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Resumo

O estilo de vida materno e potenciais disturbios metabdlicos relacionados com o
mesmo, como a diabetes mellitus gestacional (DMG), tém sido associados a
alteragdes no ambiente intrauterino e sdo fortes moduladores da programacgéao
fetal, originando eventualmente condigbes metabdlicas deletérias e stressantes
para o feto. O exercicio fisico assume-se como uma estratégia essencial na
prevencao/terapia de doengas hepaticas, mas pouco se conhece sobre o
impacto do mesmo quando realizado durante a gravidez e os seus efeitos no
desenvolvimento dos descendentes. Esta dissertacdo, composta por dois
estudos de revisdo e trés estudos experimentais, pretendeu analisar o papel do
exercicio gestacional na funcdo hepatica dos descendentes quando
comprometida pela DMG materna (estudos |, Il e lll), mas também na condigéo
hepatica pdés-DMG materna (estudos | e Il). Neste modelo animal de DMG
induzida por dieta, avaliamos a funcao respiratéria mitocondrial hepatica das
maes e dos descendentes masculinos (estudo ), bem como a histopatologia
hepatica, a acumulacdo de triglicerideos e de acilcarnitinas (estudos | e lll),
marcadores de biogénese mitocondrial e de sinalizagdo de controlo de
qualidade, e a regulagao epigenética via mecanismos de microRNA (estudos I
e lll) em maes e descendentes masculinos e femininos. A bioenergética
mitocondrial hepatica foi estimulada através de exercicio gestacional, prevenindo
os problemas infligidos pela dieta materna nos descendentes masculinos e
proporcionando adaptacdes maternas preservadas até 8 semanas apds o parto.
O estilo de vida materno afetou notavelmente o metabolismo lipidico dos
descendentes masculinos, motivando alteracbes em fatores transcricionais
associados ao metabolismo glicolitico, tendo-se verificado um menor impacto
nos descendentes femininos. Adicionalmente, o exercicio gestacional revelou-se
como um poderoso regulador da biogénese e dindmica mitocondrial, prevenindo
ou revertendo a tendéncia induzida pela dieta materna no sentido da fissdo
mitocondrial e ndo da fusdo, e demonstrou ser um modulador mais potente de
mecanismos epigenéticos associados a expressao de microRNA do que a dieta
materna. As vias de sinalizagao apoptética e auto(mito)fagica, exclusivamente

em mitocondrias, foram alteradas apenas nas maes. Em termos gerais, os

xvii



nossos dados sugerem que O exercicio gestacional pode prevenir
consequéncias metabdlicas relacionadas com a DMG nos descendentes,
devendo, por isso, ser considerado como um modulador muito poderoso e
favoravel do ambiente intrauterino e como uma importante estratégia contra a
DMG.

PALAVRAS-CHAVE: Exercicio gestacional; Diabetes gestacional; Programacéao

fetal; Saude dos descendentes; Mitocdndrias hepaticas.
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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 |, Il, and lll), but
also on maternal post-GDM liver condition (studies | and Il). In this diet-induced
GDM animal model, we assessed maternal and male offspring hepatic
mitochondrial respiratory function (study 1), as well as hepatic histopathology,
triglyceride and acylcarnitine accumulations (studies | and Ill), markers of
mitochondrial biogenesis and quality control signaling, and epigenetic regulation
via microRNA mechanisms (studies Il and Ill) 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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CHAPTER I: General Introduction

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,




CHAPTER I: General Introduction

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 [-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 Ca®* and redox
homeostasis, pH regulation, and cellular remodeling and adaptation,
mitochondria are the primary site of B-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 (ClI, CII, Clll, and CIV) and
two mobile carriers (coenzyme Q and cytochrome c), receives electrons derived
from oxidizable substrates at Cl and CIl 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 B-oxidation and
the generation of nicotinamide adenine dinucleotide (NADH) leading to the

increased electron flux through the ETC (Gongalves 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-1a) attracts a lot of attention in the research of
mitochondriopathies. In fact, as a co-transcriptional regulation factor, PGC-1a
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-1a
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-1a 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-1a 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; lliopoulos et al.,
2010; O'Brien et al., 2018; Tufekci 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 ¢, 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-1a 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
(Fuetal., 2012), and thus hepatic glycogen synthesis (Kir etal., 2011). In a similar
study, miR-34a overexpression downregulated SIRT1, subsequently decreasing
transcriptional activity of PGC-1a through SIRT1-induced PGC-1a 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-1a 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-1a 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 miRNASs’
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; Gongalves, Maciel, et al.,
2014; Gongalves, 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-1a 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 |
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;

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

post-partum and in the male offspring;
(i)  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 Il
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;
(i) liver expression of mitochondrial biogenesis markers (PGC-1q,
TFAM, TOM20, and mtDNA copy number) in both generations;
(i)  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 Ill
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;
(i) systemic and hepatic acylcarnitine profile;
(i) liver and mitochondrial structural alterations;
(iv)  liver expression of mitochondrial biogenesis markers (PGC-1aq,
TFAM, TOM20, and mtDNA copy number);
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(v)
(vi)

(vii)

(viii)

liver expression of estrogen receptor alpha in both generations;
liver expression of mitochondrial dynamics markers (MFN1, MFN2,
OPA1, and DRP1);

liver expression of auto(mito)phagy signaling markers (Beclin-1,
Bcl2, LC3-II, Parkin, and PINK1);

liver expression of apoptosis signaling markers (Bax, Bcl2,
cytochrome c);

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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Abstract

Special issue: ‘FOIEGRAS—Bioenergetic Remodelling in the Pathophysiology and
Treatment of Non-Alcoholic Fatty Liver Disease’.

Background: Non-alcoholic fatty liver disease (NAFLD) emerges as significant
health burden worldwide. Lifestyle changes, unhealthy dietary habits and physical
inactivity, can trigger NAFLD development. Persisting on these habits during preg-
nancy affects in utero environment and prompts a specific metabolic response in
foetus resulting in offspring metabolic maladjustments potentially critical for de-
veloping NAFLD later in life. The increasing prevalence of NAFLD, particularly in
children, has shifted the research focus towards preventive and therapeutic strategies.
Yet, designing effective approaches that can break the NAFLD intergenerational
cycle becomes even more complicated. Regular physical exercise (PE) is a powerful
non-pharmacological strategy known to counteract deleterious metabolic outcomes.
In this narrative review, we aimed to briefly describe NAFLD pathogenesis focusing
on maternal nutritional challenge and foetal programming, and to provide potential
mechanisms behind the putative intergenerational effect of PE against metabolic dis-
eases, including liver diseases.

Methods: Following detailed electronic database search, recent existing evidence
about NAFLD development, intergenerational programming and gestational exercise
effects was critically analysed and discussed.

Results: PE during pregnancy could have a great potential to counteract intergenera-
tional transmission of metabolic burden. The interplay between different PE roles—
metabolic, endocrine and epigenetic—could offer a more stable in utero environment
to the foetus, thus rescuing offspring vulnerability to metabolic disturbances.
Conclusions: The better understanding of maternal PE beneficial consequences on
offspring metabolism could reinforce the importance of PE during pregnancy as an
indispensable strategy in improving offspring health.

KEYWORDS

foetal programming, maternal exercise, NAFLD, offspring health, physical exercise
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1 | INTRODUCTION

Non-alcoholic fatty liver disease (NAFLD) is considered the
most common worldwide cause of chronic liver diseases.'
Described as the hepatic manifestation of metabolic syn-
drome, it includes a range of conditions characterized by ex-
cessive hepatic lipid accumulation. Hepatic steatosis reflects
“simple” fat accumulation in the liver; however, if addition-
ally pressured by the activation of inflammatory and fibrotic
signalling pathway activation, steatosis can progress to non-
alcoholic steatohepatitis, or even cirrhosis and hepatocellular
carcinoma. As a complex disease, NAFLD results from the
interaction of genetic and environmental factors, particularly
unhealthy dietary patterns and physical inzlctivity.z‘3

About 25% of the world's population has NAFLD, with very
high prevalence even in children—3%-17%." and up to 70%-
80% among obese children.* NAFLD in children may occur as
a consequence of obesity and/or intrauterine environment.”®
Environmental factors to which mothers are exposed during
pregnancy (diet, stress, smoking, alcohol consumption and/or
gestational diabetes mellitus (GDM)) are important determi-
nants of foetal programming.® Given that maternal lifestyle can
seriously affect the metabolic status of future generations,7'” it
is urgent to ‘design’ efficient preventive tools against NAFLD.
Since there are no approved medications for NAFLD treat-
ment, lifestyle changes, mainly the engagement in physical ex-
ercise (PE) programmes, are recommended.'*"'¥ Being already
evidenced as effective in the prevention and treatment of nu-
merous metabolic, neurological, oncological, cardiovascular,
musculoskeletal, pulmonary and psychiatric diseases,M PE has
a great potential to prevent intergenerational transmission of
metabolic impairments via metabolic, endocrine and/or epi-
genetic mechanisms if implemented during critical moments
of pregnancy. The promotion of PE during pregnancy should
be emphasized to break the intergenerational cycle of NAFLD
and provide healthy early-life environment. Thus, in this narra-
tive review, we aim to critically analyse both the physiopathol-
ogy of NAFLD and countermeasures to mitigate this disease,
as well as how PE acts through distinct pathways and at several
levels of systemic and cellular organization in order to counter-
act NAFLD. Insights into how skeletal muscle (SM) behaves
as an endocrine organ, the metabolic action of PE through
mitochondrial-related adaptations and PE-induced epigenetic
adaptations against NAFLD are provided. Also, recommenda-
tions regarding maternal PE and its beneficial consequences
on offspring metabolism are discussed.

2 | NAFLD AS A MULTIORGAN
DISEASE

Although NAFLD is characterised by excessive hepatic lipid
accumulation, these complications are not exclusive to the

liver tissue.'*% NAFLD is closely related to other metabolic
disorders, such as insulin resistance (IR), diabetes melli-
tus, obesity, cardiovascular diseases, and GDM.'#"® Extra-
hepatic complications also involve chronic kidney disease,
colorectal cancer, atherosclerosis, osteoporosis, thyroid dys-
function, obstructive sleep apnoea and polycystic ovarian
syndromc.m'18 Indeed, cardiovascular diseases are the most
common cause of death in NAFLD putients.lg Thus, NAFLD
can be considered a multiorgan disease, manifesting in sev-
eral organs, with a very complex interplay between different
tissues. Yet, NAFLD can occur even in non-obese subjects,
where genetic and lifestyle factors play a part in the develop-
ment of the so-called lean NAFLD." The imbalance between
energy intake and expenditure, due to high-caloric intake and
low levels of physical activity, may result in ectopic lipid
accumulation. In such conditions, lipid storage capacity of
the adipose tissue gets saturated, and excess lipids are for-
warded to liver, muscle and pancreas. Once these organs also
become saturated, excess lipids can trigger the production of
toxic reactive lipid species and lipotoxicity.® A significant
role in the pathogenesis of metabolic diseases belongs to IR
in SM?"%? since SM acts as a sensor of low expenditure of
stored energy and signal for events that will ultimately result
in IR.?' The subsequent hyperinsulinaemia can trigger a se-
quence of metabolic pathways that favour the development
of metabolic disorders, among which hepatic steatosis is of
high concern.”!

2.1 | The role of mitochondria in NAFLD

As a high-metabolic rate tissue with numerous metabolic
functions, the liver is highly susceptible to disturbances due
to excessive lipid accumulation that may lead to several met-
abolic impairments. In this context, the role of mitochondria
in cellular energy production through oxidative phosphoryla-
tion seems to be crucial.?? Additionally, liver mitochondrial
dysfunction has been related to cellular death and inflamma-
tion, and thus, it is proposed as one of the first events during
steatohepatitis development.'?

Due to the imbalance between caloric intake and energy
expenditure, perturbed regulation of glucose and lipid metabo-
lism results in an excessive hepatic accumulation of fatty acids
and triglycerides and consequently in steatosis. To recover
from this lipid burden, hepatic f-oxidation rate increases in
the beginning, as well as the electron flux through the electron
transport chain. However, enhanced reductive supply to the
electron transport chain, when coupled with membrane per-
meabilization and consequent cytochrome c release, through
permeability transition pore opening, leads to an electron
transport chain over-reductive state. In these circumstances,
increased electron leakage promotes inefficiency of mitochon-
drial ATP synthesis, alongside augmented reactive oxygen

30



CHAPTER II: Theoretical Background

STEVANOVIC-SILVA FT AL.

WILEY- "

species production and oxidative stress. 2% Moreover, in-
flammatory and fibrogenic responses can aggravate steatosis
and ‘push’ its progression towards stc:atohepatitis.]2’25

The regulation and promotion of -oxidation in liver mi-
tochondria are dependent on key molecular players, such as
peroxisome proliferator-activated receptors (PPARs) and
their coactivator PPARy-coactivator-1o (PGC—]O&).% Yet,
PGC-1a and its downstream target mitochondrial transcrip-
tion factor A (TFAM) are reported to be decreased in hepatic
steatosis.”” The consequent change in mitochondrial homeo-
stasis and efficiency, together with structural alterations in
mitochondrial network morphology, can be dangerous to cell
viability. Therefore, the dynamic and inter-related adaptive
processes involved in mitochondrial plasticity and turnover
occur through an interplay of biogenesis, fusion, fission and
auto(mito)phagy activation, contributing to the maintenance
of mitochondrial network. However, in NAFLD conditions,
the function, structure and dynamic processes of liver mito-
chondria are considerably altered. Disturbance in mitochon-
drial quality control contributes to hepatic lipid accumulation
and subsequent pathogenesis of NAFLD.*

>>
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2.2 | Intergenerational cycle of NAFLD

The attempts to describe pathogenesis of such a complex
disorder can be summarized in a ‘multiple hit hypothesis’
considering that multiple insults (IR, release of adipokines
and proinflammatory cytokines, over-nutrition, altered gut
flora and (epi)genetic challenges) work together to prompt
NAFLD devel(:»pment.2 Among these intertwined envi-
ronmental and genetic factors in NAFLD pathogenesis, in
utero environment emerges as the new ‘first’ hit.®® In fact,
children of steatosis-diagnosed parents are at increased risk
for NAFLD development even if they do not have other
metabolic-related risk factors.”® Likewise, numerous animal
studies stressed that maternal obesity or improper dietary
habits during pregnancy and/or lactation are important fac-
tors that promote metabolic and mitochondrial dysfunction
and eventually hepatic steatosis.”'"*” Intrauterine exposure
to hyperglycaemia, typical of GDM, may increase the risk
of later-life metabolic disorders, being Pgc-la epigenetic al-
teration one of the potential mechanisms triggering this meta-
bolic malprogramming.*”

>

Pediatric NAFLD
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r development continues

Potential mechanisms behind the development of non-alcoholic fatty liver disease (NAFLD) in children. In utero environment has

been recognized as a critical factor in foetal development as it can affect a foetus’ risk of developing metabolic disorders, such as NAFLD, later in

life. In uncomplicated pregnancies, placental glucose and lipid transport are well regulated and matches with the development of foetal liver and

adipose tissue. However, inappropriate maternal lifestyle, namely physical inactivity and high-caloric nutrition, results in the maternal nutrient

overload that may cause adverse alterations to the in utero environment in early pregnancy. In such circumstances, the foetus is exposed to lipid

excess that needs to be accumulated in not yet competent or developed organs. As the adipose tissue begins to develop during mid-pregnancy, a

need for other lipid accumulation sites such as liver emerges. Foetal liver, still not completely developed, but already pressured by lipid excess, will

become susceptible to metabolic disturbances, not only throughout intrauterine developmental period but also later in life, especially if additionally
‘stressed” by an inadequate lifestyle during childhood. The likely end result is a health frailty childhood condition characterized by features of

paediatric NAFLD
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Accordingly, maternal nutrient overload and lipid excess
may result in foetal lipotoxicity. In early gestation, de novo
lipogenesis in foetal liver is limited and P-oxidation exists
only at basal levels, making the liver inefficient when deal-
ing with lipid surplus. Therefore, excessive lipid influx to
foetal liver during early-to-mid gestation, before foetal ad-
ipose tissue development, results in ectopic lipid accumu-
lation in liver making it susceptible to later-in-life NAFLD
development (Figure 1).% This altered in utero environment
that foetus is exposed to, specifically maternal high-fat diet
(HFD), may provoke offspring metabolic disturbances,
which extent depends on postnatal offspring diet. Actually,
offspring from HFD-fed mice were vulnerable to develop
steatosis even if fed with standard chow diet (SCD) in their
early-life, whereas early-life HFD feeding aggravated their
liver metabolism to progressive steatohepatitis.® Similarly,
despite 23-week-long post-weaning SCD consumption,
re-exposure to HFD in adult mice resulted in steatosis and
inflammation, and higher susceptibility to steatohepatitis
development.®! In rats, even the prolonged SCD consump-
tion by the offspring of HFD-fed mothers was not effective
in reducing hepatic steatosis, suggesting that the metabolic
intrauterine deleterious consequences might be irreversible
at the post-weaning period.7 Instead, HFD-fed offspring
still developed steatosis, despite maternal SCD consump-
tion during pregnancy and lactation, whereas offspring vul-
nerability to develop steatohepatitis increases when mothers
are fed with HFD during pregnancy.”*' Furthermore,
HFD feeding for three consecutive generations resulted in
increasingly severe NAFLD manifestations at each gen-
eration, which can be explained, at least partly, as a con-
sequence of transgenerational accumulation of epigenetic
alterations.** In contrast, changing maternal diet from HFD
to a low-fat diet in the subsequent pregnancy improved tri-
glyceride levels in foetal livers, suggesting that pregnancy
can be proposed as a critical window for the implementa-
tion of intervention strategies. Taken together, these studies
highlight that pregnancy is a critical period for program-
ming offspring predisposition to NAFLD development and
progression.

2.3 | Prevention and treatment of NAFLD

Given the social, economic and healthcare burden of NAFLD,
a need for effective preventive and/or therapeutic approaches
is emerging. However, clinical management against such a
complex multiorgan disease is a complicated process. As
there are still no approved medications for NAFLD treat-
ment, recommended medications usually target associated
metabolic disorders—obesity, IR, diabetes or lipid disorders.
Some of the pharmacological treatments include antioxidant
vitamin supplementation, PPAR agonists, or anti-diabetic,

anti-obesity, anti-apoptotic, anti-inflammatory and anti-
fibrotic agents.** As NAFLD prevalence is remarkably high
in (morbidly) obese individuals,'” bariatric surgery and
surgery-related weight loss are proposed as another strategy
against NAFLD. Still, this approach cannot be implemented
in patients who are not either obese or have a high risk for
surgical complications due to other metabolic disorders.*
Thus, lifestyle interventions (diet and PE) appear as the
first-line approach in the management of NAFLD, a disease
that is, in fact, mainly triggered by lifestyle modifications.
Numerous studies have proven that PE is efficient at reduc-
ing hepatic lipids even without dietary changes or weight
loss. 3353 A meta-analysis study also recommended PE as
a therapeutic strategy against NAFLD, despite differences in
PE type, duration and/or intv:nsity.'3 Accordingly, data from
animal NAFLD models also showed that PE is able to ame-
liorate NAFLD-related metabolic and mitochondria-related
impairments. **!

With intergenerational transmission of metabolic impair-
ments coming to the fore, efficient therapeutic strategies
against developmental programming of NAFLD become
a prime concern. Early-life intervention strategies, such as
early and prolonged breastfeeding and dietary supplements
with anti-inflammatory and antioxidant properties, are sug-
gested as beneficial.>* Moreover, some animal studies
highlight the importance of offspring PE to ameliorate the
detrimental metabolic influence of maternal ()‘trf:sity.'ﬂ'}45 Yet,
these approaches are focused on therapeutic levels and not
on breaking the intergenerational inheritance of NAFLD.
Therefore, the critical timeframe of in utero development
could be the right moment to implement potential preventive
programmes in pregnant mothers and avert children's meta-
bolic impairment. Nevertheless, choosing the precise phar-
macological therapy is not an easy task as pharmacokinetics
and pharmacodynamics may vary even in normal pregnan-
cies due to complex changes in maternal physiology. which
can eventually affect foetus safety4ﬁ Thus, there is a need to
encourage healthy lifestyle during pregnancy for the benefit
of future generation health.*” Since PE is proposed as the cor-
nerstone in NAFLD prevention, PE during pregnancy may
also have benefits in preventing the intergenerational inheri-
tance of NAFLD.

3 | ‘EXERCISE IS MEDICINE’

Considering the role of PE as a stimulus to mitochondrial
biogenesis and function, PE can be an effective preventive or
therapeutic approach to metabolic disorders in which mito-
chondrial failure is an essential cornerstone, such as NAFLD.
Despite PE characteristics, including type, duration, inten-
sity, volume and/or frequency can differently contribute to
the eventual beneficial short- or long-term adaptations in
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muscle and other tissues, it is unanimously considered a pow-
erful non-pharmacological tool against deleterious effects of
modern lifestyles. However, the underlying mechanisms as-
sociated with these PE-related beneficial effects in the inter-
generational context are still not clearly understood. Thus,
in the following paragraphs, we aimed to briefly review pu-
tative mechanisms of PE that could counteract deleterious
metabolic outcomes.

3.1 | Metabolic action of exercise

Physical inactivity has been associated with the develop-
ment of numerous chronic metabolic disorders. As discussed
before, IR in SM due to physical inactivity can contrib-
ute to the development of hepatic steatosis. A decrease in
energy storages turnover is one of the primary events as-
sociated with physical inactivity, eventually leading to
decreased glycogen and lipid turnover in SM.2' Actually,
whereas SM insulin-sensitive individuals store most of in-
gested energy as glycogen in both liver and muscle, in SM
insulin-resistant individuals, the storage of ingested energy
is shifted towards liver over SM. This can initiate hepatic
de novo lipogenesis and consequent increase in hepatic
triglyceride synthesis and plasma hypertriglyceridacmia.?
Therefore, targeting SM-related IR might prevent the de-
velopment of NAFLD and associated diseases. Indeed, re-
sistance and aerobic training can improve insulin sensitivity
in obese,*® diabetes’ or NAFLD? patients. Interestingly,
PE improves insulin action more strongly in the offspring of
diabetic patients than in individuals with no family history
of diabetes.**"

Besides IR regulation, PE modulates multiple processes
that may protect liver from NAFLD. Aerobic exercise can
mitigate NAFLD through regulation of hepatic lipid metab-
olism by increasing p-oxidation-related cellular machinery
and reducing lipogenesis, as well as through ameliora-
tion of redox-, inflammation- and apoptosis-driven status.
Moreover, PE also activates hepatic protective pathways
through autophagy-related mechanisms.”! Among PE-
induced adaptations, regulation of mitochondrial remodel-
ling and quality control is of great importance in preventing
pathological outcomes. PE can stimulate mitochondrial
biogenesis, dynamics and auto(mito)phagy to promote the
generation of new mitochondria, replacing. at the same
time, the old and less-functional network fragments, thus
maintaining the pool of healthy mitochondria and improv-
ing metabolic function. At molecular level, particular rele-
vance has been attributed to PGC-1e and its regulatory role
in mitochondrial biogenesis in the context of PE.* In fact,
data suggest that PE can improve mitochondrial function
and bioenergetics which are compromised in various liver
diseases, including NAFLD, 7394133

3.2 | Skeletal muscle as an endocrine organ
Besides its metabolic effects, SM also functions as an en-
docrine organ. Metabolic and mechanical stimuli promoted
by PE’s contractile activity can express pleiotropic effects on
non-contractile tissues. During the exercise and post-exercise
recovery periods, muscle cells release molecules with par-
acrine or endocrine effects, known as myokincs.54'55 Once
released into the bloodstream and recognized by specific re-
ceptors on different target organs, myokines activate various
signalling pathways and modulate metabolic processes. The
first identified myokine—interleukin-6—is stimulated by PE
in an intensity- and duration-dependent manner. It promotes
glucose uptake by SM, thus contributing to the maintenance
of SM glucose homeostasis and ]ipolysis.55 PE-dependent
interleukin-6 stimulation might be important in the manage-
ment of NAFLD, considering that interleukin-6 can pro-
tect liver from steatosis and ischacmia/reperfusion injury.™
Interleukin-6 and fibronectin type-III domain-containing
protein-5, cleaved as irisin, are recognized by specific recep-
tors on liver and other tissues, initiating signalling pathways
and ultimately activating mitochondrial master regulator
PGC-1a. ™7 PGC-1a activation further stimulates mitochon-
drial biogenesis, dynamics and quality control processes, as
well as electron transport chain complex activities,”**>"%
which is an important countermeasure to NAFLD pathol-
ogy. Considering that SM contributes to insulin-mediated
glucose uptake and p-oxidation, myokines are likely to af-
fect the whole-body metabolism in a beneficial manner. The
myokine-induced positive modulation of liver mitochondrial
remodelling can prepare liver to resist to adverse stimuli that
are involved in development and pathogenesis of metabolic
diseases, including NAFLD.

3.3 | Epigenetic adaptations to exercise
Among numerous lifestyle factors that modulate human
health via epigenetic alterations in a harmful or beneficial
fashion, PE represents a beneficial epigenetic influence. It is
known that PE-induced adaptive response also involves al-
terations in epigenetic landscape that includes DNA meth-
ylation, histone modifications and microRNA regulation.” ?
Barres and co-workers showed that acute PE caused hypo-
methylation of metabolic genes, such as Pgc-la, TFAM,
PPARf} and consequent increase in gene expression in SM
of sedentary people, in a PE intensity-dependent manner.”
Moreover, PE prevented liver DNA hypermethylation and
epigenome susceptibility to HFD-induced metabolic distur-
bance in mice.®! Such PE effect could have clinical implica-
tions. In fact, hepatic Pgc-/a methylation seems to be highly
correlated with peripheral IR and reduced mitochondrial bio-
genesis in NAFLD patients.®
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I Insulin Sensitivity
/™ Glycogen
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muscle contractile activity

FIGURE 2 Liver-muscle crosstalk. The interaction between skeletal muscle and liver takes place on several intertwined and interconnected
levels—metabolic, endocrine and epigenetic. This crosstalk stimulated by physical exercise (PE) has effects on skeletal muscle (SM), but also on
non-contractile tissues, such as liver. Generally, exercise promotes energy turnover in SM and improves insulin sensitivity in both SM and liver,
and consequently decreases de novo lipogenesis and hepatic lipid accumulation, Moreover, SM contractile activity promotes myokines secretion
to the bloodstream. After reaching the liver, myokines can activate signalling pathways and thus regulate metabolic processes. Metabolic processes
in the liver can also be modulated by epigenetic-related mechanisms—DNA methylation, post-transcriptional regulation by microRNAs and post-
translational modification of histone proteins. These precisely orchestrated metabolic, endocrine and epigenetic mechanisms induced by PE may
impact SM and liver adaptive response, thus improving liver ‘fitness” and promoting beneficial health-related adaptations

Similarly, microRNA-related signalling networks can rats, which correlates with a rescuing-like phenotype of
be regulated by PE, also supporting its therapeutic poten- some NAFLD features.®® This PE-induced miR-122 upreg-
tial against the development of distinct metabolic diseases at ulation is important in the management of metabolic disor-
epigenetic level.*® The expression of circulating microRNAs ders as miR-122 regulates mitochondrial metabolism and its

involved in various functions (inflammation, muscle con- loss can cause liver dysfunctinn_°6 Interestingly, circulatory
tractility, mitochondrial metabolism, hypoxia/ischaemia ad- miR-122 levels are found to be reduced in GDM rats and
aptations or lipid metabolism), miR-21, miR-146a, miR-210, their foetuses.®” Acute endurance exercise decreased miR-

can be modulated by PE.* Accordingly, high-intensity PE 23, a negative regulator of PGC-1a, thus promoting an in-
induced increased expression of hepatic miR-122 in diabetic creased expression of PGC-1a mRNA and its targets.®® Also,
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while low levels of PE resulted in increased SM levels of
miR-696 in mice, which further reduced its target PGC-1a,
B-oxidation and mitochondrial DNA content, endurance
training downregulated miR-696 levels, thus rescuing in-
hibited mitochondrial ‘t)iogenesis.('R
reduced miR-696 levels in mice SM, which seemed not to
be correlated with PGC-10.%” This may suggest that PE type
and intensity can differently modulate microRNA roles in
mitochondrial biogenesis.

As a master regulator of mitochondrial biogenesis and

However, voluntary PE

activity of transcription factors involved in p-oxidation,
gluconeogenesis and lipogenesis,m PGC-la is an attrac-
tive gene candidate for therapeutic interventions. Hence, it
drags a lot of attention in PE studies, particularly when it
comes to epigenetic regulation. Stimulation of PGC-1a and
subsequently mitochondrial biogenesis through epigenetic
modulation could explain the positive modulation of PE in
mitochondria-related diseases, such as NAFLD. Still, most
studies are focused on PE-related epigenetic adaptations in
SM rather than in liver. Further research on liver alterations
and muscle-liver axis could provide a thorough explanation
on PE modulation of liver diseases via epigenetic mecha-
nisms (Figure 2).
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4 | PRENATAL EXERCISE

Although PE is consensually considered as a preventive and
therapeutic strategy that mitigates lifestyle-associated meta-
bolic pathologies, questions still arise on whether and how
PE can prevent the transmission of maternal metabolic im-
pairments to offspring and break the intergenerational cycle
of NAFLD. Maternal PE during pregnancy is a promising,
yet challenging approach in managing a possible transmis-
sion of maternal metabolic burden to the next generation
(Figure 3).

4.1 | Safety and recommendations

During pregnancy, a woman's body undergoes considerable
anatomical and physiological alterations, which may result in
lifestyle changes and eventual shift towards more sedentary
behaviours. However, since the earliest recorded recommen-
dations from the 18th century until nowadays, an active life-
style during pregnancy has been considered favourable for
mothers’ and babies” health. Earlier, prenatal PE was only as-
sociated with easier labour and reduced foetal size; however,

Potential mechanisms
In utero environment
Epigenetic modifications
DNA methylation
miRNAs
histone modifications

Maternal Lifestyle
during pregnancy

Pre-pregnancy
lifestyle

Genetic
predisposition

Fit mothers for healthy future:
Breaking the intergenerational cycle
of NAFLD with maternal exercise

FIGURE 3 Breaking the intergenerational cycle of NAFLD with maternal exercise. Early foetal development is a critical timeframe that
may decide the metabolic destiny of the new-growing human being. Genetic predisposition, as well as pre-pregnancy lifestyle, such as physical
(in)activity and (im)proper dietary habits, remarkably affects in utero environment in a metabolic and/or epigenetic manner, influencing foetal

development. A foetus developing in an adverse in utero environment has an increased susceptibility to NAFLD later in life, especially when

further pressured by genetic predisposition and postnatal environmental factors, resulting in more severe NAFLD manifestations in the following

generations. However, an active lifestyle during pregnancy provides health-beneficial outcomes in the offspring generation, potentially contributing
to breaking the disease-related cycle. It is therefore critical to highlight that maternal exercise during pregnancy represents a promising approach in

breaking the intergenerational cycle of NAFLD and preventing transmission of maternal metabolic burden to children
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the awareness of the health-related benefits of prenatal PE
changed throughout time, being nowadays extended to sev-
eral dimensions of mothers” and offspring’s wellness. Still,
the concept of individualized moderation, regarding PE’s in-
tensity and volume during pregnancy, remains important in
this particular life period.71

Regular PE in pregnancy is recommended to promote
health benefits and associated with minimal risks. Some
of the benefits of PE during pregnancy include lower risk
for GDM, preterm birth, excessive gestational weight gain,
caesarean delivery and macrosomia.’” However, consider-
ing pregnancy-related physiological and anatomical changes
and/or medical complications, some modifications and/or in-
dividualized PE programmes are recommended.”” Recent
guidelines consider some activities safe to be performed
during pregnancy, such as walking, swimming, stationary cy-
cling, dancing, low-impact aerobic, resistance and stretching
exercises, > even runnin g/jogging and racquet sports if reg-
ularly practiced prior to pregnancy,~ whereas contact sports
and activities with high risk of falling should be avoided.”
The American College of Obstetricians and Gynecologists
and American College of Sports Medicine agree on moderate-
intensity PE during pregnancy, recommending if not every
day, then at least 20-30 min/d on most days of the week,n
or at least 3 d/wk with accumulated 150 min/wk of PE,73
respectively. PE is considered safe and beneficial for health
in uncomplicated pregnancies, and it would be expected that
prenatal PE might also mitigate maternal, foetal and neonatal
metabolic impairments that could trigger the development of
NAFLD in both generations.

4.2 | Maternal
exercise and offspring metabolism

Recent research regarding prenatal PE and offspring health
provides sufficient evidence to support maternal engagement
in PE programmes during pregnancy. A recent meta-analysis
corroborated the beneficial effects of maternal PE on new-
borns, as prenatal PE was not associated with any neonatal
complications and harmful outcomes, and the risk for mac-
rosomia was reduced.” Moreover, infants of mothers that
exercised during pregnancy had improved neuro-motor de-
velopment, suggesting that they may be more physically ac-
tive, thus with potentially lower risk to develop obesity later
in life.” In fact, moderate prenatal PE can reduce infant adi-
posity at 6 months of ;,1gf:76 and the offspring risk to develop
overweight or obesity in childhood and pre-adolescence.””
Considering human natural life-span, the study of inter-
and transgenerational effects of maternal lifestyle on the next
generations is rather complicated. Therefore, rodent models
can provide valuable mechanistic information in an appro-
priate time period. Early animal studies of prenatal PE from

three decades ago demonstrated that offspring of exercised
(diabetic) mothers have enhanced glucose tolerance compared
with offspring of sedentary mothers.”*®! These findings were
corroborated by recent studies that include offspring of var-
ious ages, from foetuses and neonates to 72 weeks old, and
maternal PE at different time points: during pregnancy, be-
fore and during pregnancy, or during pregnancy and lacta-
tion®>%? (for details see Table 1).

Maternal PE can be beneficial against metabolic distur-
bances when offspring are challenged by HFD. Adult off-
spring of SCD-fed mothers that exercised before and during
pregnancy were protected from offspring HFD-induced
obvs.sily.94 In a similar study, maternal PE during pregnancy
prevented offspring HFD-induced hepatic steatosis, as ob-
served through reduction in hepatic TG accumulation, and
increased hepatic PGC-1a and TFAM expression. However,
this effect was noticed in male but not in female Offs,pring.89
Actually, maternal prenatal PE seems to modulate offspring
metabolism in a gender-specific way. Adult male but not fe-
male offspring from exercised mothers had lower fat mass
percentage and higher lean mass percentage than offspring
of sedentary mothers.”” Some of these gender-specific ef-
fects may be explained by synergistic effect of maternal PE
and HFD feeding. Apparently, prenatal PE showed greater
effects in male than in female offspring of HFD-fed obese
mothers. Male weaning offspring had lower metabolic risk
and improved glucose metabolism. While PE performed
during pregnancy by lean mothers improved PGC-la ex-
pression in offspring of both genders, this effect of PE per-
formed by HFD-fed obese mothers was only observed in
male offspring.”® Some of these in utero and gender-specific
effects could be explained by epigenetic mechanisms; how-
ever, the data on offspring liver epigenetic alterations are
still lacking.

Prenatal PE is important to improve offspring metabo-
lism even in the presence of maternal HFD, which adverse
effects are mitigated by maternal PE.*** prenatal PE can
also counteract the effects of maternal HFD feeding on adult
female offspring hepatic glucose metabolism and reduce ad-
iposity and hepatic triglyceride content.”® Surprisingly, ma-
ternal prenatal PE can rescue IR in SM of female offspring
that were actually prompted by paternal obesity.gg Besides
the positive modulation of maternal diet-induced insulin
sensitivity in both mothers and male offspring, maternal
PE prevented an excessive lipid accumulation and hypoxia
in placenta.” This PE effect is very important considering
the remarkable function of placenta and the fact that possi-
ble alterations in intrauterine environment can be detrimen-
tal to foetus development. A recent study of our group also
reported that PE programmes during pregnancy improved
maternal diet-induced GDM and related liver mitochondrial
dysfunction and remarkably reduced hepatic triglyceride ac-
cumulation in male offspring.”
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5 | CONCLUSIONS

Many studies suggest that maternal PE can enhance off-
spring insulin sensitivity and glucose metabolism, which
can be very important in glucose and insulin impairment-
related disorders. However, studies analysing the effects of
maternal PE as a preventive tool against offspring NAFLD
are still lacking. Special focus in future research should also
be given to mitochondrial alterations as one of the first key
events in NAFLD development. Mechanistic explanation of
how PE improves offspring metabolic health is out of reach
so far. Gene-environment in utero interactions that lead to
epigenetic alterations may be among the mechanisms lower-
ing disease risk. Exercise-induced epigenetic modifications
can provide further mechanistic insights into the preven-
tive and therapeutic role of PE against metabolic disorders.
In mothers with altered metabolic status (hyperglycaemia,
hyperinsulinaemia, dyslipidaecmia), PE can rescue these
changes, providing a stabilised in utero metabolic milieu
that will positively affect foetal developmental program-
ming and eventually reduce the offspring susceptibility to
later-life metabolic diseases.'™ Nevertheless, it is hypoth-
esised that maternal PE can have a dose-dependent effect on
foetal epigenome, with lower doses considered beneficial,
but higher doses detrimental.”® Therefore, exercise pro-
grammes applied during pregnancy should be carefully de-
signed, with particular emphasis on both mother's and foetal
welfare, and following the concept of general moderation,
as suggested by recent guidelines. Better understanding of
in utero environment and the consequences of its alterations
for the offspring could reinforce exercise programmes as
interventions to improve health and reduce disease risk in
offspring.
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ABSTRACT

Background: Modern lifestyles, especially high-caloric intake and physical inactivity, contribute to the increased prevalence of non-alcoholic
fatty liver disease (NAFLD), which becomes a significant health problem worldwide. Lifestyle changes, however, affect not only parental gen-
eration, but also their offspring, reinforcing the need for efficient preventive approaches to deal with this disease. This transgenerational influence
of phenotypes dependent on parents (particularly maternal) behaviours may open additional research avenues. Despite persistent attempts to
design an effective pharmacological therapy against NAFLD, physical activity, as a non-pharmacological approach, emerges as an exciting
strategy.

Scope of Review: Here we briefly review the effect of physical exercise on liver mitochondria adaptations in NAFLD, highlighting the importance
of mitochondrial metabolism and transgenerational and epigenetic mechanisms in liver diseases.

Major Conclusions: A deeper look into cellular mechanisms sheds a light on possible effects of physical activity in the prevention and treatment
of NAFLD through modulation of function and structure of particular organelles, namely mitochondria. Additionally, despite of increasing evidence
regarding the contribution of epigenetic mechanisms in the pathogenesis of different diseases, the role of microRNAs, DNA methylation, and
histone madification in NAFLD pathogenesis still needs to be elucidated.

@ 2019 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Keywords NAFLD; Physical exercise; Mitochondrial dysfunction; Epigenetics

1. INTRODUCTION

Sedentary lifestyle together with overconsumption of high-caloric diet
has been identified as a major cause of metabolic diseases, including
the one defined as non-alcoholic fatty liver disease (NAFLD). Usually
described as the hepatic manifestation of metabolic syndrome, NAFLD
includes a spectrum of conditions, from hepatic steatosis to non-
alcoholic steatohepatitis (NASH) and cirrhosis, characterized by lipid
accumulation in liver cells [1—3]. NAFLD is associated with common
metabolic disorders, such as, obesity [4], increased cardiovascular risk
[5,6], chronic kidney disease [7], insulin resistance (IR) and type 2
diabetes (T2DM) [8], but it has also been associated with obstructive
sleep apnea, osteoporosis, psoriasis, periodontitis, hypothyroidism,
male sexual dysfunction, polycystic ovarian syndrome, colonorectal
cancer, and urolithiasis, proposing NAFLD as a metabolic disease with
extra-hepatic manifestations and multi-organ involvement [9,10].

The global prevalence of NAFLD has increased in the last two decades
and it is estimated to be about 25% with variations in prevalence in
different regions of the world [11,12]. A meta-analytic study of NAFLD
global epidemiology showed that the lowest prevalence of NAFLD is
observed in Africa, and the highest in Middle East and South America.

Moreover, this same study supports the association of metabolic
comorbidities of NAFLD and obesity, T2DM, and metabolic syndrome in
the same areas of the globe [11]. The NAFLD prevalence also increases
with age, and it is more common in men than in women, in which the
prevalence is greatly increased after menopause [13—15]. This
gender-specific difference in NAFLD prevalence relies on the possible
protective effect of sex hormones, especially estrogen, against the risk
of developing NAFLD in women [15].

In this context, it is also important to note that lifestyle may affect not
only the parental generation, but also the offspring resistance to
develop chronic diseases later in life. Factors to which a mother is
exposed during the pregnancy period, such as diet, stress, tobacco
and alcohol consumption, or even gestational diabetes mellitus
(GDM), may affect fetal development through epigenetic mechanisms
that alter fetal phenotype [16,17]. Pregnancy is a period during which
a woman's body undergoes multiple metabolic and physiological
adaptations necessary to support the demands of pregnancy, as well
as to provide physiological environment for fetus development.
Changes in maternal lifestyle during pregnancy, especially changes in
nutrition and physical activity, may affect those adaptations, and
consequently, fetus growth and development [18,19]. Recent data
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Abbreviations MiD51 mitochondrial dynamics protein of 51 kDa
miRNA  microRNA

Drp1 dynamin-related protein 1 mPTP mitochondrial permeability transition pores
ER estrogen receptor NADH dihydro-nicotinamide adenine dinucleotide
ERE estrogen response elements NAFLD non-alcoholic fatty liver disease
ET endurance training NASH non-alcoholic steatohepatitis
ETC electron transport chain OMM outer mitochondrial membranes
FFA free fatty acid OPA1 optic atrophy 1
Fgf21 fibroblast growth factor-21 OXPHOS  oxidative phosphorylation
GCKR glucokinase regulatory protein PGC1a  peroxisome proliferators-activated receptor-gamma
Fis1 human fission factor-1 coactivator 1-alpha
GDM gestational diabetes mellitus PNPLA3  patatin-like phospholipase domain-containing 3
HFD high-fat diet PPAR peroxisome proliferators-activated receptor
IMM inner mitochondrial membranes ROS reactive oxygen species
IR insulin resistance T2DM type 2 diabetes mellitus
LYPLAL1  lysophospholipase-like-1 TFAM mitochondrial franscription factor A
MBOAT7  membrane bound O-acyltransferase domain-containing-7 TG triglycerides
MFF mitochondria fission factor TM6SF2  transmembrane 6 superfamily member-2
Mfn1 mitofusin1 ucez2 uncoupling protein-2
Mfn2 mitofusin2 VLDL very low-density lipoproteins
MiD49 mitochondrial dynamics protein of 49 kDa VPA voluntary physical activity

from animal models show that maternal nutrition during pregnancy
and lactation may affect the metabolic phenotype of the offspring,
making them more prone to alterations in liver lipid metabolism and
hepatic steatosis [20—23].

Therefore, to understand the potential clinical and economic burden of
NAFLD in the future, recent studies have shed light on possible ther-
apeutic approaches to address this growing challenge. Still, to design
the most effective therapy, it is necessary to recognize the underlying
mechanisms in the development and progression of NAFLD. As an
active metabolic tissue, the liver has important bioenergetics and
xenobiotic detoxification roles, and the disruption of its function may
lead to different pathological states [24]. Furthermore, given the pivotal
role of mitochondrial network in metabolism and cellular energy pro-
duction, regulation of ion homeostasis and redox signaling as well as in
cellular remodeling and adaptation, dysfunction of liver mitochondria
seems to have an important contribution to the development of liver
diseases. In fact, liver mitochondrial degeneration has been associated
with the hepatocyte death and inflammation, contributing to the
degenerative processes. Moreover, mitochondria are recognized as
important sources and targets of reactive oxygen species (ROS)
associated with liver diseases [1]. They have a central role in cellular
lipid metabolism and oxidative stress [25], with mitochondrial network
dysfunction being proposed as one of the first events that occur during
the development of NAFLD. The inability of mitochondria to coordinate
subcellular metabolic processes in the liver results in the impaired
regulation of hepatic lipid metabolism and consequent lipid accumu-
lation in hepatocytes [25—27]. Recent data further suggest the
important role of endoplasmic reticulum, an important organelle for
calcium (Ca®*) homeostasis and lipid synthesis, in the pathogenesis of
NAFLD. The disruption of endoplasmic reticulum homeostasis acti-
vates different signalling pathways related to NAFLD progression,
including those involved in inflammation and apoptosis [28—30].
Furthermore, not only that the disturbance of mitochondria and
endoplasmic reticulum homeostasis leads to signaling and metabolic
changes, but also causes the loss of physical or functional interactions
between these two extremely relevant organelles related to cellular
metabolism. These tight contact points between mitochondria and

MOLECULAR
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endoplasmic reticulum, known as mitochondria-associated endo-
plasmic reticulum membranes (MAMs), are vital in the regulation of
lipid transport, Ca?* homeostasis, inflammatory signaling and cellular
survival [31,32] and thus, the disruption of MAMSs integrity is proposed
to be involved in hepatic metabolic diseases, including NAFLD [33].

Despite the increased knowledge of underlying cellular mechanisms
related to NAFLD, the design of a standard effective therapeutic
approach for such complex and multifactorial disease seems to be out
of reach so far. Pharmacological interventions and bariatric surgery are
proposed in the treatment of NAFLD [34,35]; however, lifestyle mod-
ifications, particularly physical exercise, have been suggested as a
first-line approach. Being considered one of the most relevant envi-
ronmental risk factors in NAFLD development, it is no wonder that
sedentary behavior is an important target in the NAFLD treatment
[1,36]. Physical inactivity has been positively associated with the
increased prevalence of a very significant number of chronic diseases
and premature mortality. According to the World Health Organization
(WHO), it is the 4th leading global risk for mortality, followed by
overweight and obesity [37]. Around 30% of people worldwide are
physically inactive, with women being slightly more inactive than men
[38]. The latest Eurobarometer by the European Commission shows
that only 7% of people in the European Union regularly exercise, while
46% of Europeans never exercise, mainly due to lack of time [39,40].
Ironically, whereas physical inactivity rises as a global public health
problem, evidence on therapeutic benefits of physical activity on health
continue to grow. Regular physical exercise is consensually recognized
as an important preventive and/or therapeutic non-pharmacological
tool against a range of metabolic, cardiovascular, musculoskeletal,
pulmonary, neurological, oncological and psychiatric diseases,
[36,41]. Among other mechanisms, physical exercise expresses its
beneficial effects against pathophysiological conditions by targeting
mitochondrial function, morphology, and bioenergetics [42], which
clearly makes it a potent and interesting therapeutic stimulus against,
at least, those diseases that are characterized by mitochondrial
dysfunction. Our group has already reported the advantageous effects
of physical exercise on mitochondriopathies related to cardiac
dysfunction induced by doxorubicin (DOX) [43—47] or ischemia-
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reperfusion [46,47] and brain dysfunction induced by DOX [48,49], as
well as those mitochondrial dysfunction assaciated with high-fat diet
(HFD)-induced adiposopathy [50,51] and NAFLD [52—55]. Therefore,
taking into account that NAFLD is a multi-organ disease, lifestyle
modifications, including physical activity, should be promoted among
patients in order to impact both hepatic and extra-hepatic manifes-
tations of this disease [10]. Furthermore, skeletal muscles act as
endocrine-type organs, producing myokines during exercise, also
expressing multi-organ effect targeting contractile and non-contractile
tissues, including liver, adipose tissue, and brain [36], which proves
the exercise as a potent protective mechanism against those multi-
organ involving diseases.

2. MECHANISMS OF NAFLD DEVELOPMENT

Since 1980, when an advanced stage of fatty liver diseases, usually
thought to be exclusively induced by alcohol overconsumption, was
identified in people who do not consume excessive amounts of alcohol,
NAFLD has been recognized as a serious metabolic disorder. At that
moment, although the cause and the related mechanisms of this
condition were still unclear, it was mainly identified in moderately
obese patients and/or those with associated diseases such as diabetes
[56].

Being considered a complex disease, NAFLD results from the in-
teractions of many environmental and genetic factors. The PNPLA3
(patatin-like phospholipase domain-containing 3), APOB (apolipopro-
tein B), MBOAT7 (membrane bound O-acyltransferase domain con-
taining 7), TMBSF2 (transmembrane 6 superfamily member 2), GCKR
(glucokinase regulatory protein), and LYPLAL1 (lysophospholipase-like
1) are only some of genetic /oc/ recognized as determinants in the
development of NAFLD [57], while lifestyle changes, especially over-
nutrition and physical inactivity, are considered main environmental
culprits for NAFLD development.

Being a primary organ of glucose and lipid metabolism, the liver is
particularly affected by the excessive accumulation of lipids originated
from the diet, lipolysis in adipose tissue, or even de nove lipogenesis in
liver itself, which is obviously aggravated by physical inactivity.
Excessive accumulation of lipids, in at least 5% of hepatocytes, rep-
resents the first recognizable stage of NAFLD — hepatic steatosis.
These accumulated lipids, in the form of micro- or macrovesicles, may
cause injury to hepatocytes, leading to the advanced stage of NAFLD,
known as non-alcoholic steatohepatitis (NASH), characterized also by
inflammation and liver fibrosis. Patients with NASH are at higher risk to
further develop cirrhosis and/or hepatocellular carcinoma (HCC) [4,58].
Despite current scientific efforts, the mechanisms of NAFLD patho-
genesis remain elusive. One of the first proposed hypothesis explaining
NAFLD mechanisms was the ‘two-hit hypothesis’. According to this
suggestion, during the first hit, due to the imbalance in lipid meta-
bolism and transport, the accumulation of lipids in hepatocytes occurs
and leads to hepatic steatosis. Accordingly, the first hit makes the liver
more susceptible to the second hit, associated with a more progressive
hepatic damage. During this following stage, inflammatory cytokines
are released, levels of oxidative stress increase, and a number of
organelles, including mitochondria and endoplasmic reticulum, un-
dergoes dysfunctional modifications characteristic of NASH [59].
Nevertheless, recent studies have challenged this hypothesis sug-
gesting that multiple other “hits”, such as IR, adipokines release,
nutrition (overconsumption and caloric intake), alteration in intestinal
microbiota composition and activity, increased gut permeability, and
(epi) genetic constraints may be involved in the pathogenesis of NAFLD
and its progression from hepatic steatosis to NASH [60,61].
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This ‘multiple hit hypothesis’ has also been referred to explain the
development and progression of NAFLD in children and adolescents,
the so-called pediatric NAFLD [62], with in utero environment sug-
gested as the ‘first hit’ in the development of pediatric NAFLD [63]. The
rising global prevalence of pediatric NAFLD [64,65] urges for under-
standing the onset mechanisms and improvement of current preven-
tive and therapeutic approaches. Data suggest that children with family
history of hepatic steatosis are at higher risk to develop this disease
[66]; however unhealthy maternal lifestyles and IR during pregnancy,
particularly increased in women with GDM, may also cause hepatic
lipid excess in fetus. These conditions create a cytotoxic environment
in the early fetal life, which “opens the door” for the development and
progression of metabolic disorders [63], namely major alterations in
the glucose and lipid metabolism. With advancing pregnancy, fasting
glucose levels decrease while glucose production in liver increases,
subsequently leading to increased fasting insulin levels and IR.
Consequently, circulating glucose and free fatty acid levels increase in
mothers to provide enough nutrients for fetal development [67].
However, in women who already have family history of diabetes, who
are obese and/or have hyperglycemia, these metabolic alterations
during pregnancy are even more exacerbated, being the levels of IR
even higher and the risk to develop GDM increased. Although the
impaired glucose tolerance and IR, characteristic for this type of dia-
betes, usually disappear after delivery, GDM carries an increased risk
for the development of different metabolic disorders in both mothers
and children [68,69]. In fact, as fetal metabolism cannot buffer the
excess of lipids originated from maternal nutrition and transmitted
through placenta [70], exposure to maternal GDM increases the sus-
ceptibility to NAFLD in children [71,72]. Moreover, despite the higher
prevalence of NAFLD in men than in women in younger to middle age,
a few clinical studies have shown that women with prior GDM are more
likely to develop NAFLD in middle age [73—75].

3. MITOCHONDRIAL NETWORK FAILURE IN NAFLD

3.1. Lipid metabolism in mitochondria

Being one of the high-metabolic-rate tissues, the liver plays an
important role in the metabolism of carbohydrates, proteins and lipids.
However, unlike adipose tissue, the liver is not specialized in lipid
storage. The pool of free fatty acids (FFAs) is maintained, on the one
hand, by the balance between the lipid intake from the diet, lipolysis in
adipose tissue, and de novo lipogenesis in the liver and, on the other
hand, by the removal of liver lipids through secretion into the circu-
lation, B-oxidation [76], or autophagy [77]. In physiological conditions,
FFAs enter liver mitochondria where FFAs undergo P-oxidation or
remain in the cytoplasm where they are esterified into triglycerides
(TGs), which can be secreted into the circulation as very low-density
lipoproteins (VLDLs). The increase of FFAs due to excess caloric
intake and decreased energy expenditure associated to sedentary
behavior leads to the TGs accumulation as lipid droplets in hepatocytes
[25], which is characteristic for NAFLD [52,54]. Additionally, the
availability of FFAs is also regulated by a selective form of autophagy,
also known as “lipophagy”, which appears to have an important
function in the regulation of hepatic lipid stores [77]. Excessive lipid
storage, however, may inhibit autophagy, leading to a vicious cycle in
which decreased autophagy increases lipid accumulation, which
further impairs autophagy and promotes over-excessive lipid accu-
mulation [78]. Indeed, decreased autophagy and associated endo-
plasmic reticulum stress were reported in murine genetic and dietary
models of obesity [78,79], as well as in NAFLD-diagnosed patients,
dietary NAFLD murine model and in vitro human hepatic cells [80]. The
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finding that autophagy is involved in breakdown of lipid droplets in liver
cells suggests that autophagy impairments may have a critical role in
the pathogenesis of NAFLD [78], which supports the role of physical
activity as an important tool in the prevention of NAFLD through
autophagy promotion [81,82].

Until recently, lipid droplets were considered simple lipid storage
vesicle. However, their complex dynamic nature and functions
contributed to their distinction as intracellular organelles. Lipid droplets
have a neutral lipid core (TG and esters) coated by a phospholipid
monolayer and specific scaffolding proteins re-localized from the
endoplasmic reticulum or cytosol to their surface. The synthesis of
neutral lipid begins within the endoplasmic reticulum membrane
bilayer, which further deforms and lipid droplet buds forms an initial
lipid droplet. These initial lipid droplets are relatively small (less than
1—100 pm) with their size and number differing among cell types
[83,84]. Apart from their role in lipid storage and metabolism, lipid
droplets are also involved in numerous cellular events, such as fatty
acids trafficking, protein degradation, modulation of nuclear function,
virus assembly and pathogen infections, and response to ER stress
[83,85]. Due to these various roles of lipid droplets, aberrations in their
biology, as well as, lipolysis and autophagy as main catabolic path-
ways of lipid droplets, are associated to many pathological conditions
[86]. Moreover, by isolating lipids, lipid droplets protect cells from
excessive lipid accumulation, which could eventually affect membrane
integrity and lead to lipotoxicity. This way excessive fatty acids are
relatively inert and harmless. However, due to imbalances in processes
that maintain FFAs pool in the liver, a non-physiological accumulation
of lipid results in changes not only of the number, but also the size of
lipid droplets in liver cells. The hallmark of NAFLD is the formation and
accumulation of small (microvesicular steatosis) or large lipid droplets
(macrovesicular steatosis) in liver cells. In both cases, lipid droplets are
considerably larger than those lipid droplets present in liver cells in
physiological conditions [84]. The increased size of lipid droplets in
pathological conditions arises from several processes: a) TG synthesis
in lipid droplets, or b) fusion processes — ripening (diffusion of con-
tents of one lipid droplet into another one) and coalescence (a true
fusion of lipid droplets) [84,85]. Besides, some lipid droplets scaf-
folding proteins, like perilipins, might be involved in physical and
metabolic interaction between lipid droplets and mitochondria, and
thus in control of local fatty acid flux [87], suggesting that altered
interaction between lipid droplets and mitochondria via lipid droplets
scaffolding proteins might be present in pathological conditions.

3.2. Mitochondrial bioenergetics

Mitochondria, which occupy almost 20% of hepatocytes area, mark-
edly contribute to the hepatocyte metabolism, especially to -oxidation
and oxidative phosphorylation [88]. Therefore, the lipid accumulation in
hepatocytes is only a superficial part of NAFLD pathology. Given their
key role in energy production, pH regulation, calcium (Ca®*) and redox
homeostasis, liver mitochondria are essential sensors of cell toxicity.
Mitochondria control lipid metabolism in liver; however, as in patho-
logical conditions the liver takes over the role of lipid storage, mito-
chondrial dysfunction is the logical consequence. In fact, lipid
accumulation in hepatocytes is known to disrupt liver mitochondrial
bioenergetics, which works in a way to maintain cellular homeostasis
through multiple pathways [89]. In pathological conditions, increased
FFAs accumulation favors an increase of 3-oxidation and subsequent
generation of NADH, which serves as co-enzyme in the mitochondrial
electron transport chain (ETC). However, this increased electron flux
through the ETC combined with cytochrome ¢ (Cyt c) release due, at
least in part, to tumour necrosis factor-e« (TNF-2) membrane

permeabilization promotes an ETC impairment and an over-reduction
of the respiratory chain. In these disturbed metabolic conditions,
mitochondrial-related ‘electron leakage’ results in the increased ROS
generation, which are able to interact with different macromolecules
and affect the normal structure and function of cells and their or-
ganelles, including mitochondria themselves [1]. In addition, mito-
chondrial DNA is more susceptible to DNA damage by ROS than
nuclear DNA as it lacks histones, and has only a limited repair capacity
[20]. These enhanced oxidative stress conditions trigger the production
of inflammatory cytokines, causing inflammation and fibrogenic
response, and all of these, together with already extant lipid droplets in
hepatocytes, lies in the heart of NASH [91—93].

During the initial phase of NAFLD development, liver mitochondrial
bioenergetics alters and undergoes ‘remodeling’ in order to adapt to
nutrients overload and protect against NAFLD progression. In this first
stage, mitochondrial respiration increases, but as the disease pro-
gresses it becomes inefficient due to mitochondrial electron leakage,
leading to the increased ROS production [89,94]. Among other factors
[95], the failure of such an important mitochondrial adaptive mecha-
nism is the trigger for progression from simple steatosis to NASH
[89,94,96]. These alterations will depend on the progression of the
disease and the ability of liver to adapt and possibly store lipids. Still,
under chronic conditions, compensatory mechanisms of the liver fail to
adapt, and these metabolic pathways are constrained, resulting in
lipotoxicity and consequent inflammation and development of NASH
[89]. Lipotoxicity-induced liver inflammation has been associated with
adipose tissue remodeling and obesity-prompted NAFLD [97].
Impaired metabolic compensation in adipose tissue results in
compromised energy homeostasis, and subsequently to obesity and
NAFLD progression [98].

In the prolonged state of over-nutrition and excess accumulation of
lipids in the liver, mitochondrial bioenergetics collapse and ATP syn-
thesis rates significantly begin to decrease. Indeed, dysfunction of
mitochondrial ETC and correspondent decrease in ATP synthesis rates
are documented in NAFLD patients and animal models [76,94,99).
Ironically, the flux of TCA cycle in the liver remains elevated, probably
in response to the high-energy demands in these conditions, which
supplies an inefficient mitochondrial ETC with reducing equivalents
and provides conditions for a vicious-cycle of increased ROS produc-
tion [99].

3.3. Mitochondrial dynamics

Taken together, the above-referred rationale highlights that, although
the mechanisms of NAFLD are still not fully clarified, it is consensually
accepted that the structural and functional alterations of the mito-
chondrial network significantly contribute to the pathogenesis of
NAFLD [100]. Being morphologically dynamic organelles, mitochondria
change shape through fusion and fission-related mechanisms
depending on the available energy and supply as well as the levels of
stress [101]. Processes of mitochondrial fusion, fission and biogenesis
are tightly controlled in response to metabolic stressors. Mitochondrial
fission considers the division of one mitochondrion into two mito-
chondria and it is mediated by the interaction of cytoplasmic mito-
chondrial fission protein dynamin-like/related protein 1 (DLP1/Drp1)
and other mitochondrial fission proteins, such as human fission factor-
1 (Fis1), mitochondrial fission factor (MFF), and mitochondrial dy-
namics proteins of 49 kDa (MiD49) and 51 kDa (MiD51) [102]. Mito-
chondria fusion is characterized by the union of two mitochondria into
one mitochondrion. Mitofusin 1 (Mfn1) and mitofusin 2 (Mfn2) mediate
fusion of the outer mitochondrial membranes while optic atrophy 1
(OPA1) fuses the inner mitochondrial membranes and enable
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mitochondrial fusion. In normal conditions damaged and/or dysfunc-
tional mitochondria are degraded through mitophagy in order to pre-
vent a release of “toxic” signals from mitochondria into the cytosol.
Partly damaged mitochondrion undergoes mitochondrial fission where
it is divided into two smaller mitochondria — a healthy one and a
damaged one. The damaged mitochondria are further degraded by
mitophagy, while healthy mitochondria may eventually fuse contrib-
uting to a healthy mitochondrial pool [103].

Mitochondrial dynamics plays an important role in the bioenergetics
adaptation to cellular metabolic demands. With alterations in nutrient
availability, mitochondria will undergo fusion or fission in order to
maintain mitochondrial energy production and bioenergetics [104]. In a
rich-nutrient environment, mitochondria fragment to avoid energy
waste, by decreasing bioenergetic efficiency and increasing mito-
chondrial uncoupling, which will eventually lead to the increased
nutrient storage [104,105]. During high levels of cellular stress or
when damaged, mitochondrial network undergo fission to separate
damaged mitochondria from a healthy cellular content and maintain
cellular and mitochondrial bioenergetic homeostasis [101]. DLP1/Drp1
mediates mitochondrial fission and some studies show increase in
protein expression in animals models of NAFLD [106—108]. In star-
vation, mitochondria tend to fuse in order to maintain ATP production
and, thus, increase bioenergetics efficiency. Mitochondrial elongation
during starvation protects cells from autophagy and cell death
[104,109]. In the presence of functionally damaged mitochondria,
mitochondrial quality control mechanisms are activated and apart from
potentially mitophagy-related outcomes, mitochondria may fuse to
share RNAs or proteins and compensate for the functional defects. The
reduced signaling for mitochondrial fusion detected in NAFLD animal
models underlines its potential role in the pathology of NAFLD
[106,107]. When mitophagy pathways in hepatocytes are altered,
damaged mitochondria accumulate, leading eventually to the release
of mitochondrial damage signals into the cytosol resulting in inflam-
matory cytokines expression and inflammasomes activation, and
eventually development of steatohepatitis [103]. Additionally, mito-
chondrial dynamics is also associated with excessive ROS production
and enhanced oxidative damage, therefore prompting mitochondria as
a target of oxidative stress levels in metabolic diseases [108,110].

3.4. Mitochondrial permeability transition pore

Once mitochondrial functioning starts failing, their role in Ca®" ho-
meostasis also becomes endangered. Cat is recognized as an
important factor in the regulation of mitochondrial function. Adequate
levels of cytosolic Ca’" are referred as important mediators in the
activation of some of the enzymes involved in oxidative phosphoryla-
tion. Furthermore, data suggest that extramitochondrial Ca®* is also
involved in supplying oxidative phosphorylation with substrates on
demand [111,112]. However, in pathological conditions, disrupted
Ca’* homeostasis activates mitochondrial buffering ability to uptake it
and leads to the overaccumulation of Ca®* in mitochondria, which
further affects mitochondrial redox homeostasis and ATP production.
Moreover, Ca®*-related involvement in the activation of complex-like
pores - mitochondrial permeability transition pores (mPTP), induces
the loss of inner mitochondrial membrane permeability. As a conse-
quence, the induction of mPTP stimulates both mitochondrial
dysfunction and the release of proapoptotic proteins from mitochondria
to the cytosol resulting in the activation of apoptotic-related signaling
[113], and eventually of cellular quality control mechanisms, such as
autophagy [114,115]. Accordingly, the activation of the mPTP is
considered an important factor in the pathogenesis of fatty liver dis-
eases, with susceptibility to mPTP opening significantly increased in
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animal models of NAFLD [53,116,117]. Together with other typical
metabolic disturbances observed in NAFLD conditions, namely the
Ca”" overload and enhanced oxidative stress [116], it seems that high
fat and glucose fluctuation may also trigger mPTP, leading to the
unregulated flux of molecules into the mitochondrial matrix and,
eventually, to mitochondrial swelling, which jeopardizes trans-
membrane potential and induces the collapse of mitochondrial bio-
energetics [118].

3.5. Estrogen signaling and mitochondrial function

Another interesting issue associating NAFLD to impaired mitochondrial
function are low levels of estrogen [119]. In fact, estrogen signaling,
mediated by estrogen receptor o, (ER%), seems to affect mitochondrial
function by modulating ATP production, mitochondrial membrane
potential, mitochondrial biogenesis, and Ca?* signaling. ERs appear to
translocate and to be transitionally present in mitochondria, where they
can bind to an estrogen response elements (ERE)-like element of the
mitochondrial genome and induce the transcription of mitochondrial
DNA genes [120]. The protective effect of estrogen against the risk of
developing NAFLD in women has already been proposed [15], while
the significance of ERx in insulin signaling has been noted. Data
suggest that ER2. knockout mice express impaired glucose tolerance
and IR, downregulation of peroxisome proliferators-activated receptors
(PPAR), PPARz and PPARA, and uncoupling protein-2 (UCP2)
expression in skeletal muscle as well as elevated inflammatory
signaling in liver [121]. Considering that ERa. can be co-activated by
peroxisome proliferators-activated receptor-gamma coactivator 1-2
(PGC1a), the loss of estrogen signaling, present in postmenopausal
women, is possibly linked to reduced PGC14 and associated with liver
fat and NAFLD progression, which may explain, at least in part,
gender-specific difference in NAFLD development and the increased
risk for NAFLD in women after menopause. Furthermore, the loss of
estrogen signaling can also exacerbate diet-induced NASH in a rodent
model, which highlights the impact of this hormonal-mediated effect in
the progression of this pathological condition [122]. Ultimately, an
epigenetics-mediated regulation may also explain some of the possible
mechanisms that associate estrogen with protective effects against
NAFLD risk in women. In a study performed by Zhang at al. [123] and
devoted to better understand the role of estrogen signaling in liver of
male and female mice diagnosed with NAFLD, in vivo and in vifro
experiments showed that the upregulation of miR-125b might explain,
at least in part, the protective mechanism associated to estrogen. The
miR-125b, activated by estrogen through ERc, targets fatty acid
synthase and possibly alter lipid metabolism in a way that protects
against NAFLD [123].

4. PHYSICAL (IN) ACTIVITY-RELATED NAFLD

Being NAFLD one of the most prevalent liver diseases in western
countries, the questions of developing effective preventive and/or
therapeutic countermeasures against the disease emerge. A design of
effective pharmacological treatments was the first starting point,
usually including drugs targeting associated metabolic disorders, such
as diabetes and IR or pharmacological strategies used in the pre-
vention of mitochondrial degeneration, which is also present in NAFLD.
Some of these strategies also included mitochondrial-targeted mole-
cules, antioxidants administration, and anti-obesity drugs; however, all
of them showed low levels of effective therapeutic efficiency. There-
fore, the US Food and Drug Administration (FDA) has not approved any
of them in the treatment for this disease. So far, weight reduction and
lifestyle modifications (dietary changes and physical activity) are still
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the only ones proposed as effective interventions for the treatment of
NAFLD [124,125].

4.1. Physical exercise to prevent NAFLD

Despite the fact that the knowledge regarding the effects of physical
exercise on non-contractile tissues is emerging, a research in the area
of NAFLD treatment with exercise is still scarce. However, a number of
studies with NAFLD patients evidence the importance of lifestyle
changes in dealing against this disease [126—128]. Several clinical
studies suggest a positive association between sedentary time and the
prevalence of NAFLD. Using subjective (questionnaires) or objective
(motion sensors) methods to assess physical activity, several studies
report that patients with NAFLD spend more of their daily time in
sedentary activities than healthy people. In these NAFLD patients, body
mass index and weight are positively associated with sedentary life-
style. Thus, it is not a surprise that the number of steps per day, total
daily energy expenditure, and metabolic equivalences (METSs) are lower
in NAFLD patients than in healthy subjects. Furthermore, these studies
showed that higher-intensity exercise is associated with lower prev-
alence of NAFLD [129-—132). Therefore, increased physical activity
seems to be able to prevent the development and progression of
NAFLD through different pathways, including the increase of energy
expenditure by muscle contractions and through the stimulation of
glucose uptake from the circulation into the muscles [131]. Skeletal
muscle is the primary organ of disposal of glucose, as the response to
insulin. Therefore, the loss of muscle mass, might be involved in the
development of IR and IR-related metabolic disorders, including
NAFLD. On the other hand, sarcopenia, an aging-related loss of muscle
mass, can also occur earlier in life due to lifestyle changes, particularly
unhealthy diet and physical inactivity, which are also in the background
of NAFLD development [133]. Thus it seems that sarcopenia and
NAFLD share similar risk factors and underlying mechanisms. By
improving energy balance and insulin sensitivity, physical activity can
contribute to the reduction of hepatic lipid accumulation. Better un-
derstanding of liver—muscle interaction could improve the manage-
ment of NAFLD [134].

Taken together, data suggest that increased physical activity is an
effective protective non-pharmacological strategy against several
metabolic disorders and a therapeutic approach for patients diagnosed
with NAFLD. Indeed, regular exercise has been shown to improve liver
histological and metabolic features in NAFLD patients. Studies in both
NAFLD patients [126—128] and animal models of NAFLD
[52,54,55,135] indicate that physical activity is effective in reducing
lipid content in hepatocytes and enhancing insulin sensitivity. Although
the underlying mechanisms of the protective effects perpetrated by
physical activity still remain elusive, some of them may rely on the
inter-organ pathways established between liver, skeletal muscles, and
adipose tissue. At a glance, skeletal muscles are the main disposal
sites for the glucose in post-prandial state. Therefore, by increasing the
level of glucose uptake by the muscles and the activity of glycogen
synthase in myocytes, the peripheral insulin sensitivity is improved
[136). Also, regular physical activity reduces visceral adiposity in
NAFLD patients [126,137], which contributes to lower the influx of fatty
acids from visceral adipose tissue to the liver and prevent possible liver
lipid accumulation [126].

4.2. Physical exercise during pregnancy

As previously referred, GDM enhances the risk of metabolic impair-
ments in the offspring, but also, an increased likelihood for the
development of NAFLD in mothers with GDM sooner than it is expected
in non-pregnant women. Considering this transgenerational burden,
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strategies that mitigate the development of GDM need to be seriously
implemented in order to protect both mother and fetus from this
deleterious condition, being physical exercise a non-pharmacological
approach that is becoming more and more exciting. Taking into
consideration that in uncomplicated pregnancy, there are no impedi-
ments to engage in exercise programs and it is considered safe and
beneficial during pregnancy, the American College of Obstetricians and
Gynecologists (ACOG) recommends that healthy women or even ath-
letes, after the consultation and clinical evaluation by obstetricians/
gynecologists, continue to regularly exercise, although some adjust-
ments should be made on the exercise programs and training routines
due to the anatomical and physiological changes associated to preg-
nancy. In fact, non-athlete pregnant women are encouraged to perform
at least 30 min of moderate intensity physical exercise every day or, at
least, most days of the week [138]. In women diagnosed with GDM,
moderate- or high-intensity aerobic or resistance exercise, at least
three times per week, lowers fasting blood glucose levels and glycated
hemoglobin, and also improves glycemic control [139]. Moreover, it is
known that physical exercise in pregnancy can improve physical
fitness, cardiovascular function, muscle mass, weight management,
sleep quality, and psychologic well-being, as well as, reduce the risk of
developing GDM [140]. Therefore, it is expected that exercise may
reduce the risk of maternal, fetal, and neonatal complications in GDM
that could aggravate hepatic glucose and lipid metabolism and prompt
development of NAFLD in both generations.

A deeper look into cellular mechanisms sheds a light on possible ef-
fects of physical activity in the prevention and treatment of NAFLD
through modulation of function and structure of particular organelles,
namely mitochondria.

5. PHYSICAL EXERCISE AND LIVER MITOCHONDRIAL
ADAPTATIONS

Depending on the exercise type, intensity and duration, the predomi-
nance of substrates utilization may vary during exercise. Generically, the
main substrates during low-to moderate-intensity exercise are FFAs and
glucose, while with the increase of intensity, glucose becomes a more
prominent fuel source, which challenges the energy homeostasis of
muscles in several circumstances [42]. Considering the importance of
mitochondria in cell metabolism, the effects of exercise in mitochondria
are intensively studied. Although it is expected that exercise-related
adaptations mainly affect muscle mitochondria, liver mitochondria are
also a target during exercise. Given the role of liver in maintaining
glucose and lipid metabolism, liver mitochondria are essential for pro-
ducing energy for these energy-demanding processes. Therefore, as a
stimulus for liver mitochondria to produce ATP to maintain homeostasis
of those metabolic processes, exercise per se also activates systemic
pathways that indirecty modulate liver mitochondria bioenergetics,
function, and structure [42,141]. In fact, during exercise-related con-
tractions, skeletal-muscle fibers can produce a number of muscle-
derived molecules, the so-called myokines that are secreted into the
bloodstream and target different non-contractile tissues, such as liver,
brain, and adipose tissue. Apart from many other potential pathways, the
myokine interaction with tissue-specific receptors on those tissues,
modulates molecules that ultimately may activate PGC-1¢, resulting in
an improved regulation of mitochondrial biogenesis [126—128]. Still, the
mechanisms are rather obscure. Given the known deleterious conse-
quences of distinct pathological conditions on mitochondrial bio-
energetics and dynamics, including in the liver, and the health-related
relevance of maintaining an adequate mitochondrial network function
and structure for cell functioning, the question whether and how exercise
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can positively modulate liver mitochondria, and thereby counteract
adverse impact of malnutrition and sedentary behavior in the develop-
ment and progress of NAFLD arises.

So far, there are no consensual suggestions regarding how physical
exercise can impact liver mitochondrial signaling pathways in the
animal models. Data from several research groups confirm the positive
relevance of active lifestyles in the adaptation of liver mitochondria
against the harmful consequences of NAFLD  [52—
55,82,135,142,143]. In fact, two models of exercise (voluntary
physical activity (VPA) performed in free-running wheels and endur-
ance training (ET) in the treadmill) in animal models were able to
mitigate impairments in mitochondrial bioenergetics and dynamics
present in @ NASH model induced by a HFD. Both exercise modalities
were able to positively modulate liver mitochondria bioenergetics
function, reflected by the beneficial changes in the respiratory control
ratio [54]. The preservation of liver mitochondrial function can, at least
in part, be explained by improvements of mitochondrial membrane
structured in the exercise groups. The ratio between phosphatidyl-
choline and phosphatidylethanolamine, as a marker of membrane
integrity, was reduced in sedentary HFD group, suggesting an impaired
membrane integrity that was reverted by physical exercise. Never-
theless, cardiolipin, which plays a main role in mitochondrial bio-
energetics, decreased in both sedentary and exercise HFD groups [52].
Alterations in the mitochondrial membrane permeability and the in-
duction of mPTP lead to the consequent release of proapoptic mole-
cules and, ultimately, the progression of both the apoptotic and
autophagic signaling [114,115]. These results highlight the relevance
of active lifestyle strategies to reduce the susceptibility of liver mito-
chondria to permeability transition pore opening and to positively
modulate apoptotic and autophagic signaling in animal models of
NAFLD [53]. Even tough, it is important to note that, in some cir-
cumstances related with the severity of the deleterious consequences,
physical exercise may also stimulates autophagy in various tissues,
including liver [82,144], suggesting that one of the mechanisms
through which exercise could induce its beneficial effects is the acti-
vation of the autophagic signalling [81].

Regarding the positive modulation of physical exercise on liver mito-
chondrial network remodeling, a study designed by Santos-Alves et al.
[145] comparing two chronic exercise modalities (VPA and ET) during
12 weeks in rat model, showed that both models of exercise were able
to positively alter the expression of proteins associated with mito-
chondrial biogenesis and dynamics and increase liver autophagy
signaling, thus inducing adaptive remodeling of liver mitochondrial
network. On the other hand, another study showed that 5 weeks of
endurance treadmill training per se was not a sufficiently strong
physiological stimulus to significantly alter liver mitochondrial function
or protein expression of OXPHOS subunits. Still, endurance training
was able to counteract the deleterious impact induced by salicylate
and benefit liver mitochondrial function in the context of toxicity [146].
In contrast, an elegant study designed by Fletcher et al. [142] suggests
that 4 weeks of endurance training increases OXPHOS activity medi-
ated by complex |-related substrates although without significantly
modulating liver mitochondrial biogenesis markers. In accordance,
other studies suggest changes in the activity of liver mitochondrial ETC
complexes in response to exercise, particularly of complexes I, IV, and
V, followed by increase in mitochondrial glutathione content, and
without increased ROS production [147]. Likewise, 6 weeks of
swimming exercise positively modulated oxidative stress in rats’ liver
mitochondria by increasing the activity of the antioxidant system and
concomitantly decreasing the levels of oxidative stress [148]. Taking
together, the increased antioxidant defense and decreased oxidative

MOLECULAR METABOLISM 32 (2020) 1—14
www. molecularmetabolism.com

1rri

MOLECULAR
METABOLISM

stress observed in the referred studies suggest that physical exercise
is effective in managing ROS production during exercise and in pre-
serving liver mitochondria redox homeostasis [147,148]. In Otsuka
Long-Evans Tokushima Fatty (OLETF) rats, it was shown that, even
though both aerobic exercise and treatment with metformin, usually
used for the treatment of type 2 diabetes, were effective in modulating
NAFLD phenotype regarding fatty acid metabolism and liver mito-
chondrial function, exercise training per se was even more effective,
while the combination of drug treatment and a lifestyle change had
only a slight synergistic effect [149). Even though the general
perspective highlights a positive impact of physical exercise in liver
mitochondrial function and dynamics, some of the discrepancies
among these studies may be related to the differences in animal
species and strains used and in the features of the distinct exercise
models, namely the distinct type, duration, and intensities of exercise
programs [24].

6. EPIGENETIC PERSPECTIVE OF NAFLD AND LIFESTYLE
MODIFICATIONS

Although the precise underlying mechanisms linking lifestyle changes
and development of NAFLD are not completely understood, epigenetic
regulation of genes associated with NAFLD development and pro-
gression recently came to the fore [150]. Expression of microRNAs
(miRNAs) as well as DNA methylation and histone modification by
altering DNA accessibility, regulate the activity of genes involved in,
among others, lipid metabolism, mitochondrial dysfunction, oxidative
stress, and inflammation. In fact, studies on liver biopsy samples from
patients diagnosed with NAFLD confirmed the alterations in methyl-
ation of genes related to lipid metabolism and mitochondrial biogen-
esis. Furthermore, the observed differences in DNA methylation status
may help to distinguish patients with mild and advanced stages of
NAFLD and can be useful to predict progression of NAFLD [151,152].
Despite of increasing evidence regarding the contribution of epigenetic
mechanisms in the pathogenesis of different diseases, the role of
miRNAs, DNA methylation, and histone modification in NAFLD patho-
genesis is still not clear. Global screening of circulating miRNA
expressed in liver under NAFLD conditions showed that the up-
regulation of miR-122, mir-34a, miR-15b, and miR-16 in circulation
were positively associated with NAFLD-related evidence. Increased
circulatory levels of miR-122, miR-192, and miR-375 could be pro-
posed as clinical markers of NAFLD progression from hepatic steatosis
to NASH. Among these miRNAs, it seems that increased circulatory
miR-122, the most abundant miRNA in the liver with an important role
in lipid metabolism, has a high impact in NAFLD pathogenesis [153].
Furthermore, NASH was associated with decreased liver expression of
miR-122 in NAFLD patients [154]. Similarly, the liver expression of
miR-122 was downregulated, together with miR-27 and miR-451,
while miR-200a, miR-200b, and mir-429, were upregulated in the
liver of a diet-induced rat model of NAFLD [155]. This inverse corre-
lation between circulatory and liver levels of miRNAs may explain their
influence in the pathophysiology of NAFLD. Liver lipid-responsive
miRNAs miR-34a, which targets one of the members of sirtuin fam-
ily of NAD-dependent histone deacetylases, is also shown to be
upregulated in NASH [154] apparently affecting histone modifications
in liver. In addition, histone modifications and DNA methylation regu-
late gene activity and transcription. Among several transcription factors
involved in de novo lipogenesis in liver and contributing to liver stea-
tosis, PPAR-y [156] and its coactivator PGC-1o. drew attention in
epigenetics research associated with NAFLD and its progression
[156—159]. The involvement of PGC-12 relies in mitochondrial
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biogenesis, [3-oxidation, and lipid transport [158,160] and it's reduc-
tion in liver is associated with NAFLD progression in murine model of
NAFLD [167]. It is also an important factor for expression of mito-
chondrial transcription factor A (TFAM) [160], which plays an important
role in replication and gene expression of mitochondrial DNA [143].
Hypermethylation of PPARGC1A, but not of Tfam promoter, was
detected in liver biopsy specimens from NAFLD patients [157].

Given a potency of epigenetics in diseases’ pathophysiology, new
emphasis is being placed on the influence of epigenetic modifications
at the mitochondrial level. miRNAs detected in liver mitochondria may
act as sensors of mitochondrial environment leading to the modulation
of mitochondrial function and cell signaling [162,163]. Even though,
miRNAs regulation is usually related to the cytosol, it seems that
mitochondria have a unique pool of miRNAs, independent of total
miRNA pool in the cell. The expression of some of these mitochondria-
specific miRNAs was increased in liver mitochondria of diabetic mice,
such as miR-202—5p, miR-134, miR-155, as well as, miR-494, which
affects Tfam expression and thus has a role in regulation of mito-
chondrial DNA [163]. Mitochondrial miRNAs are involved in regulation
of transcription, gene expression, gene silencing, cell cycle and cell
division, chromatin modification, and in utero embryonic development
[164]. Additionally, methylation of mitochondrial DNA has been pro-
posed as a biomarker in disease diagnosis, considering that this
epigenetic mechanism may be involved in the pathophysiology of some
diseases. However, due to the specificity and structural organization of
mitochondrial DNA, which lacks in histones, the methylation of mito-
chondrial DNA may also be a very specific mechanism and further
investigation is necessary. So far, some studies have been conducted
in areas of drug treatment, oxidative stress, aging, and neurodegen-
erative diseases [165]. Still, in liver mitochondria of NAFLD patients,
methylation of mitochondria encoded NADH dehydrogenase 6 was
higher in NASH patients when compared to hepatic steatosis patients
[166], suggesting a role of epigenetic alterations not only on nuclear
DNA, but also on mitochondrial DNA in the development and pro-
gression of NAFLD.

The emerging epigenetic research seems to explain possible under-
lying mechanisms in NAFLD pathogenesis, but also provides new
surprising perspectives on how epigenetic mechanisms play a role in
offspring programming. In fact, maternal nutrition has been associated
with epigenetic alterations in key genes involved in lipid metabolism
and accumulation, such as Ppara, Ppargc, and Fgf21, suggesting that
altered DNA methylation patterns in fetal development due to maternal
lifestyles may influence offspring health later in life [22,23]. In rodent
models, offspring of mathers fed with HFD had altered gene expres-
sion, inhibition of hepatic cell cycle and associated DNA methylation
[167,168]. In utero exposure to maternal HFD affected the genes
related to liver dysfunction, immune response, and inflammation, and
led to DNA hypermethylation of the genes. Furthermore, these
epigenetic alterations, some of them persistent through the life, were
associated with prolonged gene expression alterations in the offspring
liver, possibly enabling the development of metabolic dysfunctions
later in life [169]. Moreover, maternal GDM impacts the epigenome of
their offspring, mainly through metabolic pathways affecting fetal
growth and development, suggesting that DNA methylation is one of
the mechanisms mediating fetal programming. The exposure to GDM
in early fetal life is associated with DNA methylation alterations in the
genes involved in metabolism, endocrine function, and insulin
signaling [170,171].

Ultimately, considering the above-mentioned relevance of epigenetic
regulation in the development of NAFLD, epigenetic-related analysis
regarding the impact of physical exercise in liver mitochondrial
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function and dynamics will be, for sure, a future emerging and growing
field of study. Some studies propose DNA methylation status as a
marker of progression of NAFLD [151,152], however, this field remains
quite open for research regarding NAFLD treatment through changes in
lifestyle. Presently, the modulation of the epigenome by changes in
lifestyle seems to be able to revert the adverse effect of malnutrition
and sedentary lifestyle. Zhou et al. [172] showed that fast food diet
increased liver epigenome susceptibility to develop metabolic dis-
eases. On the other hand, physical exercise was able to protect against
this fast food diet-induced DNA hypermethylation [172]. Still, most of
the studies address the modulating effect of exercise on skeletal
muscles epigenome rather than in the liver. For instance, acute ex-
ercise was able to decrease promotors methylation of genes involved
in mitochondrial biogenesis, PGC-12, PPAR-y, and TFAM in soleus
muscles, which suggest that DNA hypomethylation is an early event in
contraction-induced gene activation for structural and metabolic ad-
aptations in exercised skeletal muscles [173]. Furthermore, circulating
miRNAs can be altered as a physiological response to physical exer-
cise. For instance, in muscle and heart, mir-486 may affect glucose
metabolism, while mir-499 is involved in mitochondrial metabolism
and apoptosis through Drp1-related signaling. The better under-
standing of the effect of physical activity on specific circulating miRNAs
could justify the use of exercise as a therapeutic strategy [174]. In a
HFD-induced animal model of NAFLD, exercise was able to reduce
hepatic overexpression of mir-212, which appeared to be involved in
lipogenesis and development of NAFLD by targeting FGF-21 [175]. In
the study involving HFD-induced obesity in rats, hypoxic training
reduced hepatic levels of mir-378, involved in the regulation of lipid
metabolism and production of TGs, and, subsequently, increased en-
ergy expenditure, [-oxidation in rat liver, and obesity-related
morphological and biochemical features. The study also suggests
that the probable mechanism is through muscle utilization of fatty
acids produced in the liver [176].

In this regard, it is important to note that not only nuclear DNA, but also
mitochondrial DNA may undergo epigenetic modifications that are
associated with the development of several diseases. In fact, mito-
chondrial DNA can also be methylated, which attracts attention in the
field of disease treatment and prevention. In NASH patients, the
methylation level of NADH dehydrogenase 6 encoded by mitochondrial
genome was inversely correlated to the level of physical activity [166].
Still, data are scarce and mitochondrial epigenetics and its association
1o disease risks are still to be elucidated. Therefore, the clarification of
the impact of exercise-related epigenetic mechanisms on cellular
processes may contribute to this emerging field and promote active
lifestyles.

7. CONCLUDING REMARKS

The prevalence of NAFLD and related metabolic disorders (metabolic
syndrome, insulin resistance, obesity) is increasing worldwide. Despite
numerous pharmacological therapeutic approaches used to counteract
multi-organ manifestation of NAFLD, which appear as highly ineffec-
tive, physical exercise emerges as a beneficial non-pharmacological
preventive and/or therapeutic strategy against this disease. Physical
exercise has already been shown as beneficial against some patho-
logical features characteristic for metabolic liver dysfunction, and
especially mitochondrial dysfunction. Additionally, considering that the
lifestyle changes of parental generation may influence metabolic status
of their offspring, widely known benefits of physical exercise, partic-
ularly during pregnancy period, should be taken into account. The use
of physical activity during pregnancy as a preventive tool against
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developing NAFLD in mothers and even against transmitting their
impaired metabolic burden to offspring is challenging, being that the
mechanisms behind the supposed resistant phenotype are so far not
studied. Bearing in mind the potency of epigenetic mechanisms in the
development of NAFLD and the transmission of those metabolic im-
pairments to future generation, better understanding of epigenetic-
related impact of physical exercise on liver mitochondrial function
will be a determining factor in the design of beneficial exercise pro-
grams in the future. The further mechanistic look of how physical
activity interacts with hepatic mitochondrial “fitness”, particularly via
epigenetic mechanisms, may provide necessary clues for proposing
active lifestyles during pregnancy as the important preventive strategy
to reduce the risk of liver injury through generations. Additionally, a
better understanding of muscle—liver axis is expected to delineate
mechanisms by which exercise offers benefits in the prevention and
treatment of liver diseases.
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ARTICLE INFO ABSTRACT

Article history: Background: Maternal high-caloric nutrition and related gestational diabetes mellitus (GDM) are associated with
Received 6 November 2020 a high-risk for developing metabolic complications later in life and in their offspring. In contrast, exercise is rec-
Accepted 27 December 2020 ognized as a non-pharmacological strategy against metabolic dysfunctions associated to lifestyle disorders.

Therefare, we investigated whether gestational exercise delays the development of metabolic alterations in
GDM mothers later in life, but also protects 6-week-old male offspring from adverse effects of maternal diet.
Physical activity Meﬁwds: Female Spl'agtle-Dawley ran were fed. with E.jthEl' control (C) or high-fat higll-sugrosg (HFHS) diet to
Fetal programming induce GDM ar_\d subr_nlrted to gestational exercise during the 3 weeks of pregnancy. Male offspring were seden-
Liver mitochondria tary and fed with C-diet.
Cestational diabetes Resuits: Sedentary HFHS-fed dams exhibited increased gestational body weight gain (p < 0.01) and glucose intol-
erance (p < 0.01), characteristic of GDM. Their offspring had normal glucose metabolism, but increased early-age
body weight, which was reverted by gestational exercise. Gestational exercise also reduced offspring hepatic tri-
glycerides accumulation (p < 0.05) and improved liver mitochondrial respiration capacity (p < 0.05), contribut-
ing to the recovery of liver bioenergetics compromised by maternal HFHS diet. Interestingly, liver mitochondrial
respiration remained increased by gestational exercise in HFHS-fed dams despite prolonged HFHS consumption
and exercise cessation.
Conclusions: Gestational exercise can result in liver mitochondrial adaptations in GDM animals, which can be pre-
served even after the exercise program cessation. Exposure to maternal GDM programs liver metabolic setting of
male offspring, whereas gestational exercise appears as an important preventive tool against maternal diet-
induced metabolic alterations.
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1. Introduction

Increasing rates of metabolic diseases due to high-caloric intake and
sedentary lifestyle are reaching epidemic magnitudes [1,2]. Along with
several other prevalent metabolic complications, unhealthy lifestyles
and excessive weight gain during pregnancy may provoke
hyperglycaemia and insulin resistance (IR), characteristic of gestational
diabetes mellitus (GDM) [3]. While in most women GDM-related met-
abolic alterations usually disappear after delivery, an increased risk for
impaired glucose tolerance and fatty liver later in life may exist [4-6].
With an organism already pressured by anatomical, physiological, and
metabolic adaptations during pregnancy to answer to fetal metabolic
demands and endure the demands of pregnancy, exposure to additional
environmental factors may exacerbate these adaptations and conse-
quently alter fetal development [7]. In fact, in-utero environment during
the critical periods of fetal programming can influence the predisposi-
tion of offspring for chronic disease development through physiological
and/or epigenetic changes [8]. Offspring of GDM mothers also have af-
fected insulin signalling, disrupted liver metabolome, higher risk for
type 2 diabetes (T2DM) and hepatic steatosis [9,10].

Considering the potential severity of maternal unhealthy lifestyles,
the implications of GDM and particularly the transgenerational burden,
it is important to adequately manage eventual complications and pro-
tect both mothers and offspring. Anti-diabetic drugs are currently avail-
able to lower blood glucose levels, Still, the effectiveness of these
therapies on mothers and offspring is not completely known [11]. Addi-
tionally, liver-related drug metabolism and clearance may be affected
even in an uncomplicated pregnancy due to distinct
pregnancy-related physiological changes [12]. Therefore, non-
pharmacological interventions, such as maternal lifestyle changes,
should emerge as first-line strategies to implement during pregnancy
and, eventually, counteract GDM and its adverse transgenerational im-
pact [13]. Physical exercise has already been recognized as an effective
protective and/or therapeutic non-pharmacological strategy against
liver-related disorders, with consistent beneficial metabolic outcomes
on high-fat diet (HFD)-induced mitochondrial dysfunction [14-17].
Moreover, maternal exercise before and/or during pregnancy has also
been reported as beneficial in protecting the offspring from diet-
induced obesity, hepatic steatosis, and alterations in glucose metabo-
lism [17-19].

The important role of liver mitochondria in metabolism, as well as
their particular sensitivity to liver-related disorders, such as non-
alcoholic fatty liver disease (NAFLD) or T2DM [20,21], suggest that
liver mitochondrial dysfunction may be a sensitive and early marker
that can precede a clear clinical manifestation of the disease. However,
studies regarding the GDM impact on liver status of mothers later in
life, as well as on their offspring at early age, with the focus on liver mi-
tochondrial alterations are very scarce. Considering the hepatic protec-
tive effects of exercise in liver-related disorders, the novel and clinically
relevant hypothesis of the present study is that gestational exercise may
alleviate GDM-related liver dysfunction and contribute to a more resis-
tant and “fitness” mitochondrial phenotype in the post-partum period
of GDM mothers, but even more, that gestational exercise may counter-
act the deleterious impact of unhealthy maternal diet, ultimately de-
creasing GDM-imposed liver malfunction in the offspring.

2. Material and methods
2.1. Animals

Seven-week-old female Sprague-Dawley rats (150-200 g) (Charles
River, L'Arbresele, France), were randomly divided into 2 diet groups:
control (C) and high-fat high-sucrose (HFHS) diet. After 7-weeks on re-
spective diets, dams were mated with sedentary C-fed male rats
(Charles River, L'Arbresele, France). Pregnant HFHS-fed dams were di-
vided into two subgroups: sedentary animals and animals submitted
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to gestational exercise protocol during pregnancy. This resulted in 3 ex-
perimental groups (1 = 6 per group): P-C-S - sedentary C-fed dams; P-
HFHS-S - sedentary HFHS-fed dams; and P-HFHS-E - exercised HFHS-
fed dams. Dams delivered naturally and litter size was reduced to 3
male and 3 female pups to avoid food competition and effects on
pups' body mass. The offspring were weaned after 3-weeks of nursing.
Male offspring were assigned to 3 experimental groups (n = 6 per
group): C—S offspring of sedentary C-fed dams; HFHS-S offspring of
sedentary HFHS-fed dams; and HFHS-E offspring of exercised HFHS-
fed dams. The offspring from all experimental groups were sedentary
and fed with C-diet. Dams were euthanised 8-weeks post-partum and
the offspring at 6-weeks of age (Fig. 1A).

All animals were housed in polyethylene type [lI-H cages in a normal
environment (21-22 °C; 50-60% humidity, 12 h light/dark cycles), re-
ceiving food and water ad libitum, in a specific-pathogen free animal fa-
cility at the Institute for Research and Innovation in Health - i3S. The
animals during mating and those later submitted to the exercise proto-
col during pregnancy were housed in polyethylene type IV cages
equipped with a running wheel (Type 304 Stainless steel, Tecniplast,
Casale Litta, Italy). To facilitate the expression of species-typical behav-
iour and promote psychological wellbeing, the cages were filled with
corn cob bedding and environmental enrichment (shelter and nesting
materials) was provided. During the experimental protocol, the alloca-
tion sequence of the animals of the different experimental groups was
blindly performed through allocation concealment by independent an-
imal facility technicians. The Ethical Committee of the Institute for Re-
search and Innovation in Health - i3S, University of Porto, and
National Government Authority (Direcdo Geral de Alimentagdo e
Veterindnia — No.0421/000/000/2018) approved the experimental pro-
tocol, which was 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.

2.2. Diets and exercise protocol

Animals from maternal generation consumed C or HFHS-diet
(E157452-047 or D12451(11)mod., Ssniff, Soest, Germany, respectively)
throughout 18-weeks of the experimental protocol. HFHS previously
used to induce GDM in animal models [10], contained 42% metaboliz-
able energy from fat (vs. 10% in C), 27% from proteins (vs. 20% in C),
and 31% from carbohydrates (mainly sucrose, vs. 70% in C with 1% su-
crose), with crude fat of 23.1% (vs. 4.1% in C), high cholesteral content
and increased proportion of long-chain fatty acids (FA) (S1).

Regarding exercise protocol, dams from P-HFHS-E group were
exercised on a motor-driven treadmill (LE8700, Panlab Harvard Appara-
tus, MA, USA) during the 3-weeks of pregnancy, 6 days/week, 20-60
min/day during the dark cycle (Fig. 1B). One week before the exercise
protocol, P-HFHS-E animals were adapted to the treadmill. In the first
week of the protocol, the training duration was gradually increased
from 20 min/day to 60 min/day until the speed of 18 m/min was
reached. In the following 2-weeks, the duration was kept at 60 min,
but speed was gradually increased until 21 m/min to raise exercise in-
tensity (Fig. 1B). With a pup delivery approaching, the intensity and du-
ration of exercise were adjusted for each animal in the last few days of
pregnancy. Additionally, during pregnancy, the exercising dams were
housed in cages equipped with running-wheels to stimulate voluntary
physical activity, To avoid confounding factors and favour similar han-
dling and environmental conditions, the sedentary animals were kept
in cages with blocked wheels and placed on a static treadmill during
the same period as the exercised counterparts.

2.3. Glucose homeostasis

Oral glucose tolerance test (OGTT) was performed in dams 1-week
before mating and on the embryonic day E15.5 to confirm GDM-
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Fig. 1. Experimental (A) and exercise (B) protocol. C - maternal control diet; HFHF - maternal high-fat high-sucrose diet; P - pregnant animals in maternal generation; S - sedentary
animals in maternal generation; E - exercising animals in maternal generation. OGTT - oral glucose tolerance test.

related glucose intolerance during pregnancy. In the offspring, OGTT
was performed 1-week before euthanasia. Glucose was administered
to the rats at a dose of 2 g/kg body weight. To avoid potential harm
induced by intraperitoneal injection or oral gavage to (pregnant)
mothers during OGTT, glucose was orally administered in the form
of non-flavoured jelly (Globo Gelatina Neutra, A Colmeia do Minho,

Portugal) [22]. To avoid novel objects avoidance, rats were trained
to eat jelly without glucose. Moreover, since prolonged
hypoglycaemia in pregnancy could influence the fetus development,
animals were submitted to a 6-h fasting period prior to OGTT. The
same fasting period was followed in pre-mating OGTT and in
offspring OGTT.
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2.4. Animal euthanasia and tissue sampling

Animals were anaesthetized (induction: 5% isoflurane, 1 L/m Oy,
maintenance: 2.5% isoflurane, 0.4 L/m 0,) after overnight fasting. The
liver was rapidly excised, rinsed with ice-cold PBS, weighed, and sepa-
rated for light microscopy, mitochondria isolation, and other analysis.
The blood was collected from inferior vena cava and centrifuged
(3000 x<g, 10 min, 4 °C). Collected plasma was stored at —80 °C until
later use for biochemical and metabolomics analysis. In order to reduce
performance and detection bias in the following techniques and to
avoid researchers from knowing the animals’ treatment groups, the an-
imals were labelled with a blinded coding system during data acquisi-
tion until the statistical analysis.

2.5. Light 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. Tissue sections were made at 4 pum in adhesive slides and
stained with hematoxylin/eosin. Stained slides were blindly evaluated
by two veterinary pathologists (TBG and FG) using the Carl Zeiss Axio
Observer light microscope equipped with Zen2 software.

Histologic evaluation took into account the main histologic features
of NAFLD in rodent models [23]. The following parameters were consid-
ered: (1) microvesicular steatosis, (2) macrovesicular steatosis, (3) hy-
pertrophy, (4) lobular inflammatory foci (all lymphocytic foci except for
portal location), (5) portal inflammation. Microgranuloma was evalu-
ated as well, but not used for the final score due to high similarities be-
tween groups. All parameters were evaluated in a four-level scoring
system, in which 0 corresponds to 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).

Table 1
Animal data and plasma biochemical analyses.
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Triglyceride (TG) content in the liver was determined with Triglyc-
eride Quantification Kit (BioVision, Milpitas, USA) following the manu-
facturer instructions.

2.6. Analysis of acylcarnitine levels in plasma and liver homogenates

Plasma spots were collected on Whatman 903 paper (Guthrie cards)
and acylcarnitines detected and quantified by tandem mass spectrome-
try (MS/MS), using standard protocols [24]. Acylcarnitine quantification
in liver was performed using the protocol adapted from Petucci et al.
[25]. Liver tissue was homogenised in ice-cold 80% methanol in ratio
1:10, vortexed and centrifuged at 14000 rpm (10 °C, 5 min). Afterwards,
140 pL of supernatant were collected to a 96-well plate and 100 pL of
methanol containing deuterated acylcarnitine internal standard solu-
tions (Cambridge Isotope labs, USA) was added to each well. The mix-
ture was subsequently dried using nitrogen flow and shortly
thereafter derivatised to the corresponding buthyl esters by incubation
with 60 pL of 3 N buthanolic HCl at 70 °C for 15 min. Samples were dried
once again using nitrogen reconstituted with 200 pL of 80% methanol for
flow injection MS/MS in an API 4000 QTRAP (Sciex, Washington,
D.C, USA).

2.7. Isolation of liver mitochondria and mitochondrial respiratory assays

Mitochondria were isolated from the median liver lobule by a con-
ventional differential centrifugation method [ 15]. An aliquot of fresh mi-
tochondrial fraction was used for in vitro oxygen consumption assays,
while rest was stored at -80 °C for later Western blotting semi-
quantification. Mitochondrial respiratory function was measured using
Biological Oxygen Monitor System and a Clark-Type oxygen electrode
(Hansatech Instruments, England). Reactions were performed at 30 °C
in a magnetically-stirred glass chamber containing 1 mg/mL of

Maternal generation

Non-pregnant (NP) counterparts of maternal generation

P-C-S P-HFHS-S P-HFHS-E NP-C-S NP-HFHS-S NP-HFHS-E
Body weight (g) 32343 £1097 323.50 = 10.98 33933 + 9.84 33827 = 10.04 32891 £13.11 334.00 £+ 1349
Liver weight (g) 9.44 + 0.38 9.52 + 0.46 10.53 + 0.35 9.50 + 0.26 9.06 + 033 9.44 + 0.25
Liver weight/body weight (mg-g ") 2922 +0.73 2942 + 1.04 31.04 + 0.62 28.22 +1.09 27.80 + 1.12 28.41 4+ 1.00
Glucose (mg/dL) 19129 £ 935 23240 + 6.04" 205.67 + 5.78* 226.00 = 10.17 201.91 £5.11 201.00 + 6.28
Triglycerides (mg/dL) 73.40 4+ 598 82.80 + 3.52 74.8 + 7.88 82.20 + 8.11 77.60 + 6.59 61.40 + 7.08
Chalesterol (mg/dL) 85.86 + 7.07 80.33 £ 6.22 81.00 + 3.62 82.25 +232 7520+ 290 73.50 + 267
HDL (mg/dL) 56.71 + 4.02 54,67 + 4.65 54.17 + 2.26 60.67 + 3.64 56.00 + 1.77 50.67 + 2.63
LDL (mg/dL) 21.144£1.93 2033 £2.09 2217 + 166 2433 + 233 2145 +£1.52 18.67 + 1.28
AST (U/L) 78.14 + 6.31 80.83 + 8.18 81.25 + 8.70 72.20 + 5.67 96.90 + 9.52 78.60 + 5.25
ALT (U/L) 2340 + 1.32 29.33 + 1.05" 2850 + 138 22.83 + 091 34,82 + 224" 30.25 +2.17

Offspring generation
et} HFHS-S HFHS-E

Body weight (g) 21240 £ 874 221.20 4+ 10.02 199.30 = 10.23
Liver weight (g) 8.03 £ 0.56 7.53 £ 043 7.47 £ 0.59
Liver weight/body weight (mg-g ') 36.06 £ 1.29 3391+ 158 3399 + 161
Glucose (mg/dL) 193.43 + 11.60 180.20 + 3.44 211.83 + 5.78%
Triglycerides (mg/dL) 64.00 + 4.78 79.00 + 0.63° 51.50 + 2.14"
Chalesterol (mg/dL) 98.83 + 2.65 103.40 + 1.50 87.25 + 1.01*
HDL (mg/dL) 65.86 + 2.47 65.60 + 1.21 6433 + 3.96
LDL (mg/dL) 33.14 £ 2,18 30.00 + 0.84 29.67 + 2.44
AST (U/L) 101.50 + 5.65 109.60 + 12.58 91.80 + 349
ALT (U/L) 4629 + 442 4480 + 1.53 47.00 £3.25

Values are means + SEM (n = 6).

P - pregnant animals (maternal generation}; NP - non-pregnant counterparts of maternal generation; C - mothers fed with control diet; HFHS - mothers fed with 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.
* vs. P-C-S (p < 0.05) or vs. C—S (p < 0.05) in maternal or offspring generation, respectively.
# vs. P-HFHS-S (p < 0.05) or vs. HFHS-S (p < 0.05) in maternal or offspring generation, respectively.
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mitochondrial protein in respiration buffer (130 mM sucrose, 10 mM
HEPES, 2.5 mM MgCl,, 50 mM KCl, 2.5 mM KH2P0O4, 0.1 mM EGTA, pH
7.4). Mitochondrial respiration through electron transport chain (ETC)
complex I or complex Il was initiated by adding glutamate/malate (G/
M, 10 mM and 5 mM, respectively) or succinate (10 Mm) plus rotenone
(1.5 uM), respectively. State 3 respiration and phosphorylation cycle
were obtained by adding ADP (150 nmol) and the rate of oxygen con-
sumption after ADP phosphorylation represented state 4. The state 3/
state 4 ratio used to calculate the respiratory control ratio (RCR). ADP/
O ratio represented the ratio between the number of nmol ADP phos-
phorylated by nmol O; consumed during state 3. Additionally, the
state 4 was measured in the presence of oligomycin (2 pg) in order to
inhibit proton influx through the ATP synthase.

2.8. Western blotting

Equivalent amounts (20 pg) of liver mitochondria were denatured in
sample loading buffer and separated by SDS/PAGE, followed by transfer
to PVDF membranes. Membranes were blocked with non-fat dry milk
and afterwards incubated with primary antibodies: anti-OXPHOS cock-
tail (1:1000; Abcam, ab110413) and anti-UCP2 (1:500; Sigma Aldrich,
SAB2501087), and subsequently, with secondary antibodies: horserad-
ish peroxidase-conjugated anti-goat (1:10000; Santa Cruz, sc-2354) or
anti-mouse (1:10000; Santa Cruz, sc-2005). Protein bands were visual-
ized using Clarity Western ECL Substrate (Bio-Rad, #1705061) and
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acquired by ChemiDoc-XRS Image System (Bio-Rad). Density was de-
termined by using the Image Lab software 6.0.1 (Bio-Rad). Ponceau S
staining was used for normalization of protein loading or transfer differ-
ences [26]. The final data were expressed as percentage variation of con-
trol values (%P-C-S or %C-S, in maternal and offspring generation,
respectively).

2.9. Statistical analysis

Sample size was estimated assuming o« = 5% and a power of 0.90
(G*Power, Diisseldorf) from previous study. Results are expressed as
the mean + SEM. Statistical analysis was performed in GraphPad-
Prism 8.0 (GraphPad software, USA), using one-way ANOVA test
followed by Holm-Sidak post-hoc test, with the significance level at 5%.

3. Results
3.1. Maternal and offspring characteristics and glucose homeostasis

After 18-weeks on respective diets, no differences were found in
body weight between C and HFHS dams (Table 1). However, HFHS in-
duced a noteworthy 1.4-fold gestational body weight gain in sedentary
dams compared to C-diet-fed or exercised HFHS-fed dams (Fig. 2A). Ma-
ternal HFHS-diet also increased litter size and offspring body mass by
20% (Fig. 2B-D). The impact of maternal HFHS-diet and the protective
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Fig. 2. Effect of maternal high-fat high-sucrose diet and gestational exercise on maternal body weight gain during gestation period (A), litter size (B) and offspring body weight changes
from weaning (C) to the euthanasia point at 6 weeks of age (D), maternal glucose tolerance before pregnancy (E, H) and gestational glucose tolerance (F, I} and offspring glucose tolerance
at 5 weeks of age (G, ]) OGTT - glucose tolerance test. P - pregnant animals (maternal generation); € — 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. P-C-S (p < 0.05) or vs. C—S (p < 0.05) in maternal or offspring generation, respectively. # vs. P-HFHS-S

(p < 0.05) or vs. HFHS-S (p < 0.05) in maternal or offspring generation, respectively.
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Fig. 3. Representative light micrographs (x200) of liver tissue from all groups and generations: C — mothers fed with control diet; HFHS — mothers fed with high-fat high-sucrose diet; § —
sedentary mothers; E - exercised mothers. The presence of microvesicular steatosis (black arrow), macrovesicular steatosis (white arrow), lobular inflammation (black arrow head), portal

inflammation (white arrow head), hypertrophy (asterisk).

effect of gestational exercise on offspring body weight was prolonged
until the 6th weeks of age, when only similar trends were observed
(Fig. 2D).

Dams' plasma glucose and alanine-aminotransaminase (ALT)
levels were elevated by HFHS-diet, whereas gestational exercise
prevented this effect, pointing out the diet impact on glucose me-
tabolism during the gestational period and reinforcing a potential
priming condition for GDM. In the offspring, maternal exercise in-
creases glucose level (p < 0.05), but lessens the effects of HFHS-
diet on plasma TG (p < 0.001) and cholesterol levels (p < 0.001)
(Table 1).

Prior to mating, glucose tolerance was not different between C-fed
and HFHS-fed animals (Fig. 2E, H). However, at mid-gestation, an in-
creased glucose intolerance and glucose AUC (p < 0.01) were noticed
in both HFHS groups (Fig. 2F, 1), confirming the presence of gestational
glucose intolerance characteristic for GDM. No alterations in glucose tol-
erance were observed in their offspring (Figs. 2G, 3]).

Table 2

3.2. Histological analysis and liver triglyceride content

We examined the liver for histological evidence of steatosis using
hematoxylin/eosin-staining and calculated the NAFLD score (Table 2
and Fig. 3). Although without statistical meaning, the GDM mothers,
sedentary or exercised, showed lower NAFLD score than C-fed mothers
(p = 0.56 vs. P-C-S or p = 0.84 vs, P-HFHS-S, respectively). To assess
whether pregnancy per se affected this score, we also examined the
liver of their non-pregnant counterparts. Surprisingly, non-pregnant
sedentary HFHS-fed dams have tendency for higher NAFLD score (p =
0.15, vs. NP-C-S), while 3-weeks of exercise (corresponding to gesta-
tional exercise period of the pregnant dams) decreased the NAFLD
score (p = 0.37, vs. NP-HFHS-S). In contrast, maternal HFHS-diet in-
creased offspring NAFLD score, while gestational exercise lessened the
adverse effect of maternal HFHS-diet (Fig. 3).

Accordingly, animals from maternal generation did not differ in he-
patic TG content, despite a slight decrease in HFHS groups (Fig. 4A). In

NAFLD score recorded from mothers' and offspring livers of all experimental groups, blindly observed under light microscope.

Maternal generation

Non-pregnant (NP) counterparts of maternal generation

NAFLD score B-C-§ 25405 NP-C-S 25+ 04
P-HFHS-S 18+ 04 P =056 vs. P-C-S NP-HFHS-S 36+04 P=0.15 vs. NP-C-S
P-HFHS-E 1.7+ 05 P = 0.84 vs. P-HFHS-S NP-HFHS-E 30+ 04 P =0.37 vs. NP-HFHS-S
Offspring generation
NAFLD score C-S 47+£10
HFHS-S 56 +07 P=072vs.C-S
HFHS-E 52+£10 P=0.77 vs. HFHS-S

Values are means + SEM (n = 6).

P — maternal generation; NP — non-pregnant counterparts of maternal generation; 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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contrast, offspring of HFHS sedentary mothers showed tendency to-
wards an increase (p = 0.26) in liver TG content compared to their
C—S offspring, whereas maternal exercise remarkably reduced (p =
0.04) hepatic TG levels (Fig. 4B), which are in line with the tendency ob-
served in the NAFLD score.

3.3. Plasma and liver acylcarnitine levels

The levels of plasma (Fig. 5A) and hepatic (Fig. 5B) acylcarnitines
were not influenced by HFHS and/or gestational exercise in dams, ex-
cept for C12. However, in the offspring, the increase in the levels of
some long-chain acylcarnitines in plasma (C16, C18, C18:1) and liver
(€16, C18) due to maternal HFHS-diet was significantly restored to con-
trol levels by gestational exercise (Fig. 5C, D).

3.4. Liver mitochondrial bioenergetics

After 18-weeks of HFHS-diet, sedentary dams did not show any
changes in the RCR with G/M- or S/R-related substrates; however gesta-
tional exercise increased the RCR (p < 0.05, vs. P_HFHS_S), when G/M
were used as substrates, which was maintained even after exercise ces-
sation (Fig. 6A-C). The same effect of gestational exercise (P_HFHS_S vs.
P_HFHS_E) was noticed in respiratory rates with oligomycin (G/M and
S/R) (Fig. 7E). In contrast, maternal HFHS-diet and sedentarism reduced
offspring RCR, an effect which was nor observed in the offspring of
exercised HFHS-fed mothers (p < 0.05, vs. P_HFHS_S) (Fig. 6E-G). Res-
piration with oligomycin (G/M) was greatly increased in offspring of
sedentary HFHS mothers when compared to sedentary C mothers,
whereas maternal gestational exercise diminished the impact of mater-
nal HFHS (Fig. 8F). The ADP/O ratio was not affected by maternal diet
and exercise in both generations (Fig. 7D, H).

3.5. Oxidative phosphorylation system (OXPHOS) subunits and UCP2 pro-
tein expression

Even though HFHS-diet per se did not affect protein expression of
OXPHOS subunits (Fig. 7A), consistently with unchanged hepatic mito-
chondrial respiration, gestational exercise increased the protein expres-
sion of CIII, CIV, and CV subunits in dams (Fig. 7A). In the offspring,
gestational exercise prevented maternal HFHS-induced decrease in CI
protein expression and prompted an increase of CIV protein expression
in HFHS-E group compared to HFHS-S (Fig. 7B).

A

Hepatic triglyceride content
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0.8+

0.4

mg/g tissue

0.2

0.04

P-C-S P-HFHS-S P-HFHS-E
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More reduced levels of UCP2 in liver mitochondria fractions were
observed in sedentary HFHS dams compared to sedentary C counter-
parts, while gestational exercise restored UCP2 levels (Fig. 7C). How-
ever, a completely opposite effect of maternal diet was observed in
the offspring, where gestational exercise prevented an increase in
UCP2 expression due to maternal HFHS (Fig. 7D).

4. Discussion

Modern lifestyle contributes to the development and increasing
prevalence of numerous metabolic disorders, such as GDM and
NAFLD. Maternal metabolic inability to cope with high-caloric intake
because of sedentary behaviour can prime offspring for later liver dys-
function since the fetus’ metabolism cannot buffer the excess of nutri-
ents transmitted through the placenta [21]. Our study explores the
impact of GDM-related metabolic alterations on both mothers and
their 6-week-old male offspring and intends to clarify the role of exer-
cise performed during the critical and sensitive moment of pregnancy
and in utero development against metabolic deleterious consequences.
To our knowledge, this is the first study to analyse effects of gestational
moderate exercise combined with voluntary physical activity on HFHS-
diet-induced liver mitochondrial bioenergetics dysfunction in both gen-
erations, Data showed that gestational exercise prevented some of the
deleterious mitochondrial alterations induced by HFHS and specifically
related to GDM in mothers, but also had a strong impact in reverting
maternal GDM-induced mitochondrial bioenergetics impairments and
hepatic lipid accumulation in the offspring.

4.1. Animal characteristics and model of GDM

In our study, female rats were fed with HFHS prior to mating to en-
courage a specific metabolic milieu before pregnancy that would, in the
particular conditions of pregnancy, enable the development of meta-
bolic remodelling, characteristic of GDM. However, the HFHS feeding,
did not affect dams’ body weight. Still, the metabolizable energy of C
and HFHS-diets is similar (15.1 M]/kg and 19.1 M]/kg, respectively). Ac-
tually, isocaloric intake of HFD may not induce body weight gain, but
may provoke alterations in adiposity, which rather depends on diet
composition, particularly dietary FA [27]. Nevertheless, HFHS-diet and
sedentary lifestyle resulted in high gestational weight gain, a risk factor
for GDM. However, this negative effect was reverted by gestational ex-
ercise, which is in accordance with meta-analysis studies suggesting
that gestational exercise interventions can reduce body weight gain in

Hepatic triglyceride content

Offspring

3.
2 24
8 #
5
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0

c-s HFHS-S  HFHS-E

Fig. 4. Effect of maternal high-fat high-sucrose diet and gestational exercise on maternal (A) and offspring (B) liver triglyceride content; P — pregnant animals (maternal generation); 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. P-HFHS-S (p <

0.05) or vs. HFHS-S (p < 0.05) in maternal or offspring generation, respectively.
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Fig. 5. Effect of maternal high-fat high-sucrose diet and gestational exercise on acylcarnitine levelsin (A) plasma and (B) liver in the maternal generation on acylcarnitine levels in plasma
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offspring generation, respectively.

pregnant women [28,29]. Interestingly, HFHS feeding increased litter
size regardless of physical activity levels. The data on the influence of
maternal HFD and/or exercise on litter size are, however, inconsistent
[10,30-32]. Since in favourable conditions an increase in litter size
may be favoured [33], it could be speculated that HFHS animals allo-
cated more energy to increase litter and offspring size. The offspring of
sedentary HFHS mothers had also higher body weight at weaning com-
pared to the offspring of sedentary C mothers, which can be explained
by maternal GDM-associated hyperglycaemia, hyperinsulinemia, and
hyperlipidemia, and consequent increase in fetus store of protein and
fats, and macrosomia [34,35]. This strong impact of maternal lifestyle
on offspring body weight increase was maintained until the 6th week
of age suggesting that post-weaning nutrition option (C-diet) could
have prevented obesity development later in life. Interestingly, gesta-
tional exercise also appears to be a very strong stimulus against obesity
development at early age, as the body weight of the offspring from
exercised HFHS mothers was maintained at the level of their sedentary
C counterparts.

Glucose intolerance during pregnancy is another important marker
of GDM. To confirm that GDM-related glucose intolerance was devel-
oped only at the onset of the pregnancy and not before, we performed
OGTT before and during pregnancy. The HFHS-diet consumption before

pregnancy did not alter basal glucose levels or glucose tolerance be-
tween C-fed and HFHS-fed animals. However, during pregnancy, basal
glucose level and glucose AUC were higher in HFHS animals compared
to C animals, and this difference in glucose levels remained for 60 min
after glucose ingestion. Similar results were reported by Pereira et al.
[10] in HFHS-diet-induced GDM. However, 2-weeks of exercise in
HFHS-fed animals did not improve glucose tolerance during pregnancy,
although a slight decrease in 30 and 60 min after the glucose ingestion
was noticed compared to sedentary HFHS group. This suggests that
the 2-weeks of exercise during pregnancy were insufficient to revert
the glucose metabolism impairments but were able, at least, to alleviate
HFHS-diet impact. On the opposite, gestational exercise restored a HFD-
induced increase in glucose AUC in mice [30]. Moreover, 4-weeks of ex-
ercise protocol in rats lowered glucose AUC only in the control diet
group but not in the HFD group suggesting that some advantageous ef-
fects of exercise can be impaired by HFD and thus restrict exercise from
reversing HFD-induced metabolic alterations [36].

4.2. Hepatic lipid accumulation

Women with GDM seem to have higher risk for hepatic steatosis, al-
though this was only observed as early as 5-16 years post-partum [5,6].
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Fig. 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
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offspring generation, respectively.

Surprisingly, in the present study, HFHS-diet predisposed towards a re-
duction of NAFLD score in the maternal generation regardless of exer-
cise, which was supported by hepatic TG content. Interestingly, in
non-pregnant counterparts, HFHS-diet increased NAFLD score, while
3-week of exercise lessen this effect, suggesting that gestational exer-
cise per se promotes some protective mechanisms, which can be addi-
tionally triggered by some environmental stimuli, such as nutrition, to
protect mother and fetus from detrimental consequences. We can also
speculate that lower [»-oxidation of FA due to GDM-related
hyperglycaemia [37], may allow greater availability of maternal dietary
FA to the fetus, which is actually supported by offspring acylearnitine
profile (Fig. 4).

The effects of maternal HFHS-diet, and especially gestational exer-
cise, highlight the relevance of physical exercise against early-stage
NAFLD. Gestational exercise prevented maternal diet-induced deleteri-
ous consequence in NAFLD score, and importantly in hepatic TG con-
tent, especially because hepatic TGs seems to be a better marker of
steatosis in rodent studies [23]. Maternal high-caloric diet, related or
not with GDM, can induce NAFLD development in their offspring, espe-
cially if followed by energy-rich diet consumption by offspring them-
selves [9,10,38,39]. Although hepatic steatosis in the offspring is not as
obvious at the statistical level in our study, the observed trends can sug-
gest that offspring of sedentary HFHS mothers are at the threshold of the
development of hepatic steatosis, which can be successfully prevented
by gestational exercise.

4.3. Liver mitochondrial function

Acylcarnitine profiling is used to describe alterations in mitochon-
drial p-oxidation in animal models of obesity and IR [40]. In the dams
of the present study, HFHS feeding did not alter long-chain acylcarnitine
levels. Eventually, the 8 or 12-weeks of HFD did not influence hepatic
acylcarnitines due to liver capacity to export the excess of FA to circula-
tion [40,41]. Conversely, offspring have increased exactly those plasma
and liver acylcarnitines (C16, C18, and C18:1), that correspond to differ-
ent FA composition between C and HFHS-diets consumed by mothers.

Considering that fetus receives nutrient supplies, especially glucose
and FA, from maternal diet through the placenta [42], these data suggest
that increased accumulation of those acylcarnitine in the offspring
plasma and liver are a consequence of maternal diet. Furthermore, re-
duced placental 3-oxidation in GDM encourages the accumulation of
triglycerides in placenta [37], which may result in an increased transfer
of placental FA to the fetus liver FA pool. Fortunately, it seems that ma-
ternal gestational exercise emerged as a very effective tool against ex-
cessive energy originated from mothers' HFHS-diet. Accordingly, less
FA seem to be transferred through placenta to the fetus, resulting in
the control levels of acylcarnitines in plasma and liver of the offspring
from exercised HFHS mothers. Even though liver and muscle contribute
differently to the plasma acylcarnitine pool during exercise, i.e. muscle
mainly contribute to plasma medium and long-chain acylcarnitines
and liver only for short-chain acylcarnitines [43], our data showed
that maternal exercise promoted a decrease in hepatic and plasma
long-chain acylcarnitines in the offspring when compared to their sed-
entary counterparts. Nevertheless, Xu and collaborators provided evi-
dence that upon exercise, skeletal muscle can release long-chain
acylcarnitines to plasma, that are further taken by liver [43]. Indeed,
plasma levels of acylcarnitine above a certain threshold seem to repre-
sent a stimulus for their uptake by the liver [44]. In the liver, however,
due to the increased fitness mitochondrial phenotype stimulated by ex-
ercise (Fig. 6), long-chain acylcarnitines are efficiently shortened and
exported to circulation as short-chain acylcarnitines resulting in the de-
crease of the hepatic long-chain acylcarnitines levels [43]. Another pos-
sible interesting mechanism that could explain this role of exercise
includes muscle-secreted myokines [45]. The secretion of myokines
such as interleukins (IL)-6, fibrobrast growth factor 21 (FGF21), and fi-
bronectin type IlI-domain containing 5 (FNDC5), later cleaved to irisin,
are found to be increased upon skeletal muscle contraction [46]. Irisin
may further modulate PPARalpha signalling pathways, which conse-
quently regulates lipid metabolism through thermogenesis mecha-
nisms or upregulation of FGF21, which can eventually improve liver
insulin sensitivity [47]. Furthermore, considering that PPARalpha is
also involved in hepatic (acyl)carnitine metabolism [48], this irisin-
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PPARalpha-acylcarnitine axis could indirectly explain, at least in part, a
possible role of exercise in the regulation of hepatic mitochondrial
function.

Moreover, under sedentary conditions, HFD may induce the initial
increase in f3-oxidation, but without a concomitant increase in TCA
cycle activity. Therefore, p-oxidation flux may be disrupted and pro-
mote acylcarnitine accumulation in mitochondria, possibly contributing
to mitochondrial failure in physically inactive animals [40]. In line with
the alterations in offspring acylcarnitines levels that result from mater-
nal unhealthy lifestyle, we observed alterations in offspring liver mito-
chondrial function. Maternal HFHS-diet and sedentary lifestyle
compromised RCR (when using complex I-linked substrates) of their
offspring, and reduced complex I protein expression. Reduced expres-
sion or activity of OXPHOS has been detected in liver mitochondria of
offspring of cbese [49] or HFD-fed mothers [38] in rodent studies, The
offspring of sedentary HFHS mothers also showed a declining tendency
in the expression of other respiratory complexes, suggesting slightly re-
duced liver oxidative capacity. However, this bioenergetic failure was
remarkably attenuated by gestational exercise even in maternal HFHS-
fed conditions. This increased bioenergetic efficiency boosted by gesta-
tional exercise may be, at least in part, supported by regulation of ETC
complex | protein expression, as well as, complex IV expression. A sim-
ilar increase in complex IV activity or expression due to maternal exer-
cise has been reported in offspring muscle and fetal heart [50-52]. Being
a rate-limiting enzymatic complex in OXPHOS [53], complex IV is im-
portantly stimulated by maternal exercise, therefore rescuing the com-
promised liver mitochondrial ETC activity in adverse conditions. Overall,
this suggests that gestational exercise can contribute to the recovery of
the offspring OXPHOS system compromised by maternal HFHS-diet.
Surprisingly, a study by Siti et al. [52] suggested that pre-gestational
and gestational exercise (combined with regular diet) did not alter off-
spring liver complex I-related RCR values, but reduced complex-II re-
lated RCR, followed by a decrease in complex II activity and an
increase in complex [V activity. This discrepancy in RCR values might
be a consequence of different exercise protocols, as well as animal
models and diets. Actually, in our model, we combined endurance train-
ing with the free-running wheel, which has been suggested to prompt
rats’ oxidative capacity [54].

Additionally, UCP2 upregulation, associated with increased proton
leakage, was observed in the offspring of sedentary HFHS mothers. In
another study, the same impact of maternal energy-rich diet on off-
spring UCP2 levels was observed [55]. The impairment of respiratory
chain due to maternal HFHS diet was also reflected in the increased
rate of proton leak (in the presence of oligomycin), which was, in con-
trast, remarkably reduced by maternal gestational exercise. Upregula-
tion of UCP2 and related mitochondrial proton leakage are proposed
as underlying events in NAFLD development, With an increase in energy
supplies over energy requirements, liver mitochondria can activate an
alternative pathway of substrate oxidation not coupled to ATP synthesis,
but involving UCP2 [56]. Additionally, hepatic UCP2 expression can be
stimulated by fatty acids [57]. Therefore, increased accumulation of
liver acylcarnitines in the offspring of sedentary HFHS mothers may
have represented an increase in energy supplies, justifying the conse-
quent UCP2 upregulation and related uncoupling. Once again, maternal
exercise during GDM pregnancy prevented the adverse effect of HFHS-
diet, and considerably reduced UCP2 expression in the offspring liver
mitochondria. These data are consistent with reduced hepatic TG levels,
promoting gestational exercise as an important preventive agent
against the development of GDM-related liver pathology in offspring.

To our knowledge, there are no data regarding the effect of exercise
cessation on liver mitochondrial function of GDM animals. In the pres-
ent study, HFHS-diet per se did not affect liver mitochondrial function
or OXPHOS expression in mothers. Indeed, in other studies, HFD did
not alter liver mitochondria respiratory rates in female rodents
[58,59]. Interestingly, we observed that even 8-weeks after exercise ces-
sation, mitochondrial adaptations were maintained, as reflected in
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increased RCR values when using complex I-related substrates and in-
creased protein expression of complex IIl, complex IV, and ATP syn-
thase. Even though increased oxygen consumption was not followed
by upregulation of complex I, the increase of complexes Il and IV ex-
pression may suggest that gestational exercise promoted the formation
of ETC supercomplex. In fact, enhanced supercomplex formation was
observed in human skeletal muscle upon exercise [60]. This dynamic
supercomplex, consisting of complexes [, Ill, and IV, can represent a
mechanism through which mitochondrial ETC might adapt to cell re-
quirements [61]. Within supercomplexes, the stability of complex I
seems to be maintained by complex 11l [62] and complex IV [63],
which may explain the improvement of complex I-related RCR due to
exercise without any alterations in complex | protein expression.

Despite not affecting mitochondrial respiration, HFHS feeding reduced
maternal UCP2 levels even though it would be expected from HFHS to
prompt an opposite effect, as previously discussed. However, UCP2
mRNA regulations depends on ATP pool regulation. Reduced intracellular
ATP levels are correlated with reduced UCP2 levels, which could prevent
UCP2-uncoupling and impending ATP depletion [64]. Actually, women
with GDM are at higher risk for acute ischemia [65] and could suffer
from liver ischemia [66] during complicated pregnancy, promoting anaer-
obic metabolism and consequent reduction in ATP levels, which can ex-
plain reduced UCP2 expression in our data and no alterations in oxygen
consumption with oligomycin. This UCP2 reduction could probably be in-
duced at the onset of the pregnancy and related to GDM pathology, con-
sidering that UCP2 content between exercised GDM mothers and
sedentary C mothers do not differ. These results argue that gestational ex-
ercise was able to reduce liver alterations that are associated with GDM
and develop at the onset of the pregnancy.

5. Conclusions

The results of this innovative study demonstrated for the first time
that gestational exercise was able to boost liver mitochondrial respira-
tory capacity in a diet-induced GDM model preserved even 8-weeks
after delivery and exercise cessation. However, both maternal diet and
gestational exercise seem to have a high impact on the next generation,
with maternal gestational exercise emerging as a more potent factor.
Hepatic TG accumulation and impaired liver mitochondrial capacity,
also associated with NAFLD development, suggest that these offspring
are at the very early stage of liver disease before a clinical image can
be histologically observed. Nevertheless, gestational exercise was un-
doubtedly effective in preventing these metabolic deleterious conse-
quences from detrimental maternal HFHS-diet. Therefore, this work
highlights the role of exercise as a first-line non-pharmacological strat-
egy, able to prevent liver metabolic disorders in the context of GDM. In
addition, considering the positive impact it can have on mothers, but
also in children health, it advocates the social and economic importance
of exercise in pregnancy clinical counselling.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.metabol.2021.154704.
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Experimental study I: Supplementary data
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Supplementary data 1 (S1). The difference in fatty acid composition between
Control diet (C) and High-fat high-sucrose diet (HFHS).

80



Original Article Il

Gestational exercise antagonizes the impact of maternal high-fat high-
sucrose diet on liver mitochondrial alterations and quality control

signalling in male offspring

Jelena Stevanovi¢-Silva', Jorge Beleza?, Pedro Coxito!, Rui Fernandes?®, Paulo

J. Oliveira*, Antonio Ascensao’, José Magalhies'

' Laboratory of Metabolism and Exercise (LaMetEx), Research Centre in Physical
Activity, Health and Leisure (CIAFEL), Laboratory for Integrative and
Translational Research in Population Health (ITR), Faculty of Sport, University of
Porto, Porto, Portugal;

2 Department of Cell Biology, Physiology & Immunology, Faculty of Biology,
University of Barcelona, Barcelona, Spain;

3 Histology and Electron Microscopy (HEMS), Institute for Research and
Innovation in Health Sciences (i3S), University of Porto, Porto, Portugal;

4 CNC-Center for Neuroscience and Cell Biology, CIBB - Centre for Innovative
Biomedicine and Biotechnology, University of Coimbra, (3004-504) Coimbra,
Portugal.

Submitted in: Cellular and Molecular Life Sciences






CHAPTER |III: Experimental Work

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; ERa -
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-1a - 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 (21-22°C; 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 (Direcdo Geral de Alimentacao e Veterinania;
No0.0421/000/000/2018) 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 -80°C for later
semi-quantification by Western blotting. The blood collected from inferior vena
cava was centrifuged (3000 xg, 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 pl of ddH20, boiled for 10 min at
95°C, and centrifuged at 15,500xg for 10 min at 4°C. The supernatant was diluted
in PBS (1:6) and each sample (30 pl) 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 37°C, and then for 5 min at room temperature. Afterwards, 100 ul 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 pg) 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
(ERa) (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-1a) (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 mMRNA 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-1a (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); Mf2 (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 TagMa 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 TagMan 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 95°C for 3 min, 40
cycles of 95°C for 15 s and 60°C for 1 min. The results were presented as
MtDNA/nDNA (ACt = Ct(nDNA) — Ct(mtDNA); relative mtDNA content = 2 x
2ACt).

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+404 195.0 + 32.0
No. mitochondrial 2075.0 + 2183.6 +
structures 2434.0 £ 73.7 3154 288.2
Mitochondria diameter 0.72 +0.02 0.86 + 0.02 0.78 +£0.08
Megamitochondria - - -
No. abnormal mitochondria 74120 3612 26.3 £ 9.0
No. intramitochondrial

+ + +

granules
Intramitochondrial 0.8+0.8 32+1.0 1.0+0.3
crystalline inclusion
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.
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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 (12,000x): 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 ym. 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-1a and
TFAM) were assessed. Non-statistically significant decreases in PGC-1a 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-1a 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-1a, TFAM, and
TOM20, (b) heat map showing the relative expression levels for Pgc-1a 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-1a, TFAM, and TOM20. (e) heat map showing the relative mRNA
expression levels of Pgc-1a 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

95



CHAPTER |III: Experimental Work

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.
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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-a 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 ERa 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 ERa, 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 ERa

protein expression (Fig. 4b).
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Figure 4. Effects of maternal HFHS and GE on the protein expression of ERa 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-Il, 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-| protein content, and the same trend in LC3-ll, which was
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rescued by GE (Fig. 5f). The Beclin/Bcl2 ratio was not altered in any of the groups
studied.
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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-Il 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 LC3-1 and LC3-Il 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.
6¢). Opposite effects were observed in mitochondrial cytochrome ¢ 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
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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-1a
activation [23], was reduced with GE in both mothers and their male offspring
(Fig. 7b, 7f), which corroborates with PGC-1a 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-1a. 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).
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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-130Db, (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-1a has been detected in miR-34a knock-
out mice [23], which corroborates our data. In fact, lipogenic SREBP-1c can
interfere and inhibit PGC-1a 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-

1a and, thus, decreased mitochondrial biogenesis, which consequently leads to
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decreased B-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-1a 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-1a, 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-1a 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-1a and
TFAM expression and the generation of new mitochondria in the offspring, as
supported by increased mtDNA copy number. Additionally, liver PGC-1a
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-1a overexpression.
Mitochondrial biogenesis can be further regulated by the translocation of ERa 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 ERa content in liver mitochondria than on the
tissue level, suggesting the importance of ERa-related mitochondrial biogenesis
during pregnancy. Also, exercise could increase ERa expression in visceral
adipose tissue [59], while ERa signalling was involved in exercise-related
beneficial effects against hepatic steatosis, with some of them being limited with
ERa 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-1a 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-1a 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-1a 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-1a 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-1a. PGC-1a pathway regulates
MFNZ2 [71], which deficiency has been associated with IR and diabetes [56, 70],
followed by PGC-1a 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; ERa - 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-1a -
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.

122



CHAPTER |III: Experimental Work

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 B-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 (21-22°C; 50-60% humidity, 12
h light/dark cycles), receiving food and water ad libitum. The Ethical Committee
of the "Instituto de Investigacéo e Inovacdo em Saude —i3S”, University of Porto,
and National Government Authority (Direcao Geral de Alimentagao e Veterinania
—No0.0421/000/000/2018) 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, 4°C). Collected plasma was stored at -80°C. 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. 4um 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 ymphocytic foci except for portal location), (5) portal
inflammation. All parameters were evaluated in a four-level scoring system, in
which O corresponds to the absence of the alteration (< 5%), 1 to low-grade lesion
(56-33% 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 (10°C, 5
minutes) and supernatant was collected. In a 96-well plate, 140 uL of supernatant
and 100 uL 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 pL of 3N buthanolic HCI (70°C, 15 min). Samples were dried
again using nitrogen reconstituted with 200 pL of 80% methanol for flow injection
MS/MS in an APl 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 pl of ddH20, boiled (95°C, 10 min), and centrifuged (15,500
x g, 10 min, 4°C). After diluting the supernatant in PBS (1:6), to each sample (30
pl) 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 37°C 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
pl) 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 (ERa) (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-1a)
(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 wused: Pgc-1a (forward 5'-
AAAAGCTTGACTGGCGTCAT-3’; reverse 5-TCAGGAAGATCTGGGCAAAG-
3), Tfam (forward 5-GCTAAACACCCAGATGCAAAA-3’; reverse 5'-
CGAGGTCTTTTTGGTTTTCC-3); Min1 (forward 5’-
TGGTCACACAACCAACTGCT-3’; reverse 5-GGGCCAAAATACGTGCACAA-
3);, Mm2 (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 TagMa 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

129



CHAPTER |III: Experimental Work

Biosystems) using the TagMan 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 95-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
(95°C for 3 min, 40 cycles of 95°C for 15 s and 60°C for 1 min). The results were
presented as mtDNA/nDNA (ACt = Ct(nDNA) — Ct(mtDNA); relative mtDNA
content = 2 x 2ACt).

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+038 | 6.42£031 | 563019
:'r::’:_;"_"%'ght’ body weight | 35 404174 | 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) 4717364 | 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 (UIL) 8140 £2.42 | 94.80 £ 16.41 | 77.20 + 2.90
ALT (UIL) 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.

accumulation

C-S HFHS-S HFHS-E
NAS 49+0.8 54+07 3.5+0.2%
Hepatic triglyceride 1.6+0.1 18404 0.9 + 0.05*
content (mg/g tissue)
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 38.5+ 9.1 28.0 £ 11.0 2525+ 2.0
mitochondria
No. intramitochondrial + + +
granules
Intramitochondrial 0.0 £0.0 3.3+0.3* 1.0+ 0.4*
crystalline inclusion
Glycogen + ++ +

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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C-8 HFHS-S HFHS-E

Figure 2. Effect of maternal HFHS diet and GE on (A) representative light
micrographs (x200) of liver tissue (microvesicular steatosis (black arrow),
macrovesicular steatosis (white arrow), lobular inflammation (black arrowhead);
Scale bar = 50pm.) 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 ym.). 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 B-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.
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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; Cl — complex | CI-NDUFB8 subunit;
Cll — complex Il ClI-SDHB subunit; Clll — complex Il ClII-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).
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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 PGC1a and TFAM,
as well as the protein content of mitochondrial protein importer TOM20 and
mtDNA copy number were assessed. A non-statistical decrease in PGC1a 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
PGC1a 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 ERa 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-
1a, TFAM, and TOMZ20; (B) Heat map showing the relative transcript levels for
Pgc-1a and Tfam; (C) Mitochondrial DNA copy number; (D) Principal component
analysis of hepatic mitochondrial biogenesis markers; (E) Relative content of
ERa. 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; ERa — estrogen receptor-alpha; PGC-1a - 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, mMRNA 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.

>

Mitochondrial dynamics markers

MFN1 o = 86 kDa
% o Ponceau S
§ * = C-S MFN2 PR—1.1 (o7
T 200 4 B HFHS-S Ponceau S
© =)
2% 150 B HFHS-E OPA1 w112 kDa
8o Ponceau S
g2 100
3 DRP1 S s w82 KDa
S %0 Ponceau S
E
2 0

MFN1 MFN2 OPA1 DRP1
Female offspring
Mitochondrial dynamics
50 :
B mRNA expression

20

Mfn14
15

[®] Herse
|A] Henss

Mfn2 1.0

Dim2 (21.3%)

Drp14

-5.0- 1
C-8 HFHS-S HFHS-E . é
Dim1 (50.5%)

3 6

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).

139



CHAPTER |III: Experimental Work

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 ¢ 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 LC3-1 and LC3-Il, 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.
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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 ERa can protect female mice from NAFLD [37] whereas
in male mice, ERa signalling was necessary for exercise-related beneficial effects
against NAFLD [38]. In our study, GE did not alter hepatic ERa 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 ERa-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, (-
oxidation can be initially increased, but without a concomitant increase of Krebs
cycle fluxes, B-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 B-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 to 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-1a, a master regulator of
mitochondrial biogenesis, that promotes mtDNA transcription via stimulation of
TFAM expression [47]. Reduced hepatic PGC1a 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 Pgc1a and Tfam
mMRNA and protein content. In contrast, HFHS-E offspring had increased PGC1a
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 PGC1a expression [50] and concomitantly stimulate 3-
oxidation and reduce triglyceride accumulation [51], which corroborates with
PGC1a 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-a 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 Il and Ill). 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 lll). 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 | and Ill). 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, Il, and Ill), 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 (Ramirez-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 [), but not
in the female offspring (study lll), 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 (ERa) protects female mice from hepatic steatosis, but
not male mice (Zhang et al., 2015). Therefore, we assessed the ERa 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 | and
[ll). The absence of alterations in ERa expression in the 6-week-old offspring
(studies Il and 1) 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 Il that mothers have alterations in ERa levels in liver
mitochondria, but not on the whole tissue level. The observed mitochondrial ERa
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 ERa alterations in the offspring. Yet, another study
showed that maternal HFD upregulated hepatic ERa 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 -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 (Garcia-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 (Gongalves et al., 2013).

In the present study, data from acylcarnitine profiling, used to ascribe alterations
in B-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 | and lll). 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 B-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 [-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 Ill). 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 I11).

Accumulation of acylcarnitines may induce disruption in B-oxidation (Visiedo et
al., 2013). Although an initial increase of p-oxidation may had occurred in the
animals submitted to HFD and low physical exercise levels, 3-oxidation rate may
outpace the activity of the Krebs cycle, which might had led to disruption of -
oxidation flux and mitochondrial accumulation of acylcarnitines, consequently
contributing to mitochondrial failure in sedentary animals (Koves et al., 2008;
Muoio & Koves, 2007). Furthermore, [(B-oxidation can directly affect hepatic
mitochondrial respiratory function (Bjerndal 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 |-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 |). 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; Gongalves 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; Catala-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 | 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 Il and IV, and ATP synthase protein
expression remained elevated in the exercised GDM dams (study ). 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 1),
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-1a, 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
(Hernandez-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 Il and IIl). 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-1a, TFAM and mtDNA copy number, but
maternal GE remarkably mitigated these diet-induced deleterious consequences
(studies Il and Ill). As the stimulation of PGC-1a 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).

167



CHAPTER IV: General Discussion

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 Il and IlIl), but such
effects of diet and exercise were not detected in the mothers (study Il). 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 Il),
Parkin was more sensitive to maternal diet/GE both in mothers and female
offspring, although with an opposite effect between generations (study Il and IlI).
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 (Gongalves 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 Il and lll). 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 IlI). However, this was not as
clear in the female offspring, except for miR-34a and trends in miR-494
expression (study Ill). 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-
1a 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 (Mando 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 ERa 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-Martin 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:
) 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.
) 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.
) 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.
V1)  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.
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