitines levels [42,43], which is opposite to what we 

observed in HFHS-E offspring. Still, it should be considered that, in our study, the 

effect of the exercise on the offspring is indirect – via intrauterine environment. 

These acylcarnitine levels in HFHS-S offspring could indicate eventual alterations 

in β-oxidation, which together with OXPHOS could imply mitochondrial 

pathogenesis [41]. However, OXPHOS subunits expression was not affected by 

maternal diet/GE. Expression of UCP2, that has been related tо mitochondrial 

proton leak and increased susceptibility to NAFLD [44], was reduced by GE, 

suggesting lower NAFLD risk, which correlated with NAS and hepatic triglyceride 

content in HFHS-E offspring. In contrast, others reported that maternal high-

caloric diet upregulated UCP2 in offspring [45], which we also observed in male 

offspring of GDM mothers [16]. In fact, with an increase of energy supplies 
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originating from maternal diet, observed as an increased offspring liver 

acylcarnitines accumulation, it would be expected that liver mitochondria activate 

UCP2 signalling and related uncoupling [44]. Thus,  although sex-specific 

responses to maternal diet on the intrauterine environment are evident, it seems 

that GE promotes protective mechanisms against these changes in a sex-

independent manner. 

We previously suggested that 6-week-old male offspring of GDM mothers are at 

early stage of liver disease before any histological observations [16], confirming 

previous observations that show that liver mitochondrial dysfunction may be an 

early sensitive marker of liver disease [46]. To better understand female offspring 

mitochondrial alterations resulting from maternal GDM, despite no observed 

changes in lipid accumulation, we analysed PGC-1α, a master regulator of 

mitochondrial biogenesis, that promotes mtDNA transcription via stimulation of 

TFAM expression [47]. Reduced hepatic PGC1α levels have been reported in 

sedentary high-fat diet-fed mice [48] and IR obese subjects [49]. We found that 

maternal HFHS diet slightly decreased the offspring’s hepatic Pgc1α and Tfam 

mRNA and protein content. In contrast, HFHS-E offspring had increased PGC1α 

expression, suggesting that GE is a powerful tool to mitigate the consequences 

of maternal HFHS diet on mitochondrial biogenesis. Exercise has been proposed 

to increase the hepatic PGC1α expression [50] and concomitantly stimulate β-

oxidation and reduce triglyceride accumulation [51], which corroborates with 

PGC1α expression, and hepatic triglycerides and acylcarnitines in HFHS-E 

offspring. Still, no correlation was found between mitochondrial biogenesis and 

miRNA regulation, as miR-130b and miR-494, which target PGC1-α and TFAM, 

respectively [52,53], were not altered in our study.  

Besides mitochondrial biogenesis, mitochondrial dynamics processes - fusion 

and fission - are also involved in regulating a healthy mitochondrial network [54]; 

and their dysregulation has been associated with maternal nutrient oversupply 

[55]. Accordingly, our data showed that maternal GDM downregulated both 

fusion- and fission-related transcripts in female offspring, which GE remarkably 

rescued. Such effect was not observed in protein content suggesting the complex 

interaction of post-transcriptional processes. As a higher-energy consuming 
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process than transcription, translation is strictly controlled, and proteins are 

produced only at levels required for their specific functions [56]. In our study, only 

OPA1 protein content was upregulated by maternal GDM, which was prevented 

by GE. Since OPA1 requires MFNs for fusion [57], whose protein levels were not 

altered in this study, and considering its complex post-transcriptional regulation, 

high OPA1 levels could be ascribed to alterations in alternative splicing or 

proteolysis. These post-transcriptional mechanisms may generate distinct OPA1 

isoforms and explain the effect of OPA1 overexpression on mitochondrial network 

fragmentation [54], which is supported by a non-significant increase in mtDNA 

copy number found in our study. OPA1 is also proposed as a mitophagic factor 

[58], since its overexpression can upregulate Parkin [59], which corroborates with 

hepatic Parkin levels observed in HFHS-S female offspring. Even though both 

mitophagy markers, PINK1 and Parkin, accumulate on damaged mitochondria 

and target them for autophagic degradation by Parkin-dependent ubiquitination 

[60], PINK1 can enhance mitophagy, but is not necessary for the process [61]. 

Therefore, our data regarding PINK1 and Parkin are not as surprising and 

suggest that a mitochondrial abnormality exists, as also seen in raised 

intramitochondrial crystalline inclusions, a common abnormality in NAFLD [62]. 

Nevertheless, GE rescued all these changes, thus protecting the hepatic 

mitochondrial health of female offspring despite maternal GDM. The absence in 

response of some hepatic autophagic and apoptotic markers in female offspring 

can suggest that maternal diet/GE does not have a strong impact on these 

processes, at least at the tissue level, whereas the effects in mitochondria might 

be more evident. 

 

CONCLUSIONS 

The findings of this study, specifically focused on the maternal diet/GE-related 

intrauterine effects on female offspring, suggest that GE performed during 

pregnancy is a potent factor mitigating maternal diet-induced GDM-related 

detrimental consequences on the hepatic tissue homeostasis of female offspring. 

Yet, in contrast with previous data published by our group in male offspring [16], 

in this female offspring group, maternal diet did not induce hepatic lipid 
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accumulation associated with NAFLD development, which suggests a sex-

specific response to maternal high-caloric diet. On the other hand, the maternal 

diet-induced evident harmful alterations in mitochondrial biogenesis and 

dynamics were prevented by GE. Therefore, exercise during pregnancy appears 

to be an effective first-line non-pharmacological strategy to prevent offspring 

metabolic disorders originating from maternal GDM and should be considered an 

essential component of clinical counseling. 
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The findings of the overall animal study included in this dissertation revealed that 

GE is an important modulator of hepatic mitochondrial metabolism, offering 

crucial adaptations against deleterious consequences of maternal high fat-high 

sucrose diet and consequent GDM-triggered hostile in utero environment in the 

male and female offspring as well as in the mothers even after prolonged period 

of high-caloric diet feeding and reduced physical exercise. Interestingly, some of 

the mitochondrial metabolic adaptations are sex-specific with male offspring 

expressing a phenotype more similar to their mothers. The three experimental 

studies were organized to elucidate the adverse effects of GDM and the 

counteracting beneficial effects of GE on mitochondrial respiratory function later 

in life and in their young male offspring (experimental study I), as well as to 

provide information on the metabolic and epigenetic mechanisms of action of the 

maternal diet and exercise on both male and female offspring (experimental 

studies II and III). It is our belief that data obtained in the present study contribute 

to the better understanding of developmental origin of liver metabolic diseases 

and of maternal GE on offspring liver metabolism, reinforcing the importance of 

physical exercise performed during pregnancy as an indispensable strategy in 

improving offspring’s health. 

 

Model of gestational diabetes mellitus and gestational exercise 

Considering that GDM is a metabolic disorder with negative consequences on 

metabolism later in life and that programs the offspring susceptibility for metabolic 

disease, it was important to establish an animal model of GDM and implement 

gestational physical exercise to mitigate GDM-related metabolic effects. 

Undoubtedly, our data have shown that maternal HFHS diet together with 

physical inactivity led to the typical features of GDM in mothers – 1) increased 

glucose intolerance during the period of pregnancy, but not before pregnancy 

independently of previous lifestyle (study I); 2) increased gestational body weight 

gain (study I); and 3) fetal macrosomia (studies I and III). In accordance with data 

from several clinical trials and meta-analyses (Ming et al., 2018; Wiebe et al., 

2015), GE prevented the excessive increase of body weight in mothers during 

pregnancy and in their offspring (studies I and III). Nevertheless, despite similar 
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expectations to prevent impaired glucose tolerance during pregnancy, the GE 

program implemented in our study did not achieve this goal (study I). In line, 

others suggested that the beneficial effects of exercise on metabolism can be 

affected by HFD and that 4 weeks of exercise improved glucose tolerance in the 

control diet group but not in the HFD group (Straczkowski et al., 2001). 

Considering the specificity of metabolism during the pregnancy period and the 

eventual earlier switch to IR in HFHS group (Stewart et al., 2013), the two weeks 

of exercise preceding the glucose tolerance test were probably not efficient 

enough to regulate HFHS diet-induced changes in glucose tolerance. 

Nevertheless, considering that GE rescued liver TG accumulation and 

mitochondrial metabolism in the mothers and offspring (studies I, II, and III), it 

could be speculated that the physical exercise is more potent to prevent 

metabolic disturbance in the last trimester of the pregnancy, when fetal demands 

increase followed by increased lipolysis and IR. Unlike our study, where glucose 

tolerance was assessed in the end of the second trimester, others showed that 

GDM-related glucose intolerance was alleviated in women exercising throughout 

the pregnancy when the assessment of glucose tolerance was performed in the 

third trimester (Cordero et al., 2015; Young & Treadway, 1992). In fact, physical 

exercise performed only during the second trimester was not enough to promote 

enhancement in glucose metabolism in exercised women (Ramírez-Vélez, 2012). 

 

Alterations in hepatic lipid and glucose metabolism 

To the best of our knowledge, this experimental protocol is the first animal study 

to investigate the effects of GDM and, particularly, GE on maternal liver 

mitochondrial metabolism later in life, i.e., after GDM and physical exercise 

cessation. Bearing in mind that GDM increases the risk of developing NAFLD 

later in life (Ajmera et al., 2016; Foghsgaard et al., 2017; Lavrentaki et al., 2019), 

TG accumulation was assessed in liver 8 weeks after pregnancy and physical 

exercise protocol cessation (study I). Surprisingly, HFHS-fed mothers had lower 

trends of NAFLD score than the control-fed animals, even though their non-

pregnant counterparts demonstrated that prolonged HFHS feeding increased 

NAFLD score, which can be delayed by 3 weeks of exercise at some moment 
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during the lifetime. Therefore, it seems that pregnancy per se, with its particular 

metabolic alteration, represents a specific factor modulating liver metabolism in 

a way that protects mother and fetus from additional environmental insults, such 

as HFHS. Some of the mechanisms involved may include accelerated breakdown 

of lipids in the third trimester in order to answer to the fetal demands (Lain & 

Catalano, 2007) or increased gestational level of estrogen, which protective role 

against NAFLD development in women has been recognized (Carulli et al., 2006; 

Polyzos et al., 2013). Nevertheless, in utero environment seems to be affected 

by all these changes. Increasing trends in hepatic TG content and NAFLD score 

due to maternal HFHS diet was observed in the male offspring (studies I), but not 

in the female offspring (study III), whereas GE reduced both parameters in all 

offspring regardless of maternal diet effect. 

One of the explanations for these trends and for the sex-specific differences 

between offspring could be the very high levels of estradiol found in neonate rats, 

from maternal or adrenal origin, as females present slightly higher concentration 

than males (Bell, 2018). Additionally, the regulation of miR-125b by estrogen via 

estrogen receptor alpha (ERα) protects female mice from hepatic steatosis, but 

not male mice (Zhang et al., 2015). Therefore, we assessed the ERα content, 

also suggested to be important for the beneficial effects of exercise against lipid 

accumulation (Winn et al., 2019). However, we could not find its association with 

hepatic TG content and NAFLD score in male and female offspring (studies I and 

III). The absence of alterations in ERα expression in the 6-week-old offspring 

(studies II and III) could be explained, at least in part, by the fact that at that age, 

after reducing the levels of estradiol of maternal or adrenal origin, rats’ estradiol 

concentration is lower (Bell, 2018). Mitochondrial function, biogenesis, and 

dynamics can be under estrogenic control (Klinge, 2020), which support an 

interesting finding in study II that mothers have alterations in ERα levels in liver 

mitochondria, but not on the whole tissue level. The observed mitochondrial ERα 

changes match with the trends detected in markers of mitochondrial biogenesis 

and fusion on the liver mitochondrial level. Even though the male and female 

offspring follow the maternal pattern in liver mitochondrial biogenesis and fusion, 

which is also expected considering the actual and dominant concept of maternal 
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mitochondrial inheritance (Luo et al., 2018; Parakatselaki & Ladoukakis, 2021; 

Rius et al., 2019), at least at this age these changes in mitochondrial homeostasis 

cannot be related to the ERα alterations in the offspring. Yet, another study 

showed that maternal HFD upregulated hepatic ERα in the male offspring at 

adulthood, but not in the female offspring (Miranda et al., 2018), suggesting that 

male offspring might be predisposed for estrogen receptor signalling later in life, 

which deserves further research. 

To clarify the putative mechanisms underlying intrauterine effects on lipid 

metabolism in mothers and offspring, we assessed protein expression of 

transcriptional factors involved in hepatic lipid (and glucose) metabolism, such as 

SREBP-1 and ChREBP (Linden et al., 2018), as well as PEPCK, which is a key 

rate-limiting gluconeogenic enzyme (Yabaluri & Bashyam, 2010). Whereas in 

mothers we could only observe SREBP-1 downregulation by GE, in the offspring 

there is an evident sex specificity influence in the regulation of these processes. 

Interestingly, SREBP-1 mediates insulin-related induction of lipogenic genes, 

whereas ChREBP mediates glucose-related induction of these genes (Linden et 

al., 2018), even though nutritional regulation of lipogenic genes may be 

completely independent on insulin (Matsuzaka et al., 2004). Fetal liver SREBP-1 

was found to be elevated in late gestation, upon in utero insulin injection inducing 

premature rise in insulin, during the lactation, and until weaning (Bobard et al., 

2005). In our study, the increase of mature/native SREBP-1 ratio in the offspring 

of sedentary HFHS mothers, also prevented by GE during pregnancy, is 

concomitant with hepatic lipid accumulation, although the effects were only 

observed in male offspring. Similar sex-dependent changes were also observed 

in the intrauterine growth restriction rat model, being suggested that 

developmental programming and differential alterations of liver structure may be, 

at least partly, underlying mechanisms of lipid dysregulation (Choi et al., 2007). 

On the contrary, ChREBP was upregulated only in the HFHS-S female offspring, 

but not in males. Thus, it could be speculated that maternal hyperglycemia, 

characteristic for GDM, has sex-specific effects, and that hepatic lipid metabolism 

in the male offspring is rather mediated via insulin and SREBP-1, whereas in the 

female offspring it is mediated via glucose and ChREBP activation. Although 
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maternal in utero hyperglycemia can cause fetal hyperinsulinemia (Kc et al., 

2015), only male offspring, but not female had obvious trends (although not 

significant) in insulin plasma due to maternal lifestyle. This might be a 

consequence, at least in part, of the post-weaning C diet. Likewise, it has been 

suggested that GDM is a high-risk factor for male children, but not for female, 

adiposity accumulation (Alur, 2019), and that maternal nutrition impacts glucose 

homeostasis programming in female offspring and body weight and adiposity in 

male offspring (Dearden et al., 2018). Among other yet unknown putative 

mechanisms, these sex differences and the female offspring glucose metabolic 

susceptibility to maternal high-fat high-sucrose diet could be related with 

paraventricular hypothalamus gene expression (Dearden & Balthasar, 2014), 

which impairment might result in dysfunctional glucose homeostasis (Myers & 

Olson, 2012). Also, SREBP-1 is able to repress genes of gluconeogenesis, such 

as PEPCK (Chakravarty et al., 2001; Yamamoto et al., 2004), which is 

concomitant with the PEPCK content in the male, but not in the female offspring, 

suggesting that there must be additional mechanisms, including those related 

with the epigenetic landscape, promoting PEPCK downregulation in the offspring 

of exercising mothers. Regarding mothers, PEPCK downregulation in HFHS-fed 

animals was reduced regardless of physical activity levels, suggesting that 

activation of gluconeogenesis was not necessary in these animals, as expected 

when glucose is available from external resources (Barthel & Schmoll, 2003), 

such as HFHS diet. High hepatic gluconeogenesis rates have been reported in 

animals or patients diagnosed with diabetes and NAFLD (Barthel & Schmoll, 

2003; Chang et al., 2006; Sunny et al., 2011). On the other hand, physical 

exercise improves insulin sensitivity, which could prevent these alterations in 

gluconeogenesis in obese and diabetic rats and downregulate hepatic PEPCK 

(Chang et al., 2006). In fact, although in mothers 3-weeks of physical exercise 

were not enough to counteract 18-week of HFHS diet, this GE emerged as a very 

potent factor in reducing gluconeogenesis rates in the offspring. Yet, 

gluconeogenesis is not apparent in the fetus as PEPCK appears only after the 

birth (Kalhan & Parimi, 2000). Therefore, the effects of maternal diet and/or 
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exercise on this metabolic pathway is indirect, through other metabolic pathways 

or even some epigenetic mechanisms, rather than through a direct in utero effect.  

 

Hepatic mitochondrial function, biogenesis, and dynamics 

Hepatic mitochondrial respiratory function involves pathways considered vital in 

maintaining hepatic gluconeogenesis and lipogenesis, such as β-oxidation, Krebs 

cycle, and the respiratory electron transport chain. In response to nutrient 

overstimulation, although mitochondrial network adapts and remodels to 

counteract the changes, less favorable hepatic metabolic condition, such as IR, 

will continue to prevail (Surugihalli et al., 2019). In fact, impaired mitochondrial 

energetics has been associated with T2DM and liver diseases (García-Berumen 

et al., 2019; Lambert et al., 2014; Satapati et al., 2012), and mitochondrial 

dysfunction has even proposed as one of the primary events in the NAFLD 

development (Gonçalves et al., 2013). 

In the present study, data from acylcarnitine profiling, used to ascribe alterations 

in β-oxidation (Koves et al., 2008), showed an interesting, but not surprising, 

match with the fatty acid composition of the maternal HFHS diet in the offspring 

generation (study I and III). As offspring were exposed to HFHS diet only 

indirectly, through placenta or maternal nursing, and fed with C diet post-weaning, 

the observed alterations in acylcarnitines must be related to maternal diet/GE. 

The increase in plasma acylcarnitines has been observed in different metabolic 

disorders – prediabetic and diabetic conditions, metabolic syndrome, insulin 

resistance, and obesity (Bene et al., 2013; Floegel et al., 2013; Mai et al., 2013). 

In contrast, data from mothers revealed that acylcarnitines were not altered by 

nutrition and/or GE (study I). In line with our results, others showed that even a 

prolonged HFD did not influence hepatic acylcarnitines (Koves et al., 2008; 

Zabielski et al., 2018). Additionally, it should be considered that during 

pregnancy, due to increased fetal demands, maternal hepatic metabolism 

changes and its concomitant metabolic state shifts from anabolic to catabolic 

(Lain & Catalano, 2007; Zeng et al., 2017). Yet, it has been reported that GDM-

related hyperglycemia can decrease β-oxidation of fatty acids in placenta and 

result in higher lipid accumulation (Visiedo et al., 2013), Therefore, it can be 
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hypothesized that decreased β-oxidation would spare placenta fatty acids and 

allowed greater availability of those substrates for the fetus. Indeed, although only 

in the male offspring of GDM mothers, the rise in acylcarnitine levels in plasma 

and liver is in line with hepatic lipid accumulation (study I). Yet, in the female 

offspring of GDM mothers no alterations were observed in hepatic TG content 

despite increase in acylcarnitine levels (study III). A study conducted by 

Devanathan et al. (2016) reported a similar effect in diabetic Goto-Kakizaki rats, 

i.e., heart acylcarnitines were increased in both sexes, but TG accumulation was 

sex-specific – increased in male and reduced in female rats. This suggests that 

fatty acids in females were shuttled from TG synthesis, or that synthetized TG 

were converted into other lipid products, yet the study did not provide a clear 

mechanism for this sex-specificity (Devanathan et al., 2016). Nevertheless, 

exercise prevented an excessive increase of acylcarnitines due to maternal 

metabolic disturbances. In fact, GE was effective regarding energy turnover from 

maternal diet; thus, less fatty acids could have been transferred to the fetus, 

resulting in less acylcarnitine accumulation in the offspring plasma and liver 

(study I and III).  

Accumulation of acylcarnitines may induce disruption in β-oxidation (Visiedo et 

al., 2013). Although an initial increase of β-oxidation may had occurred in the 

animals submitted to HFD and low physical exercise levels, β-oxidation rate may 

outpace the activity of the Krebs cycle, which might had led to disruption of β-

oxidation flux and mitochondrial accumulation of acylcarnitines, consequently 

contributing to mitochondrial failure in sedentary animals (Koves et al., 2008; 

Muoio & Koves, 2007). Furthermore, β-oxidation can directly affect hepatic 

mitochondrial respiratory function (Bjørndal et al., 2018). Concordantly with these 

data, mitochondrial respiratory function was adversely affected by maternal GDM 

conditions in the liver of male offspring (study I). In the male offspring, besides 

compromised mitochondrial RCR (in the presence of complex-I-linked 

substrates), maternal GDM induced a decreased expression of OXPHOS 

complex I-related proteins, and slightly lessened the expression of other 

respiratory complexes, suggesting that adverse in utero environment, due to the 

maternal diet/GE, reduces hepatic oxidative capacity. In the sedentary GDM 
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mothers, such effect was not observed (study I). Interestingly, whereas the 

studies using male rats have demonstrated that acute or chronic HFD feeding 

can impair hepatic mitochondrial function (Ciapaite et al., 2007; Garnol et al., 

2014; Gonçalves et al., 2014; Morris et al., 2013), studies performed on female 

rats fail to reveal these alterations in mitochondrial respiration under such feeding 

conditions (Cardoso et al., 2013; Català-Niell et al., 2008). Even though studies 

on hepatic mitochondrial respiration in the offspring generation are scarce, a 

decreased OXPHOS protein expression or activity was found in the offspring of 

obese or HFD-fed mothers (Borengasser et al., 2011; Bruce et al., 2009). In the 

present study, GE not only rescued the compromised mitochondrial respiratory 

efficiency, together with an increase in OXPHOS complex I and IV-related protein 

expression in the male offspring, but even provided adaptative mechanisms to 

the exercised GDM mothers. In fact, even after 8 weeks of exercise cessation, 

respiratory function and OXPHOS complex III and IV, and ATP synthase protein 

expression remained elevated in the exercised GDM dams (study I). The 

impairment of mitochondrial respiratory chain in the offspring of sedentary HFHS-

fed mothers was also followed by increased proton leakage rates (as observed 

in upregulation of UCP2 and respiration in the presence of oligomycin) (study I), 

which is a common consequence in fatty liver disease (Serviddio et al., 2008) and 

is also reported in the offspring of mothers fed with high-caloric diet (Bayol et al., 

2010). In such conditions of energy excess, liver mitochondrial substrate 

oxidation shifts from processes coupled to ATP synthesis to uncoupled pathways 

involving UCP2 (Serviddio et al., 2008), which can additionally be stimulated by 

fatty acids (Armstrong & Towle, 2001), as the increased acylcarnitine 

accumulation due to the maternal adverse lifestyle may be a stimulus for the 

UCP2 accumulation and the consequent proton leakage. On the other hand, 

mothers had an opposite response to the diet and exercise regarding UCP2 

levels, which suggest different regulatory mechanisms in two generations. 

Indeed, in complicated pregnancy, such as GDM, there is a higher risk for acute 

ischemia (Ma et al., 2012; Westbrook et al., 2016), and eventual ATP depletion, 

which is associated to reduced UCP2 levels (Cheng et al., 2003). Regardless of 

intergenerational differences in response to maternal sedentary lifestyle and 
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high-energy diet, it was clear that GE rescued any of the altered constraints in 

the mitochondrial function in both generations.  

Unfortunately, as one of the limitations of this study, data on hepatic mitochondrial 

oxygen consumption from female offspring were not completely collected due to 

unexpected technical constraints; thus, no conclusion on eventual sex-specificity 

regarding mitochondrial respiration was possible to obtain in this study. 

Nevertheless, the analysis of the mitochondrial respiratory assays in a limited 

number of the female offspring (n = 2 per group) showed the same pattern as 

observed in the males. Despite obvious effects of the maternal diet/GE, 

considering such a small sample size, the results from this experimental group 

were not included in the present study. 

To clarify the mechanisms underlying mitochondrial modulation, mitochondrial 

biogenesis and dynamics were also assessed. The master regulator of 

mitochondrial biogenesis, PGC-1α, its downstream target TFAM, and the content 

of mtDNA, which transcription is regulated by TFAM (Puigserver & Spiegelman, 

2003), were decreased in diabetic patients (Mootha et al., 2003; Patti et al., 

2003), probably due to the reduced exercise capacity of these individuals 

(Hernández-Alvarez et al., 2010). In our study, in contrast with data obtained in 

mothers, the transcription levels of mitochondrial biogenesis and dynamics 

markers were modified by maternal diet/GE in both male and female offspring 

(studies II and III). This suggests that the modulatory stimuli imposed by diet and 

physical exercise activate different mechanisms in the maternal generation and, 

through in utero environment, in the offspring generation. Nevertheless, the 

mitochondrial protein content followed the same trends in both generations. 

Hence, maternal HFHS diet impaired mitochondrial biogenesis, observed through 

mRNA and protein levels of PGC-1α, TFAM and mtDNA copy number, but 

maternal GE remarkably mitigated these diet-induced deleterious consequences 

(studies II and III). As the stimulation of PGC-1α gene in HFD rats was reported 

to enhance liver mitochondrial respiration and prevent excessive hepatic lipid 

accumulation (Morris et al., 2013), this can explain, at least in part, the observed 

boosted mitochondrial respiration and lower TG content in the male offspring and 

their mothers (study I).  
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The preservation of the pool of healthy mitochondria depends not only on the 

processes of mitochondrial biogenesis, but also on mechanisms of mitochondrial 

fusion and fission, and mitophagy (Seo et al., 2010). In the present study, GE 

prevented the maternal diet-induced decline of mitochondrial biogenesis markers’ 

transcriptional levels in the offspring generation (studies II and III), but such 

effects of diet and exercise were not detected in the mothers (study II). Regarding 

the protein content of some mitochondrial dynamics markers (MFN1, MFN2, 

OPA1, and DRP1), it seems that maternal HFHS diet shifted the mitochondrial 

network towards fission, whereas GE prevented this trend and rather stimulated 

mitochondrial fusion. However, such effects were observed only in mothers and 

their male, but not in female offspring. The last, only had alterations of OPA1 

content and in a completely opposite manner compared to their mothers or male 

offspring. Yet, it should be considered that, as previously mentioned, one of the 

weaknesses of this study is that liver mitochondria were not isolated from female 

offspring; therefore, markers of mitochondrial dynamics were analysed at liver 

tissue level and not on isolated mitochondrial, as it was in the mothers and male 

offspring. Regarding these processes of mitochondrial dynamics, the 

inconsistency between DRP1 mRNA expression and protein content could be 

explained by the complex interaction of post-transcriptional processes that strictly 

control protein levels. In fact, being the protein synthesis, a much higher energy 

demanding process compared to transcription, its more meticulously and 

rigorously controlled and proteins synthesized only when their specific function is 

required (Wegler et al., 2020).  

Besides mitochondrial biogenesis and dynamics, cellular bioenergetics is also 

mediated by mitochondrial quality control signalling, including the recycling of 

damaged mitochondria (Michel et al., 2012). Regarding mitophagy markers 

PINK1 and Parkin, we observed an interesting sex and intergenerational 

specificity. While in male offspring only PINK1 was modulated by GE (study II), 

Parkin was more sensitive to maternal diet/GE both in mothers and female 

offspring, although with an opposite effect between generations (study II and III). 

The impact of GE in the male offspring induced PINK1 upregulation, together with 

mitochondrial fusion stimulation, which could be considered a rescue mechanism 
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counteracting the mitochondrial impairment by maternal high-caloric diet. On the 

other hand, the downregulation of Parkin in mothers fed with the HFHS diet and 

with sedentary lifestyle, reinforces its role as compromising factors of the 

clearance of damaged mitochondria, which is similar to that reported in HFD-fed 

sedentary male rats (Gonçalves et al., 2016). In the young female offspring, 

Parkin-associated mitophagy was stimulated as a response to the mitochondrial 

damage (observed also through intramitochondrial crystalline inclusions 

accumulation) induced by maternal HFHS diet, but was prevented by GE. 

Nevertheless, there is a lack in sex-specific comparative studies in offspring of 

mothers with altered nutrition and/or metabolic dysfunction during pregnancy, 

being studies mainly focused on male offspring. Up to our knowledge, this is the 

first study that compares male and female offspring of GDM mothers, and that 

follows the post-GDM alterations in dams. Therefore, it is of critical relevance to 

compare sex differences in future studies. In general, our data suggest that in 

utero environment promotes sex-specific regulation of mitophagy that its different 

from the observed in the mothers and has direct impact of their lifestyle. Similarly, 

autophagic and apoptotic signalling was only affected in mothers, particularly at 

mitochondrial level as no alterations were observed in the whole liver tissue, 

suggesting disrupted apoptosis due to HFHS diet and its rescue by GE. As no 

significant impact in these markers was evident in the offspring generation, 

regardless of sex, it seems that the in utero environment was not a strong 

modulator of these processes in this generation and/or that regular post-weaning 

diet was sufficient to restore any eventual impairment.  

 

Potential epigenetic mechanisms involved in the regulation of 

intergenerational hepatic metabolism 

In order to better understand mechanisms underlying intergenerational 

transmission of metabolic burden and mediating sex-specific programming, 

several microRNAs, known to be involved in the regulation of hepatic metabolism 

and mitochondrial biogenesis through maternal diet/GE, were analyzed.  

Although considered the most abundant microRNA in the liver tissue (Kalaki-

Jouybari et al., 2020), data from the present study cannot ascertain the role of 
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miR-122 in the eventual alterations on lipid metabolism imposed by maternal 

diet/GE (studies II and III). Interestingly, maternal lifestyle, specifically GE, 

modulated those microRNAs that are associated with regulation of mitochondrial 

biogenesis. In fact, particularly evident in the male offspring and partly in mothers, 

GE prevented any eventual modifications in miR-34a, miR-130b, and miR-494 

induced by maternal diet, therefore supporting directly or indirectly the regular 

processes of mitochondrial biogenesis. In these experimental groups, GE 

emerged as a very powerful stimuli, even stronger than the maternal diet itself, in 

regulating microRNAs-related mechanisms (study II).  However, this was not as 

clear in the female offspring, except for miR-34a and trends in miR-494 

expression (study III). Being these microRNAs coded on autosomal 

chromosomes, eventual sexual dimorphism in this study could be more related 

to other mechanisms. Placental microRNA regulation could also affect 

developmental processes, yet sex-specific studies are lacking. For instance, 

placental miR-130b expression regulates mitochondrial biogenesis through PGC-

1α and TFAM, but differences between sexes were not reported (Jiang et al., 

2017). Moreover, sex differences in hepatic miR-494 are expected only in old 

rats, while aging may induce changes in hepatic miR-34a between adult and old 

rats, regardless of sex (Kwekel et al., 2017). Also, inverse association between 

maternal pre-pregnancy body mass index and placental miR-34a expression was 

observed only in girls, but not in boys (Tsamou et al., 2017). Still, differences in 

the development of placenta and its microRNA expression as well as variation 

are expected between animal and human studies (Hayder et al., 2018), which 

reinforces the need of more sex-related studies in various in vitro and in vivo 

models in order to better understand this complex epigenetic regulation. 

 

Sexual dimorphism of biological processes involved in GDM-related liver 

mitochondrial health in the offspring 

Mitochondrial inheritance is almost exclusively maternal (Luo et al., 2018; 

Parakatselaki & Ladoukakis, 2021; Rius et al., 2019), thus the interest in 

determining the impact of maternal mitochondrial “health” on offspring 

mitochondrial future is increasing. Due to this uniparental inheritance, 
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mitochondria have a strong sex-specific effect. Generally, several mechanisms 

and properties in liver mitochondria express higher activity rate, efficacy, and/or 

content in females than in males, such as ROS production, ADP-stimulated 

respiration, HFD-induced OXPHOS capacity, protein content, cardiolipin content, 

and mtDNA copy number, while there are no differences in mitochondrial 

biogenesis factors (Ventura-Clapier et al., 2017). It is even proposed that males 

have lower respiratory function than females, irrespective of physical activity 

levels, and that they are more reliant on exercise to preserve the mitochondrial 

health, whereas females have high respiratory capacities and low mitophagy flux, 

even if sedentary (Von Schulze et al., 2018). 

The sexual dimorphism observed in physiological processes can be related with 

differences in sex chromosomes, hormonal regulation, epigenetic mechanisms, 

or even placenta (Dearden et al., 2018; Ventura-Clapier et al., 2017). Genes of 

the mitochondrial genome and X chromosome are more time under selection in 

females, thus better optimized than in males (Tower, 2006; Ventura-Clapier et 

al., 2017). On the other hand, it was hypothesised that nuclear genes that are 

inherited from the father could regulate activity of mitochondria derived from 

mothers (Mittwoch, 2004). Also, considering the vital role of placenta in the 

transfer of nutrients to the fetus, it is expected that maternal nutritional state may 

differently affect male and female placenta; however, more research is still 

needed. Changes in morphology and function of male placenta was shown to be 

more susceptible to in utero programming in obese rats (Kim et al., 2014), 

whereas in humans these effects were rather seen in female placenta (Mandò et 

al., 2016). 

However, in our study we could not directly associate any of the sex-specific 

differences with the proposed mechanisms, namely the hormonal regulation 

through ERα and miRNAs. 

Considering the young age of the offspring and the regulation of their sex 

hormones, particularly estrogens, we could not support observations that females 

are generally more protected than males from metabolic disorders and hepatic 

lipid accumulation due to the protective actions of estrogen (Ballestri et al., 2017). 

As previously discussed, data from rats suggest that steroidogenesis at birth is 
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low and high estradiol concentrations of maternal or adrenal origin reach the peak 

at 15 days of age, after which remain low until the regulation of estrous cycle in 

females at about 6 weeks of age (Bell, 2018), which was actually the terminal 

time point in our study. 

Being epigenetic regulation of the genome possibly altered by maternal nutritional 

status and affecting embryonic development, it is considered as a possible 

mechanism through which in utero environment alterations can be translated into 

permanent gene expression changes of the offspring (Dearden et al., 2018). Yet, 

as previously discussed, no clear sex-specific differences in epigenetic regulation 

were observed in our study, except that female offspring were less susceptible to 

maternal lifestyle-related in utero alterations. 

The clear sex specificity was observed in the regulation of transcriptional factors 

related with lipid and glucose metabolism. In fact, it was shown that male children 

of obese or diabetic mothers are more susceptible to adiposity (Andres et al., 

2015; Oostvogels et al., 2017; Regnault et al., 2013), which was confirmed by 

animal studies suggesting that female offspring are more vulnerable to glucose 

homeostasis alterations due to maternal nutritional status (Dearden & Balthasar, 

2014; Fuente-Martín et al., 2012; Pankey et al., 2017). In our study, we observed 

that male offspring of sedentary GDM mothers increased hepatic lipid 

accumulation and mature/native SREBP1 ratio, which suggests tendencies 

towards adiposity. On the other hand, only ChREBP upregulation was evident in 

female offspring, supporting the beforementioned hypothesis, being GE an 

effective strategy to prevents these alterations. 

Nevertheless, future research on the effects of maternal lifestyle (diet and GE) on 

both sexes is necessary to elucidate the way alterations in the early life 

environment can differently impact metabolic health of male and female offspring. 
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Considering the overall results of the different experimental studies included in 

the present thesis, the following main conclusions can be made: 

I) GE was efficient in preventing the metabolic and mitochondrial 

adverse consequences in maternal generation that were related to the 

HFHS-diet induced GDM and not necessarily to the prolonged HFHS diet 

consumption. 

II) GE prevented the deterioration of in utero conditions due to the 

maternal HFHS diet and related GDM and protected both male and female 

offspring from such harmful in utero environment. Moreover, GE emerged 

as a more potent factor for the embryonic and fetal development than 

maternal diet regarding the modulation of hepatic metabolic pathways.  

III) Hepatic lipid accumulation, characteristic from chronic liver 

diseases, was reduced by GE in both male and female offspring, but sex 

specificity was observed in the regulation of lipid and glucose metabolism 

as a response to maternal high-caloric feeding before and during 

pregnancy and lactation. This prompted alterations in lipid metabolism in 

the male and in glucose metabolism in the female offspring. 

IV) GE rescued liver mitochondrial respiratory function impairments 

derived from maternal HFHS feeding in the male offspring. Moreover, 

promoted positive mitochondrial adaptations in the maternal generation 

even after exercise cessation and prolonged HFHS feeding. 

V) Impairments in mitochondrial biogenesis and dynamics imposed by 

maternal GDM were prevented by GE, suggesting the relevance of GE 

performed during pregnancy in preserving mitochondrial homeostasis and 

healthy mitochondrial network, particularly in the next generation. 

VI) Auto/mitophagy and apoptotic signalling pathways in the offspring 

liver were not affected by maternal diet/GE, although these processes 

were observed mitochondrial level in the mothers, suggesting that liver 

mitochondria rather that the whole tissue are more sensitive to lifestyle 

alterations. 
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VII) Epigenetic regulation via microRNA-related mechanisms was more 

sensitive to GE than to the maternal diet, particularly in the male offspring 

and mothers. 

 

In general, this work highlights the role of GE as a first-line non-pharmacological 

strategy preventing GDM-related metabolic complications in mothers and, 

particularly, in their offspring. Physical exercise performed during the sensitive 

period of pregnancy, particularly if additionally burdened by a high-caloric diet, 

can alleviate the parameters that are closely related to the GDM development 

and not only to the high-caloric diet consumption. Even though some of the liver 

mitochondrial pathways studied in the mothers were rescued by the GE program 

and even maintained despite HFHS feeding persistence and physical exercise 

cessation, the GE could not prevent all the metabolic changes. Thus, it can be 

speculated that a synergistic effect of metabolic adaptations during pregnancy 

and HFHS diet-induced GDM compromised mitochondrial homeostasis in a 

manner that 3 weeks of GE program could not completely prevent, and it was 

even aggravated by prolonged HFHS diet. However, GE prevented the excessive 

transfer of HFHS-derived nutrients through placenta to the fetal liver, reducing 

the nutritional pressure on offspring liver development and metabolism. 

Therefore, GE prevented the metabolic consequences induced by maternal 

HFHS-related GDM, and thus can be considered as a very powerful modulator of 

in utero environment. Taking into consideration the beneficial influence that GE 

might have on mothers’ and, especially, children health, data from the present 

study reinforces and encourages the implementation of physical exercise 

programs during pregnancy in the clinical counselling. 

As a support to the beforementioned general conclusion, the principal component 

analysis, that included absolutely all variables used in the preparation of this 

dissertation, revealed a clear distinction between the three experimental groups 

in each generation and sex (Fig. 1). Interestingly, the experimental groups in the 

maternal generation appeared to be separated into three completely distinct 

clusters (Fig. 1A). It could be speculated that the pregnancy per se imposes 

metabolic alterations that in synergistic interaction with HFHS diet or the 
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combination of HFHS diet and GE brings distinctive characteristics to each 

experimental group. On the other hand, the principal component analysis of both 

male and female offspring showed a clear distinction between the HFHS groups, 

with the offspring of exercising mothers being more similar to the offspring from 

the control group (Fig. 1B. C). Still, the effect of GE is better observed in the male 

than female offspring. However, it should be taken into consideration that the 

experiments in the female offspring were performed exclusively at the whole 

tissue levels, unlike the male offspring, in which some of the parameters were 

also analysed at the mitochondrial level. This might suggest that mitochondrial 

alterations due to the maternal diet/GE could eventually contribute to the clearer 

experimental groups clustering in the male offspring. Yet, the presence of sex-

specificity should not be underestimated and deserves future research. 

 

 
Figure 1. Principal component analysis of all parameters studied in this 
dissertation in (A) mothers, (B) male offspring, and (C) female offspring. 
P – pregnant animals, C –mothers fed with control diet; HFHS –mothers fed with 
high-fat high-sucrose diet; S – sedentary mothers; E – exercised mothers. 
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