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Abstract

Obesity is rising worldwide and is accompanied by increased incidence of
diabetes mellitus and NAFLD. Maternal obesity during pregnancy represents more than
a half of total world pregnancies. Pregnancy is a critical period in a woman’s life
representing a challenge to mother’s metabolism. Pregnancy-associated increase in
energy and nutrient requirements stress maternal hepatic metabolism which could
exacerbate obesity-related hepatic disease. In fact, Maternal Obesity during pregnancy
(MO) has been associated with the development of numerous metabolic diseases during
and after the gestation. Mitochondrial dysfunction and metabolic alterations are often
present in such conditions.

The goal of this study was to characterize the effects of maternal obesity during
pregnancy on the maternal hepatic mitochondrial function.

We used a well-established and characterized MO ovine model resulting from
150% recommended global nutrient intake from 60 days before conception, throughout
gestation. At 90% gestation, ewes were euthanized under general anesthesia and maternal
hepatic tissue collected. Hepatic redox state, metabolic remodulation, mitochondrial
function, antioxidant defenses and autophagic mechanisms were determined by Western
blot as well as enzymatic activities and molecular quantifications using spectroscopy
assays. Data were compared between MO (ML-MO, n=8) and control groups (ML-C,
n=10) in total hepatic tissue and in right and left hepatic lobes separately, using the most
pertinent statistical test, and p < 0.05 considered as statistically significant.

MO induced alterations in maternal hepatic metabolism by increasing
NAD*/NADH ratio, mainly by decreasing NADH levels, decreasing PKA activity and
PPAR-y protein expression. Although no alteration in mitochondrial content was
observed, through mtDNA copy number, citrate synthase activity and TOM20 and VDAC
protein expression, the hepatic protein content for several subunits of mitochondrial
respiratory chain complexes subunits was decreased. Surprisingly, hepatic complex | and
IV activities increased due to MO while complex Il follow the same behavior than its
protein expression, decreasing. Despite no alteration in mitochondrial content indicators,
mitochondrial fusion is decreased, and mitochondrial fission is increased without
alterations in mitochondrial biogenesis. Additionally, MO resulted in a hepatic increase
in lipid peroxidation (MDA levels), decrease in GSH/GSSG ratio and increase in SOD
activity, while catalase, glutathione reductase and glutathione peroxidase activities are
compromised. Autophagic flux, measured as the LC3-1I/LC3-I ratio, was increased
although cathepsin B activity, and Beclin-1 and Bcl-2 protein levels were decreased in
the livers of MO without alterations in p62 levels. Moreover, Bcl-2 phosphorylation in
Thr 56 is increased in MO livers.

In conclusion, MO before and during pregnancy leads to hepatic mitochondrial
metabolic alterations, inducing increase in oxidative stress, mitochondria degradation and
inducing an imbalanced liver redox state which may exacerbate mitochondrial
dysfunction predisposing to hepatic diseases later in life. Monitoring hepatic function
during the challenging window of pregnancy can provides new insights for the
understanding the origin of hepatic disease.

Obesity — Induced hepatic changes during pregnancy VII



Abstract |

Keywords: maternal obesity; pregnancy; metabolism; mitochondrial dysfunction; liver;
NAFLD; sheep

VI Luis Grilo | Master in Biochemistry



Resumo

Resumo

A obesidade é uma doenca cuja incidéncia no mundo continua a aumentar, sendo
acompanhada pela incidéncia de diabetes mellitus e NAFLD (Doenca do Figado Gordo
N&o Alcodlico). Obesidade em mulheres durante a gravidez representa mais de metade
do numero total de gestagdes no mundo. A gravidez é um periodo delicado nas vidas das
mulheres que representa um desafio para o seu metabolismo. Associada a gravidez esta
um aumento das necessidades energéticas e nutricionais que podem destabilizar o
metabolismo hepatico das mulheres e exacerbar doencas hepaticas associadas a
obesidade. A obesidade durante a gravidez tem, de facto, sido associada ao
desenvolvimento de varias doencas de origem metabdlica durante e apds a gestacao.
Disfuncdo mitocondrial e alteragfes metabolicas estdo normalmente presentes nestes
tipos de situacdes.

O objetivo deste estudo é caraterizar os efeitos da obesidade durante a gestacéo
na funcdo mitocondrial hepatica.

Foi utilizado um modelo ovino de obesidade durante a gravidez bem validado o
qual consiste no consumo de 150% da dieta recomendada a partir de 60 dias antes da
fertilizacdo e que continuou durante o periodo de gestacdo. A 90% deste tempo, as
ovelhas foram eutanasiadas sob anestesia geral e o tecido hepatico materno foi recolhido.
O estado oxidativo, remodelacdo metabolica, funcdo mitocondrial, defesas antioxidantes
e mecanismos de autofagia do figado foram determinados por imunodetecdo e atividades
enzimaticas e quantificacdes moleculares, os ultimos por métodos espetrofotométricos.
Os resultados foram avaliados através da comparacao do grupo controlo (ML-C, n=10) e
0 grupo de obesidade durante a gravidez (ML-MO, n=8). Esta comparacdo foi efetuada
no tecido total e nos l6bulos esquerdo e direito do figado separadamente. Foi utilizado o
teste estatistico mais pertinente e valores com p < 0.05 foram considerados significativos.

A obesidade durante a gravidez induziu alteracbes no metabolismo hepatico
através do aumento da razdo NAD*/NADH (devido a diminuigdo dos niveis de NADH),
diminuindo a atividade da PKA e a expressao proteica do PPAR-y. Ainda que ndo tenha
sido encontrada qualquer variacéo nos indicadores de conteudo mitocondrial (atraves do
numero de copias de ADN mitocondrial, atividade da citrato sintetase, e expressao
proteica do TOM20 e VDAC), a abundéancia relativa de varias subunidades dos
complexos da cadeia respiratoria  mitocondrial  encontra-se  diminuida.
Surpreendentemente a atividade dos complexos | e IV estava aumentada com a obesidade
durante a gravidez, enquanto que a do complexo Il estava diminuida, seguindo a tendéncia
da expressdo proteica. Apesar de ndo existirem alteragdes na quantidade de mitocondrias,
a fusdo mitocondrial esta diminuida e a fissdo aumentada, sem alteracGes na biogénese
mitocondrial. A obesidade durante a gravidez resulta num aumento da peroxidagdo
lipidica hepética (maiores niveis de MDA), uma diminuicdo da razdo GSH/GSSG e um
aumento da atividade da SOD, enquanto as atividades da catalase esta diminuida e a da
glutationa redutase e da glutationa peroxidase estdo comprometidas. O fluxo autofagico,
medido através da razdo LC3-11 / LC3-I, estd aumentado apesar da diminuicdo das
atividades das catepsinas e da expressdo proteica da Beclin-1 e Bcl-2, sem alteragfes nos
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niveis de p62. Ainda, a fosforilagdo da Bcl-2 na Thr 56 esta aumentada devido a obesidade
durante a gravidez.

Em conclusdo, a obesidade antes e durante a gravidez leva a alteragdes
mitocondriais hepaticas, aumentando o stress oxidativo, a degradacdo de mitocondrias e
induzindo um desequilibrio no estado oxidativo do figado, o qual pode exacerbar
disfungdes mitocondriais e predispor para doencas metabolicas. A monitorizacdo da
funcdo hepatica durante a desafiante janela da gravidez pode fornecer novas pistas sobre
a origem das doencas hepaticas.

Palavras-chave: obesidade materna; gravidez; metabolismo; disfuncéo
mitocondria; figado; NAFLD; ovelha
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Chapter 1 - Introduction

1.1 Maternal obesity: a burden for the rest of the life?
1.1.1 Obesity, a multifactorial disease

Obesity is a chronic condition that results from an unbalance between energy
uptake and energy expenditurel. Several factors contribute to the development of this
condition, namely social, behavioral, physiological and metabolic/molecular attributes?.
The multifactorial nature of this disease turns it in an embarrassing condition affecting a
huge percentage of world population®. Nowadays, obesity is probably the biggest problem
in public health all over the world*. Obesity is highly related to the development of several
other disorders, such as Type 2 Diabetes (T2D), Cardiovascular Diseases (CVD) and
various types of cancers, that might lead to increased overall mortality®*.

Obesity is defined according to the Body Mass Index (BMI), a ratio of a person’s
weight (in kilograms) and the square of height (in meters). A BMI over than 25 kg/m? is
considered overweight and 30 kg/m? or greater as obesity (class I 30<BMI<35; class II
35<BMI<40; class III BMI>40)*. However, BMI stratification fails in some cases
because it ignores other factors such as the location of adiposity, individual characteristics
and muscle mass. Other methods such as dual energy X-ray absorptiometry, magnetic
resonance imaging (MRI) and computerized tomography present more accurate results
but they are more expensive®.

During evolution, several genes that determine fat storage became essential as a
survival advantage in starvation periodst. The need of a system that was able to store the
excess of energy led to the development of the adipose tissue?. However, the alterations
in lifestyle and diet in the last decades compromised this evolutionary adaptation leading
to the increase of obesity incidence?. In humans, the adipose tissue is divided into brown
adipose tissue and white adipose tissue. The last is responsible for fat storage and is
composed by fibroblasts, preadipocytes and macrophages?. In obesity, white fat
accumulation induces adipocytes hypertrophy and hyperplasia leading to a decrease in
insulin receptors’ density and an increase in beta-3 adrenergic receptors’®. This
adaptation facilitates monocytes diapedesis to visceral adipose stroma initiating a
proinflammatory status, increasing reactive oxygen species (ROS) production, inducing
insulin resistance and pancreatic beta cells apoptosis?. Together, these events and the
generation of several lipid intermediates induce a state of lipotoxicity, causing anatomical
and functional damage in several cell types®°.

There are several physiological factors that predispose to obesity, including subtle
variations of the endocrine system, the digestive system and (epi)genetics regulation®.
Recent studies demonstrated that the microbiota can also regulate metabolism and
adiposity'®2, The ratios between Bacteroidetes and Firmicutes populations appears to
be a crucial factor in obesity, which is related to an increase in the Firmicutes
population®!. In fact, it is believed that these bacteria metabolize the consumed food more
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efficiently than Bacteroidetes, which results in weight gain''. One study as shown that
replacing normal mice microbiota with the microbiota from obese mice resulted in
increased obesity*2. Hereditary factors are also very important in obesity development.
So far, 140 genes have been identified that are associated with the regulation of the
individual weight?3. Indeed, several genetic syndromes are associated with hyperphagia,
e.g. the Prader-Willi syndrome*.

Numerous evidence suggest that women’s nutrition and health status during
pregnancy can modulate the offspring risk factor to develop chronic diseases later in
life'*. This can contribute to the perpetuation of a vicious cycle that can explain the
continuous increase in obesity incidence. Pregnancy itself, is a demanding process that
requires critical maternal adaptations to support the gestation of a new life in the womb
and can be regarded as a metabolic challenge for the mother. When the mother is obese,
she already holds an altered metabolism, thus becoming pregnant and support fetus
development can be a metabolic challenge too demanding for this already weakened
organism and push it out the plasticity limit triggering unrecoverable alterations that lead
to disease in the mother. Furthermore, historical reports have already associated
alterations in nutrition and metabolic conditions to the increase of pregnancy-related
complications and offspring disease development®®.

1.1.2 Looking to the past, the historical relevance

Pregnancy is described as a sensitive period in women life all over the history617,
Many factors have been pointed as crucial for a successful pregnancy, such as the ideal
gestational weight gain, which still not consensual and has been changing in different
guidelines over time.

During World War 1, with the decline in food supply, a decrease in incidence of
pre-eclampsia was observed that led to medical guidelines advising the restriction of
weight gain in pregnant women'®. However, a nutritional deprivation during the Dutch
famine in 1944 led to several complications throughout pregnancy, including an increased
incidence of stillbirths, low birth weight and infant mortality8. These factors went against
the previous guidelines leading to a liberalization of the gestational weight gain.
Nowadays, the dogma has changed and the popular idea of “eating for two” is well
accepted 8,

In 1990 emerged the first guidelines for the minimal weight gain during pregnancy
proposed by the Institute of Medicine (IOM)*. The ensuing large increase in obesity
incidence led to a review of these guidelines in 2009%. In this occasion, the IOM
suggested not only a minimum but also a maximum weight gain. In addition, the
guidelines were adjusted according to the women’s BMI, a classification adopted by the
World Health Organization (WHO) already described in section 1.1.1.
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1.1.3 Obesity Epidemiology: to understand the present

Obesity has been increasing worldwide over the last 30 years mainly in developed
and developing countries*?, This trend is also followed by the increasing prevalence of
childhood overweight, supporting the hypothesis of a vicious cycle involving maternal
obesity and the consequent overweight of the offspring (Figure 1.1).

In Portugal a similar trend is observed regarding the increase of obesity prevalence
affecting, so far, 61.8% of male and 56.6% of female total populations 22723, In Portuguese
women, overweight and obesity conditions increase with age affecting a significant
percentage of the population in the reproductive age (Figure 1.2)?%. Although there are
several complications described for the obese mother and their offspring that may result
from being obese during pregnancy, the percentage of pregnant overweight and obese
women still increasing all over the world. In the last 30 years conception by overweight
women increased 24%, a variation from 30% of global pregnancies in 1983 to 54% in
2011 (Figure 1.3)*. This results mainly from the increasing obesity incidence. In addition,
48% of all pregnant women exceed the gestational weight gain recommended by IOM?,
Obese and overweight women are twice likely to surpass IOM guidelines®®.

1.1.4 Maternal Obesity During Pregnancy: a risk too heavy?

Overweight during pregnancy is a risk for both maternal and fetal health and this
risk increases as the maternal BMI increases?’. The health complications that may result
for the mother can occur at long-term, far beyond the perinatal period?®. Maternal obesity
is related to increased odds ratios for future development of maternal obesity, metabolic
syndrome, T2D and CVD?. Several physiological, cellular and molecular mechanisms,
involving genetics, nutrition, oxidative stress, insulin resistance, inflammatory changes
and vascular alterations, might be behind long-term disease development. Maternal
obesity is also associated with a higher risk of developing pregnancy-related disorders.
Those complications include gestational diabetes mellitus (GDM), hypertensive
disorders, venous thromboembolism, cesarean delivery, wound infection and postpartum
anemial’,

Obese women are 4.8 to 8.7 times more likely to develop gestational
hypertension?. Curiously, gestational hypertension has higher incidence rates in obese
white women than in obese African Americans, although the inverse occurs in healthy
women?’. Epidemiological studies also associate an increased risk of developing pre-
eclampsia with obesity. The risk is 3-fold higher in women with BMI of 30 kg/m? and 5-
fold higher with BMI of 35 kg/m? compared to lean women?’. In addition, pre-eclampsia
itself is related to future maternal CVD development!®Y’. Pelvic pain is a usual disorder
during late pregnancy caused by the increase of fetus weight. Pelvic pain prevalence
increases directly with increasing BMI. The odds ratios are increased to 1.4 in overweight
women, 1.7 in obese women with BMI between 30 and 35 kg/m? and 2.3 for obese women
with BMI over 35 kg/m? %8,
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Gestational diabetes mellitus is characterized by the development of a state of
insulin resistance that only happens during pregnancy. It is not only associated with
women who were overweight or obese before pregnancy, but also with excessive weight
gain during the gestation!’. Commonly, GDM is diagnosed between 24 and 28 weeks of
pregnancy by screening blood glucose fluctuations after the ingestion of a high dose of
glucose. Women with a pre-pregnancy BMI of 30 kg/m? have 2.90 to 4 higher risk of
developing GDM compared to lean women, while this risk is 5.55 to 9-fold higher for
pre-pregnancy severe obese women?®-3l, Diet and physical activity showed positive
effects in reducing GDM?*.

Obesity is also associated with increased risks of several complications during
delivery. It was reported that the first stage in labor is significantly longer in obese women
and that it is less probable that these women fully complete this stage’. Cesarean delivery
risk is also increased 1.41-fold in overweight and 1.75-fold in obese women, usually
associated with numerous delivery complications such as protracted labor and
cephalopelvic disproportion that result from fetal macrosomia®2. Cholesterol deposits in
the myometrium of obese women can also affect contractions since an increase in soft
tissue inside the pelvis may explain the higher rate of cesarean delivery and the lower
response to oxytocin administration®e.

In addition, fetus of overweight women present an elevated risk of incidence of
structural birth defects, including neural tube defects, prematurity, macrosomia,
hypoglycemia and birth injury from shoulder dystocia, and stillbirth'’. Preterm birth prior
to 28 weeks happens 2.99 times more in obese women with BMI over than 40 kg/m? when
compared to normal weight women®3, Neonatal mortality is more common in overweight
and obese mother and, when combined with preterm premature rupture of membranes,
the risk of incidence is even higher, reaching 3.5-fold in overweight women and 5.7-fold
in obese women?*. Stillbirths occurrence is also increased, being twice more likely to
happen in obese women. These odds are even higher in black women'’.

Table 1.1 — Prevalence Increased risk for several pregnancy-related disorders in function of BMI.

Increased risk (compared to normal-weight women)
Condition Overweight Obesity Severe Obesity

(25-29.9kg/m?) (30—34.9kg/m?d) (> 35 kg/m?)
Gestational hypertension 45-8.772%
Pre-eclampsia 3% 5
Gestational Diabetes 3.76 % 29423 5.55 — 9 2930
Pelvic Pain 1.4 %8 1.7% 23%
Cesarean Delivery 1.41 %2 1.75%
Preterm Birth 2.99 %
Premature rupture membranes 25 3 5 73
with neonatal mortality
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Several evidences suggest that the womb environment can predispose the
offspring for the development of future disorders such as obesity, metabolic syndrome,
asthma, autism spectrum disorder, attention-deficit, hyperactivity disorder and cardiac
diseases that may arise even during childhood of the offspring'’. The combination of
obesity and GDM represents an even higher risk of disease development for the
offspring'’. The above-mentioned epidemiological studies, summarized in Table 1.1,
highly relate maternal obesity with maternal and fetal disease. Therefore, better
understanding of the pathways involved in the pathogenesis of maternal obesity is
essential, only then it will be possible to develop appropriate and tailored therapeutic
approaches to minimize, or even completely abrogate, the harmful consequences of
obesity during pregnancy to the maternal and fetal health.

1.2 Pregnancy: a metabolic challenge

Pregnancy is a period characterized by several body adaptations mainly related to
the needs for supporting the healthy development of the fetus, being thus a time of high
energy demand®. For example, maternal heart rate rises, cardiac output increases 40%
and the peripheral vascular resistance decreases®. In order to maintain the ideal supply
of metabolic fuels, the women body suffers metabolic and endocrine adaptations?>.

One of the pregnancy progress hallmarks is weight gain. Although it is a highly
variable factor in each women, it is an important adaptation which provides the nutritional
support to a healthy fetal development?8. The gestational weight gain is the sum of fetal
and maternal tissues development, including the placenta and amniotic fluid, as well as
increase in blood volume, mammary glands and maternal adipose tissue®®.

Energy intake and energy expenditure are essential components in energy balance.
During pregnancy, the energy requirements increase over time to support fetal
development?8, in average 375, 1200 and 1950 kJ/day for the first, second and third
trimester, respectively®®. Usually, there is an increase of 12 kg in women weight during
pregnancy, in which 3.7 kg are fat accretion®. While energy requirements increase with
the progress of pregnancy, fat accumulation does not. Average rates of fat accumulation
are 8 g/day in the first trimester, 26 g/day in the second trimester and a variable number
between 7g/day and 23 g/day has been reported for the third trimester®®. Maternal fat mass
accumulation depends on individual factors, such as race, ethnicity and nutrition®, which
can explain the discrepancy of fat accumulation in late pregnancy®. Fat can be deposited
into visceral (central) and subcutaneous (peripheral) adipose tissue®®. Fat accumulation in
visceral adipose tissue and around other tissues such as liver, pancreas and heart is well
correlated to the risk of developing disorders such as CVD, insulin resistance and
metabolic syndrome®3’. In healthy women, fat is mainly accumulated subcutaneously in
the hips and thighs before it starts to be deposited in visceral adipose tissue during late
pregnancy. However, in obese women with significant subcutaneous fat, fat tends to
accumulate in visceral adipose tissue during all phases of pregnancy?®.
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Lipid metabolism during pregnancy can be split into two separated periods: during
the first half, triglycerides (TG) are synthesized and stored as energy reserves in maternal
adipose tissue; during the second half of the pregnancy, lipids are mobilized to the
peripheral tissues preparing for lactation®. As a consequence, circulating TG and
cholesterol levels increase during pregnancy in the form of very-low-density lipoprotein
(VLDL) and low-density lipoprotein (LDL), while circulating free fatty acids (FFA)
decrease with pregnancy progression when compared to preconception levels?®. These
factors lead to an hyperlipidemic environment in the mother-fetus interface®.

A study in women about the fat distribution during pregnancy showed that
individuals who gain more visceral fat during the beginning of gestation are more likely
to develop impaired glucose tolerance®. Another study in a rodent model demonstrated
that visceral fat removal before pregnancy reduce the risk of insulin resistance
development®’. The stimulus for body composition changes, physiologically required
during pregnancy, might represent an ultimate challenge for the compromised
metabolism of an obese woman. Therefore, a better understanding of the mechanisms that
lead to fat accumulation in obese women during pregnancy might be pertinent to explain
the metabolic and inflammatory alterations that contribute to disease development during
and after an obesogenic pregnancy.

1.2.1 Pregnancy in obese women: is that different?

Obese pregnant women usually gain a smaller percentage of gestational weight
comparing to healthy individuals. It is reported that during the late phases of pregnancy
there is an increase in plasma circulating TG levels, TG related lipoprotein levels, plasma
cholesterol and FFA levels independently of the BMI of the mother?. Studies showed
that the energy costs of any pregnancy are directly dependent on the pre-pregnancy BMI,
and that the main cause for differences is the amount of fat accumulated®. In accordance,
IOM guidelines suggest that the ideal gestational weight gain must take in consideration
the maternal BMI (11.5 to 16 kg for a normal pregnancy, 7 to 11.5 kg for overweight
women and 5 to 9 kg for obese women).

Globally, 89% of women with normal-weight BMI become overweight or obese
five years after a pregnancy“°. This fact implies that in a second pregnancy a substantial
part of women does not have the ideal initial weight®®. Several studies suggest that
metabolic and endocrine alterations during pregnancy persist and play a role in maternal
health even after delivery.

1.2.2 Maternal Obesity: the whole picture

Pregnancy and Obesity are two different conditions that involve hormonal
adaptations that are fundamental for the homeostasis of these physiologic processes
(Figure 1.1)%. Apart from the traditional endocrine glands, several tissues can contribute
to these hormonal alterations, namely liver, pancreas, skeletal muscle and adipose tissue,
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among others®. Indeed, adipose tissue not only stores TG, but it also produces crucial
substances that have endocrine, paracrine and autocrine functions including, for example,
adipokines or adipocytokines such as plasminogen activator inhibitor-1 (PAI-1), tumor
necrosis factor-alpha (TNF-a), resistin, leptin and adiponectin®.

During pregnancy the placenta plays an essential role on endocrine regulation
through the production of several hormones released at specific time-points, e.g. human
chorionic gonadotropin, human placental lactogen and placental growth hormones®.
Steroid hormones are also essential to regulate pregnancy. The sexual hormones estrogen
and progesterone levels are increased when compared to non-pregnant women?®. Steroid
hormones are produced in the ovaries only during the first 8 to 9 weeks of pregnancy.
Following this time period, the placenta controls the synthesis of these hormones from
cholesterol?®. Because de novo synthesis of cholesterol is very limited in placenta, steroid
hormone production depends on the cholesterol available in maternal circulation®.
Cholesterol uptake in placenta is mediated by two transporters: metastatic lymph node
protein 64 (MLNG64); and translocator protein (TSPO)*243,

The increased levels of steroid hormones in circulation, particularly estradiol and
progesterone, facilitates TG metabolism, energy storage and mobilization**. Estradiol
also stimulates TG circulating levels by up-regulating VLDL secretion in liver®. After
the first trimester of pregnancy the maternal cortisol concentrations double, leading to an
increase of FFA concentrations and promoting pancreatic insulin secretion, which exerts
diabetogenic effects®®. During gestation in obese individuals a huge decrease in the
circulating levels of steroid hormones is observed. This decrease is particularly significant
during the late phases of pregnancy, when progesterone and estradiol placental production
decreases 20% 2°. This hormonal feature in obese women is probably a consequence of a
decreased TSPO expression in placental mitochondrial membranes®.

Insulin also plays a crucial role in the metabolic adaptations during pregnancy. Its
production rates well as its mechanisms of action are altered®. During pregnancy, women
present a high sensitivity to food deprivation and to short-term fasting, which leads to a
relative fasting hypoglycemia, hyperlipidemia and hypoaminoacidemia, therefore
inducing a mild diabetogenic state*. These alterations are mainly caused by a natural and
general insulin resistance at the level of several tissues. However, the mechanisms
underlying the development of insulin resistance are not yet well described. It has been
hypothesized that alterations at the level of the maternal-fetal interface might induce such
adaptations?®.

One of the proposed mechanisms is the development of a low grade inflammation
state induced in placenta and adipose tissue by the production of cytokines, e.g. IL-6, that
are released to maternal circulation*’. 1L-6 can act as counter regulator of genes such as
IRS-1 which can interfere with insulin resistance. It is known that cytokines cannot cross
the placental barrier and, therefore, it is unlikely that they do interfere with fetal
development?. In addition, there is an increase in Toll-like receptor 4 (TLR-4) protein
and mRNA levels in the adipose tissue during pregnancy®®. TLR-4 is activated by
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saturated fatty acids and it has been proposed as the link between inflammation and
insulin resistance*®.

In normal conditions, insulin is a crucial hormone in the regulation of glucose
metabolism and glucose plasma levels. It promotes glucose uptake in skeletal muscle,
adipose tissue and liver, and suppresses hepatic glycogenolysis and gluconeogenesis®.
During insulin resistance the pancreas is stimulated to increase insulin secretion to
counteract defects in glucose uptake and to decrease hepatic glucose production®,
Obesity is a condition that highly affects these regulation mechanisms. During the late
stages of pregnancy in obese women the severity of insulin resistance is 2 to 3-fold higher
than in healthy women®!. This leads to an increased reliance on lipid substrates as energy
sources and to greater adipose tissue mass®. Carbohydrate oxidation decreases
progressively during gestation while fat oxidation increases until 5 times®?, probably as a
response mechanism in order to decrease fat accretion. In addition, insulin promotes de
novo lipogenesis (DNL) in liver, being associated with Non Alcoholic Fatty Liver Disease
(NAFLD) development and the promotion of TG accumulation and hepatic steatosis®.
On the other hand, FFA oxidation leads to mitochondrial dysfunction by the uncoupling
of mitochondrial respiration and increased ROS production®. Indeed, increased placental
ROS production has been reported in pregnancies of obese women>~.

The dysregulation of the mechanisms controlled by insulin can trigger the
development of T2D and fasting hyperglycemia®. NAFLD and T2D are commonly
related since insulin prompts fibrogenesis by stellate cells®® and can induce Non Alcoholic
Steatohepatitis (NASH). The stimulation of de novo lipogenesis and palmitate synthesis
increases the risk of lipotoxicity and, consequently, hepatic injuries®’.

Glucagon is produced by pancreatic alpha cells and has an effect contradictory to
that of insulin. It stimulates glucose production, inhibits glycolysis, increases peripheral
lipolysis and fatty acid oxidation and can also be involved in amino acid metabolism®®,
Increased glucagon secretion is associated to the accumulation of fat in liver®® which, in
turn, may have a crucial role in the development of hyperglucagonemia through
mechanisms that are still not yet fully understood®°.

Adiponectin is a cytokine that is only expressed by differentiated adipocytes and
can decrease inflammation by inhibiting NF-kB and TNF-a expression in macrophages,
for example. Its expression is usually inversely proportional to the levels of inflammatory
molecules such as C-reactive protein (CRP)®. In opposition, high levels of inflammatory
molecules such as TNF-o or IL-6 can also inhibit adiponectin expression and secretion?.
Adiponectin expression and release is a process well-regulated and its serum levels are
determined by the metabolic status: they are increased during a high-carbohydrate diet®?;
and decreased when adipocytes become insulin-resistant®. In addition, the decrease in
expression of adiponectin mMRNA occurs due to gene methylation in the adipose tissue®.
Reduction in plasma adiponectin levels are also associated to liver fat content and hepatic
insulin resistance®. High levels of adiponectin improve insulin sensitivity, decrease the
flow of FA and induce their mitochondrial oxidation. Although adiponectin levels are
always higher in pregnant than in non-pregnant women, they decrease during gestation in
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parallel with the increasing insulin resistance®. Adiponectin levels are decreased in obese
women and they are inversely proportional to maternal BM1%4,

Leptin is another cytokine produced by the adipose tissue that has a crucial role in
the regulation of body weight and fat mass®®. It is related to the content of TG by
controlling lipid metabolism through the inhibition of lipogenesis and the induction of
lipolysis, consequently, decreasing lipid content in skeletal muscle, pancreatic cells and
liver, and improving insulin sensitivity®”. The main controller of leptin plasma levels is
glucose metabolism, although catecholamines and glucocorticoids can also influence
leptin production®. High leptin levels are associated with less insulin secretion and
glucose uptake as well as with an increase of gluconeogenesis®®.

Plasma leptin levels are increased two-fold during pregnancy, a unique time
window in which it is produced not only by adipose tissue but also by the placenta®. An
increase in leptin plasma levels also occurs in obesity probably as an attempt mechanism
to induce weight loss®”. Leptin levels are also increased in obese pregnant women despite
no changes in mMRNA expression were observed®. This suggests a lower metabolic
plasticity during maternal obesity comparing to healthy pregnancies. In fatty liver
diseases higher levels of plasma lectin are also observed and are well-related to the
severity of the disease’®. Leptin can recruit macrophages, stimulating their phagocytic
activity and inducing cytokines production, leading to inflammation’®. Also, leptin is able
to stimulate endothelial and smooth muscles cells proliferation and migration inducing
oxidative stress and vascular inflammation?.

Adipsin is another protein characteristic of obesity that is produced in adipocytes
and associated with insulin resistance, dyslipidemia and CVD®’. Adipsin regulates the
rate of FA uptake by adipocytes, and therefore their accumulation of TG, through a
pathway dependent on the action of lipoprotein lipase’. Several other adipokines,
including visfatin, omentin and apelin, are also upregulated in obesity?. Angiotensinogen
Is also expressed in adipose tissue, mainly in the visceral adipose tissue, and its levels are
correlated to the severity of the metabolic syndrome®’. Plasminogen activator inhibitor-1
(PAI-1) is an inhibitor of plasminogen activators in blood and is linked to insulin
resistance and increased levels of pro-inflammatory citokines®. Both angiotensinogen and
PAI-1 regulate adipose tissue blood supply and the FA flow from it2.

Inflammation is associated with obesity and insulin resistance. During maternal
obesity, the expression of macrophage-specific markers such as CD68, EMR1 and CD14
in the adipose tissue and the placenta is increased 3-fold due to the infiltration of activated
macrophages”. The increased FFA levels characteristic of hyperinsulinemia conditions
can trigger the activation of TLR4 signaling pathways and lead to chronic inflammation’.
Indeed, the plasma levels of the inflammatory cytokines CRP and IL-6 are increased by
30% in pregnant obese women. Interestingly, TNF-o levels present no alterations’®,
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TNF-a is associated with the development of insulin resistance, linking obesity
with diabetes and participating in the pathogenesis of obesity-associated metabolic
syndrome?. TNF-a effects in insulin sensitivity are explained by its stimulation of the
release of FFA from adipocytes, the inhibition of adiponectin synthesis and the
interference with tyrosine-residue phosphorylation systems’’. TNF-a also activates
nuclear factor kB (NF-«kB), stimulating the progress of inflammation in the adipose
tissue’’. Resistin circulating levels are also traditionally related to the degree of
adiposity’8, and this adipokine constitutes another link between diabetes and obesity’. IL-
6 is another inflammatory cytokine produced by macrophages and adipocytes that
influences glucose tolerance and blocks adiponectin secretion®”. IL-6 increases
gluconeogenesis and glycogenolysis while it inhibits glycogenesis leading, therefore, to
an elevation of TG levels®’. IL-6 circulating levels are also well correlated to BMI and
insulin resistance’’.

Hepatic tissue seems to play an important role in all these processes of endocrine
regulation. It is a tissue that, due to its metabolic plasticity, can switch its activity
according to the body's hormonal context. Thus, liver might be an ideal organ to evaluate
the metabolic adaptive events caused by obesity during pregnancy and provide a
metabolic overview that can be useful in the prediction of future pathologies.
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1.3 Liver: the key organ in metabolism

The liver is one of the largest organs, in humans is composed by two lobes and
represents 2 to 3% of the total body weight. Each lobe can also be divided into four
segments which possess different levels of vascularization’. The liver plays a crucial role
in pregnancy, obesity and in the metabolism, homeostasis and redistribution of amino
acids, carbohydrates and lipids, being able to regulate the body’s energy balance and
weight®. Liver is an organ highly exposed to toxic substances and is responsible for their
metabolization, being thus a frequent victim of its toxicity®..

Moreover, the liver is a highly vascularized organ that, at rest, receives more than
25% of the total cardiac output. The hepatic artery is responsible for 25 to 30% of the
liver blood supply and divides in left and right hepatic arteries each one connecting to its
respective lobe. The right hepatic artery originates the cystic artery that is responsible for
the vascularization of the gallbladder’.

Liver damage is usually a result of hepatocytes’ damage, hepatic tumor and/or
lipid accumulation®®. In the present work it is hypothesized that pregnancy can exacerbate
the hepatic lipid accumulation characteristic of obesity and trigger further hepatocytes’
damage.

1.3.1 Anatomic alterations: two lobes with different roles?

The portal vein provides between 70 to 75% of total liver blood supply. The portal
vein is valveless, so it represents a low- and variable-pressure system which pressures
usually range between 3 and 5 mm Hg. Similarly, to the hepatic artery, the portal vein
also divides in left and right portal vein and each of them has different characteristics.
The left portal vein presents a longer extrahepatic course and commonly divides in
branches that are initially connected to segment 11 and then divided to the other segments.
On the contrary, the right portal vein quickly divides to the different segments of the
liver's right lobe”.

Intrahepatic veins are responsible for venous drainage in liver. The left and middle
hepatic veins either drain into inferior vena cava directly or by forming a short trunk
before doing so’®. The right hepatic vein is usually larger and presents a short intrahepatic
course before directly draining into inferior vena cava’®.

In addition to the differences in the liver lobes’ vascular system, other
observations suggest that the right and left lobes might play some different roles. Post-
operative complications after hepatic transplant are more common in right lobe liver
donors®. Furthermore, magnetic resonance imaging in patients with cirrhosis
demonstrated a inhomogeneous distribution of liver function® and healthy patients
presented differences in the distribution of several radiopharmaceuticals between liver
lobes using single photon emission computed tomography®. Other factors, such as
greater presence of catecholamines and higher sympathetic nerve density in the liver right
lobe also suggest different undertakings in each lobe®*. Despite all these observations,
there is not a consensual explanation about liver lobe-dependent differences in metabolic
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activity. Maternal obesity effects might be different in each liver lobe both at the level of
anatomic alterations and of the regulation of cellular and tissue homeostatic mechanisms,
it still not known yet.

1.3.2 Effect of pregnancy in liver: role in disease

The liver plays a crucial role during pregnancy and some physiological and
hormonal alterations that are characteristic of pregnancy mimic changes that are also
observed in patients with liver disease®®. Pregnancy-associated liver diseases occur in
more than 3% of pregnant women, being the major cause for liver dysfunction in
pregnancy®. Two different scenarios are possible: the women develop disease during
pregnancy or they exacerbate a pre-existing liver disease during pregnancy®. A high
mortality rate is associated with pregnancy-related diseases, so a quick and good
diagnostic is essential to ensure maternal and fetal health®,

Although there is a rise in blood volume during pregnancy and the liver is a highly
vascularized organ, the blood flow in this tissue remains constant during gestation®. A
compression in the inferior vena cava, due to the enlargement of uterus, and a decrease in
the venous return have been described in pregnancy®.

At the cellular level, an increase of endoplasmic reticulum was reported during
pregnancy with altered production and secretion of proteins into blood circulation, so
plasma biochemical analysis should be performed minutely®®. Alkaline phosphatase
(ALP) levels are increased during the third trimester of gestation due to its synthesis in
placenta as a result of fetal bone development®®. The alpha fetoprotein (AFP) is also
increased since it starts to be secreted by the fetal liver®®. Fibrinogen and clotting factors
(1, 11, V, VII, X and XII) are increased during pregnancy, leading to the recognition of
pregnancy as a pro-coagulant state®®. Other molecules’ levels in blood, e.g. transaminases,
bilirubin or prothrombin, normally do not undergo flutuactions during pregnancy?.

Hepatic complications can occur in early pregnancy (e.g. hyperemesis
gravidarum) or in late pregnancy (e.g. acute fatty liver of pregnancy (AFLP); pre-
eclampsia with hepatic involvement including hemolysis, elevated liver enzymes and low
platelets (HELLP) syndrome; liver rupture and intrahepatic cholestasis of pregnancy
(ICP))%. ICP is the most common liver related complication during pregnancy and has a
high incidence rate in subsequent pregnancies®. HELLP syndrome is characterized by an
increase of 2 to 30 times in alanine transaminase (ALT) and represents 22% of the cases
with alterations in liver functional tests in pregnant women 8. HELLP syndrome is
considered a severe form of pre-eclampsia, occurring in 10 to 20% of pre-eclampsia
cases®’.

The liver is responsible for the synthesis of TG during the first half of pregnancy,
in order to store energy, and then controls the lipid oxidation and the energy production
from fatty acids?. During the second half of pregnancy, the rate of fatty acids oxidation
in the liver is increase to fulfill the energy requirements®®. AFLP is characterized by
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mitochondrial hepatopathy and it is directly related to a defect in mitochondrial beta
oxidation of fatty acids®. AFLP is usually a result of a genetic deficiency in long-chain
3-hydroxyacyl-Coenzyme A dehydrogenase (LCHAD), that is a crucial part of the
mitochondrial trifunctional protein complex of the inner mitochondrial membrane®, and
leads to an increase in long-chain fatty acids’ levels®. Since preeclampsia occurs in 40%
of AFLP cases and is highly related to oxidative stress in liver, it might represent a trigger
for liver steatosis and mitochondrial dysfunction®®. After pregnancy, maternal health
recovery may be facilitated due to the absence of the placental production of toxic
metabolites and oxidative stress species®.

Although liver disease during pregnancy affects a small portion of pregnancies, it
represents a pathological group with significant morbidity and mortality®®. Better
knowledge of the mechanisms behind the development of these disorders is crucial for
improving the number of successful pregnancies in these women. Since obesity is a
metabolic burden for the organism, the alterations induced by pregnancy, mainly in lipid
metabolism, can more easily constitute a trigger for the increased probability of
developing liver-related diseases in obese pregnancy.

1.3.3 Liver metabolic function: link between obesity and pregnancy

The liver is an essential organ in carbohydrate and lipid metabolism regulation. It
is highly associated with satiety signaling through glucose itself or through the synthesis
of some peptides whose levels are determined by glucose concentrations®. During the
postprandial period, increased concentrations of glucose in the hepatic portal venous
system can trigger signaling mechanisms and regulatory pathways such as the promotion
of food intake, the decrease in energy expenditure or the increase in fat storage®.

Fatty acid oxidation in the liver can also be involved in weight regulation, a
process sensible to fatty acids’ length affected in maternal obesity. In fact, human and
animal studies suggest that increased levels of medium-chain triglycerides are able to
induce satiety and promote energy expenditure, slowing weight gain®. Medium-chain
triglycerides can be directly absorbed in the hepatic portal vein and quickly oxidized by
hepatic B-oxidation®?. This factor links directly weight regulation with fatty acids length
and oxidation which are influenced by diet, intestinal metabolism and lipid transport®.

In addition, an increase in the ROS levels in liver, mainly superoxide anion, and
their reaction with nitric oxide leading to peroxynitrite formation, causes a decrease in
the nitric oxide levels that leads to vasoconstriction in the hepatic vasculature?®. Thus,
high ROS levels in liver are usually associated with hepatic injury. Moreover, the rate of
secretion of several liver enzymes is also commonly used as a marker of liver damage®.
Alterations in the circulating levels of proteins such as aminotransferases (Aspartate
aminotransferase — AST, Alanine Aminotransferase — ALT), alkaline phosphatase (ALP),
gamma glutamyl transferase (GGT) or Lactate Dehydrogenase (LDH) are used as liver
health markers®.
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Lipid metabolism alterations are common in several conditions, namely in obesity
and pregnancy. In both, fatty acids’ accumulation is a common pathway that can lead to
hepatic injury and steatosis. NAFLD is usually the liver phenotype of an obese organism.

1.4 NAFLD: steatosis as a natural role in maternal obesity

Obesity alters many metabolic functions in the liver and is associated with
inflammation and NAFLD-associated steatosis development®. These conditions may
progress to several other liver complications such as hepatitis C which, in turn, can
develop to cirrhosis and hepatocellular carcinoma (HCC)®. NAFLD is present in up to
90 % of obese individuals®.

NAFLD is the major cause of chronic liver disease in the world and its incidence
still increasing mainly due to the epidemic rise in obesity incidence®. NAFLD is
characterized by more than 5% of hepatic fat infiltration and can evolve to severe states
associated with necro-inflammation and fibrosis in liver®”. NAFLD is a consequence of
an excess of metabolic substrates availability that initially leads to alterations in the
dynamics of body regulation between liver and adipocytes and then with other organs®.
In NAFLD, FFA are absorbed in hepatocytes and accumulated in lipid droplets under the
form of TG which activate the c-Jun terminal kinase pathway and induce insulin
resistance™’.

Currently, the gold standard method for NAFLD diagnosis is a quite invasive
process consisting of liver biopsy followed by the quantification of lipid accumulation
using histology. So far, blood analysis diagnosis are inconclusive since molecules and/or
enzymes already associated with NAFLD might present changes due to other processes
in the organism®. The search for a better and trustworthy diagnosis using specific
biomarkers is a priority of many researches.

Several factors are associated with the development of the NAFLD phenotype,
namely nutrition, genetic predisposition and environmental conditions®. Pregnancy is a
period in which the body is under stress and several metabolic changes occur?®. Thus, in
obese woman, pregnancy can be a trigger for hepatic dysfunction, especially when they
already present a fragile balance, as occurs in NAFLD. Consequently, pregnancy may
exacerbate pre-conception states of hepatic dysfunction.

1.4.1 Epidemiology

NAFLD is highly associated with numerous other metabolic diseases such as
metabolic syndrome and visceral obesity. NAFLD presents a high incidence (20 to 30%)
in the general population from developed countries. In some subpopulations the
prevalence is even higher, such as in people with T2D (42.6 to 69.5% in Europe) or with
morbid obesity (75 to 92%)!%°1%1 Since NAFLD is asymptomatic, a silent disease, it is
not possible to perform precise studies that can trustily predict the world real prevalence.
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However, it is well known that NAFLD incidence is increasing at a dangerous rate mainly
caused by the rise in obesity cases, which have doubled since 1960°s%.

Diabetes, hypertension, dyslipidemia and obesity are considered risk factors for
the progression of NAFLD to NASH%1% |n addition, genetic predisposition has been
linked to NASH development. Subjects harboring the PNPLA3 1148M or TM6SF2
genotypes develop liver fibrosis with increased severity®1%, whereas the EFCAB4B
phenotype is associated with lobular inflammation®’. Polymorphisms in the TM6SF2
gene are associated with a 40 to 88% increased risk of developing NAFLD®, A family
history of diabetes is also considered to be a risk marker for the predisposition of patients
to develop NASH’. These facts suggest that genetic analysis can be important to
improve the follow-up of NAFLD and/or to prevent its progression to more harmful
conditions.

Apparently, predisposition to NAFLD is independent of the individual gender!®,
However, some studies show that post-menopausal women have an increased risk of
developing fibroses!®. Aging is indeed correlated to NAFLD!, although this
dependence might be a consequence of the absence of diagnosis due to the asymptomatic
nature of NAFLD, making the discovery of the disease more likely in older people.
Differences in NAFLD prevalence were also dependent of race and ethnicity®.
However, they might be potentiated by other factors such as diet. Hispanics present a
higher risk to develop T2D and, therefore, they appear to have a stronger predisposition
to suffer from NAFLD comparing to Caucasians. However, this tendency is not
maintained for the evolution of the disease towards liver injury!''2, Both the Hispanic
population and the non-Hispanic white population have a higher incidence of NAFLD
and NASH, and fibrosis with increased severity comparing to the African-American
population!t3114,

It is well described that NAFLD can evolve to NASH and then to cirrhosis or
HCC. Indeed, NAFLD is one of the principal causes of HCC in the United Sates and is
almost surpassing the leading cause, viral hepatitis''®. In a 10 years follow-up study of
NASH patients, 20% of them developed cirrhosis and 8% died from liver-related
complications!!®. In another study, 43 out of the 87 patients with NASH developed HCC
without an intermediate state of cirrhosis!*’. NAFLD can also trigger other diseases, being
the cardiac events the main NAFLD-related cause of death!!8,

HCC is the sixth most common cancer in the world and the third cancer-related-
death cause!'®. HCC constitutes a natural progression of NAFLD that may occur
independently of the development of fibrosis. Insulin resistance and hepatic steatosis are
considered the triggers for adipokines’ hormonal changes, oxidative stress, lipotoxicity,
adipose tissue-related inflammation and stimulation of insulin-like growth factor
signaling, factors that lead to the disease progression?,
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1.4.2 NAFLD progression

NAFLD is characterized by a state of liver steatosis with or without low
inflammation levels. If inflammation and ballooning are present the liver is already in a
NASH state. While NAFLD is described as a state with hepatic insulin resistance,
increased fasting glucose levels and an atherogenic profile'?*, NASH is characterized by
an increase of the inflammatory levels of pro-atherogenic cytokines, hyper-coagulable
factors and adhesion molecules!?, It is reported that during a three years period 20 to
30% of the NAFLD cases evolve to NASH, while this percentage increases to 42-44% if
a six years period is considered?®124,

NASH cases in which the liver presents no fibrosis the disease can evolve to a
NAFLD-related cirrhosis, a progression that occurs quickly in 5 to 18% of the cases.
However, if fibrosis is present, cirrhosis development happens in 38% of the cases. They
can also evolve directly to HCC by mechanisms that still unknown!?-127, After this
transition the risk of developing portal hypertension is increased 17%, 23% and 52% after
one, three or ten years, respectively?®. Patients with decompensated liver cirrhosis have
a median survival time of two years and currently the only solution available is a liver
transplant?°,

1.4.3 Pathophysiology

NAFLD is associated to a spectrum of alterations in liver functionality that can
result in an inter-organ deregulation and potentiate diseases in other tissues. Increase in
liver fat content can lead to cardiovascular, kidney and/or metabolic diseases and even
cancer'®, Reports point that insulin resistance has a crucial role in NAFLD development.
NAFLD can impair body dynamics, mainly in circulating lipids and hormones®.

It is well characterized that hepatocytes injury is a consequence of an overload of
primary metabolic substrates, mainly lipids, glucose and fructose!3l. The main source of
fat accumulation in hepatocytes are the circulating free fatty acids, which are a result of
adipose tissue lipolysis and lipoprotein spill over®.

Cholesterol plays a significant role in many human metabolic disorders and is
considered the most lipotoxic molecule*2. An increased accumulation of cholesterol has
been reported in NAFLD and NASH patients®2, It is well documented that cholesterol is
able to induce inflammatory responses by stimulating macrophages to release cytokines,
such as tumor necrosis factor-a and interleukin-6, that activate the NLRP3 inflammasome
pathway**.

As previously described, hormonal alterations also have an impact in liver
homeostasis. Hormones can modulate hepatocyte’s metabolism and their regulatory
actions can be crucial to understand NAFLD. In addition, hormonal regulation is
dependent on several mechanisms, e.g. the hormones released by the gut microbiome,
namely glucagon-like peptide 1 and ghrelin®®%, All the alterations described previously
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have a significant effect in liver homeostasis and the hepatic metabolism is one of the
most affected systems.

1.4.4 Liver metabolism
1.4.4.1 Metabolic flexibility in liver

Hepatic tissue is able to metabolize or produce several crucial nutrients with a
great compliance and can quickly adapt according to the involved circunstances®3,
Modern life style together with foods’ and drinks’ abuse overtakes this original liver
capability of adaptation and adjustability®.

Metabolism in liver can adapt many times each day to maintain the blood nutrient
levels essential to the body homeostasis*®®. As an example, liver can shift lipid
metabolism according to a fed or a starvation period, promoting fatty acid synthesis or
the quick fatty acid breakdown, respectively®®.

1.4.4.2 Lipid Metabolism

Fatty acids are efficient, economic and storable fuel molecules®®®. Fatty acids
present two main roles in the body: they can be used as a fuel storage system after
synthesis from aminoacids and carbohydrates during the postprandial phase; or they can
be absorbed from the diet or released from the adipose tissue and transported to the
hepatic tissue where they are catabolized, which occurs mainly during starvation
periods'®,

After ingestion, fatty acids are absorbed mainly as reconstructed complex lipids
in chylomicrons that are transported predominantly in lymph vessels to the adipose tissue
where they are stored as triglycerides'®. Storage and mobilization of triglycerides are
regulated by several hormones such as glucagon, adrenalin and glucocorticoids®®’.

During the starved state, triglycerides can be broke down in adipocytes originating
free fatty acids that are used as an energy source in the liver'®. In hepatocytes long-chain
fatty acids (LCFA) levels (C12-C20) must be tightly regulated due to their importance in
several signaling, transcription and metabolic pathways!®. Therefore, liver developed
several mechanisms to control fatty acid metabolism (Figure 1.2)%%,

Numerous studies revealed that the protein-mediated transport of fatty acids is the
first step in the control of their uptake rate®*®1%, Fatty acids are then activated to acyl-
CoA and must be transported to mitochondria in order to produce energy by the f-
oxidation!31%, This transport occurs via the carnitine shuttle whose rate is another
control point in lipid metabolism!4. Fatty acids can also have an endogenous origin
through the de novo synthesis pathway, which is regulated essentially by protein
expression'®, Fatty acyl-CoA can also be modified in ER to produce other important
cellular lipids, such as phospholipids and triglycerides, or to be secreted!3>14,
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1.4.4.3 Lipid uptake regulation

Long-chain fatty acids are, indeed, one of the major sources of energy in the
human body and they are essential for the synthesis of molecules such as the
phospholipids!®. LCFA are associated with signaling pathways involving Ca?* release
and Protein Kinase C (PKC) transduction cascades!*?, the regulation of metabolic
enzymes, such as acetyl-CoA carboxylase*® and glucokinase!*+%° and the binding to
several transcript factors that regulate protein expression, e.g. Peroxisome proliferator-
activated receptors (PPARs), Sterol regulatory element-binding protein (SREBP),
Carbohydrate-response Element-binding Protein (ChREBP), Liver-X nuclear receptor
(LXR), Hepatocyte nuclear factor 4 alpha (HNF-4a) and Nuclear factor kappa-light-
chain-enhancer of activated B cells (NF-x[)4°-148,
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Figure 1.2- Hepatic lipid metabolism in fed and starved state.

Relationship between fatty acids uptake, degradation and synthesis are summarized. In the fed state fatty acids are
mainly synthetized from excessive nutrient levels in the blood, and they are stored, exocyted or integrated into other
molecules. In the starved state, fatty acids are mainly released in blood circulation by adipocytes, and they are uptake
and used as energetic fuel by hepatocytes. Red triangles represent crucial steps that control each mechanism; in green
are the different pathways; in blue are represented the metabolites or families of metabolites. Abbreviations: ATP —
Adenosine Triphosphate; CO2 — Carbon Dioxide; ER — Endoplasmic Reticulum; FA — Fatty Acids; FA-CoA — Fatty
Acyl-CoA; FFA — Free Fatty Acids; LD — Lipid Droplet; SFA-CoA — Saturated Fatty Acyl-CoA; TG - Triglycerides;
UFA-CoA — Unsaturated Fatty Acyl-CoA; VLDL — Very Low-Density Lipoprotein.

While short-chain fatty acids can diffuse through the cellular membranes, the
majority (over than 90%) of LCFA cellular uptake is dependent on protein-mediated
transport'4°, Different proteins with distinct functioning mechanisms are responsible for
LCFA transport across hepatocytes’ cellular membrane. Some examples are the plasma
membrane fatty acid-binding protein (FABPpm), the scavenger receptor FAT/CD36
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(fatty acid translocase/ cluster of differentiation 36) and the fatty acid transport proteins
2 and 5 (FATP2/5)8,

FABPpm is a peripheral membrane protein located in outer leaflet of the cellular
membrane!®, This protein is derived from the gene of the mitochondrial aspartate
aminotransferase. However, when it is localized at the cellular membrane it is responsible
for the uptake of fatty acids™%2, A possible mechanism of fatty acid transport by
FABPpm in collaboration with FAT/CD36 was proposed®®, although the response to
different stimuli is dissimilar for both proteins!4*1%+-1%_An important role of FABPpm
in the fatty acids uptake to the cell nucleus has also been described™’.

FAT/CD36 is a protein well known for its role in the uptake of oxidized low-
density lipoprotein in macrophages and for FA uptake in adipose tissue, skeletal muscle
and heart311%8, Recently, FAT/CD36 was also associated with fatty liver disease. In
cells it is localized in the cell surface caveolae, intracellular vesicles and mitochondria.
In mitochondria it is associated to carnitine palmitoyltransferase 1 (CPT1), a key protein
in B-oxidation3%-1€0,

FAT/CD36 expression has been associated with several transcriptional factors,
such as cytosolic aryl hydrocarbon receptor (AhR), and several nuclear hormone
receptors, e.g. pregnane X receptor (PXR), liver X receptor (LXR) and Peroxisome
proliferator-activated receptor gamma (PPARY)'™. Plasma levels of soluble FAT/CD36
were also related to a phenotype of insulin resistance, carotid atherosclerosis and fatty
liver in a study with more than one thousand healthy European subjects'®l. Moreover,
increased FAT/CD36 expression has been linked with AMP-activated protein kinase
(AMPK) activation®®? and with fatty liver disease due to an increase in fatty acid uptake
and TG storage81:141:159.163-165 1n normal conditions, its expression in healthy hepatocytes
is low but it is hugely increased with lipid rich diets, hepatic steatosis and NAFLD,

The mechanism behind FA transport by FAT/CD36 is still not completely
understood, although it is speculated that FABPpm acts like an outsider receptor for
LCFA and then interacts with FAT/CD36 mediating the transmembrane uptake by
facilitating LCFA flip-flop across the bilayer!®.

FATP are a family of proteins involved in fatty acids uptake that can be
differentiated from each other due to the location of genes that encode them and the tissue
where they are expressed'®, In liver four different FATP isoforms (2 to 5) are expressed,
being the FATP-2 and FATP-5 the more abundant!®®. Indeed, FATP-5 is specific to liver
tissue and both FATP-2/5 have been linked to fatty liver diseases*®.

The mechanism of LCFA transport by FATPs is still not completely understood.
FATPs might facilitate the transfer of LCFA by forming homo- or heterodimers!®¢1¢7 On
the other hand, FATPs can also act by inducing LCFA activation, thus stimulating their
uptake. FATPs facilitate the thioester-CoA bond formation that traps the LCFA inside
cells®*®, Association of FATP-1 with ACSL1 (long-chain acetyl-CoA synthetase 1)
supports the second hypotesis!®®. A model that also involves FAT/CD36 fatty acid
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recognition and FABPpm intracellular FA buffering after FATPs uptake has also been
proposed*¢®,

FATP-2-AAV knockdown in mice with hepatosteatosis significantly improved
liver morphology and decreased intracellular fat depots as well as TG levels®®. A similar
study with a FATP-5-AAV treatment also improved hepatic steatosis!’®, while FATP-5
knockout mice uptake of LCFA is reduced 40 to 50% in a high-fat diet context®’*,

The role and the possible therapeutic strategies associated with FA transporters
are still not completely clear. However, their relationship with fatty liver disease seems
indisputable. Assessing tissues’ capability of FA uptake can be valuable for the detection
of increased levels of intracellular FA, although FA oxidation can also have a significant
impact on FA homeostasis.

1.4.4.4 Beta-oxidation

Under certain conditions, such as prolonged fasting, illness or periods of increased
physical activity, liver uses fatty acids oxidation to obtain energy'’?. Furthermore, FA
oxidation can also occur associated with the synthesis of ketone bodies to produce
metabolites such as B-hydroxybutyrate and acetoacetate that can be used as energy source
in other tissues, namely in brain when blood glucose levels are low**>!37, Fatty acid
oxidation can occur in three different organelles: [B-oxidation in lysosomes and
mitochondria; and w-oxidation in the endoplasmic reticulum®3.

Mitochondrial B-oxidation is the dominant FA oxidative pathway'’2. Although
short- (< C8) and medium-chain (C8 to C12) fatty acids are able to freely cross
mitochondrial membrane, mitochondrial uptake of LCFA requires a specific mechanism
regulated by CPT174, In fatty acid cellular synthesis, elevated levels of acetyl CoA in the
mitochondria are converted to citrate that is transported to cytosol, the subcellular location
where FA synthesis starts'*®. In this process, malonyl-CoA (a metabolic intermediate) is
produced and it can inhibit CPT1 activity’?. This regulation is a crucial step in B-oxidation
rate control, preventing the formation of a futile cycle of fatty acids’ synthesis and
consumption®®,

CPT1 is responsible for the FA-CoA conversion into fatty acyl-carnitines,
promoting their transport to the mitochondrial matrix by the carnitine/acylcarnitine
transporter (CACT)'®. Then, the mitochondrial carnitine palmitoyltransferase 2 (CPT2)
converts fatty acyl-carnitines into FA-CoA allowing the start of B-oxidation cycle!”. In
this process, CACT is a crucial protein that restores cytosolic carnitine levels’®.

In the mitochondrial matrix, FA-CoA undergo a first step of dehydrogenation, to
form acyl-CoA esters, catalyzed by chain length-specific acyl-CoA dehydrogenases such
as VLCAD, LCAD or MCAD*". Deficiencies in these enzymes induce hepatic steatosis
and alterations in lipid metabolism®’"1’®, A hydration step performed by 2-enoyl-CoA
hydratase (ECH) followed by another dehydration by 3-hydroxyacyl-CoA dehydrogenase
(HAD) and a thiolysis performed by 3-oxoacyl-CoA thiolase (OAT) end the cycle!’?7,
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In each cycle an Acetyl-CoA molecule is released and the fatty acid chain is reduced in 2
carbons until it is fully converted into Acetyl-CoAl".

Chronic starvation has been linked to the increased expression of -oxidation
genes through transcriptional mechanisms’. Peroxisome proliferator-activated receptor
alpha (PPAR-a) and its co-activator PPAR gamma co-activator 1 alpha (PGC-1a ) are
associated with the increased expression of several target genes such as CPT1, Long-
Chain Acyl-CoA Dehydrogenase (LCAD), Medium-Chain Acyl-CoA Dehydrogenase
(MCAD), and acyl-CoA oxidase (ACOX)!3, Starvation also leads to acetyl-CoA
carboxylase (ACC) inhibition by AMPK, preventing malonyl-CoA formation, thus
increasing the FA oxidation rate and activating PGC-1a through sirtuins activity’%%,

The role of B-oxidation in fatty liver disease still not completely elucidated.
However, its importance in the regulation of the fatty acid pool is irrefutable mainly due
to its direct connection with the de novo lipogenesis pathway.

1.4.4.5 De novo lipogenesis

De novo lipogenesis is an essential pathway in the liver which allows fatty acid
synthesis for energy storage or secretion!®l. De novo lipogenesis is highly related and
controlled by the carbohydrate metabolism in order to convert sugars into lipids during a
post-prandial state. The synthetized lipids can be used as energy fuel during starvation
periods®. Indeed, a high-carbohydrate diet leads to an increase in de novo lipogenesis
rate’® and this abnormal rate contributes to NAFLD pathogenesis®’.

The process starts by the conversion of cytoplasmatic citrate into acetyl-CoA, by
Adenosine triphosphate citrate lyase (ACL), which is then used to produce malonyl-CoA
by ACC. Malonyl-CoA is then transferred to the Fatty acid synthase complex (FAS ), an
enzyme complex with seven protein domains that catalyzes the remaining reaction steps
leading to the synthesis of palmitate!8. The elongation process catalyzed by FAS initially
requires that an acetyl-CoA molecule binds to acyl carrier protein (ACP). The acetyl-ACP
formed establishes a thiol bond with the Cys161 of the B-ketosynthase (KS) active site,
promoting the connection between an acetyl-ACP and FAS. To proceed, the elongation
reaction of the acetyl-Cys161, or of any previously existing acyl-Cysl161 complex,
requires malonyl-ACP molecules as a carbon source!®?, The generation of the malonyl-
ACP molecules is catalyzed by malonyl/acetyl transferase (MAT), which promotes the
binding of malonyl-CoA to ACP with the release of CoA'®. KS catalyzes the connection
between acetyl-Cys161 (in the first cycle) or acyl-Cys161 to Malonyl-ACP forming f3-
ketoacyl-ACP, which is then reduced to B-hydroxyacyl-ACP by the action of B-
ketoreductase (KR)®. The formed p-hydroxyacyl-ACP suffers a dehydration catalyzed
by dehydratase (DH) followed by a reduction catalyzed by NADPH-dependent enoyl-
reductase (EnR), leading to the formation of an acyl-ACP*®’,

This cycle repeats until the acyl chain reaches 16 carbons. Thioesterase (TE), an
enzyme that is also part of FAS, has a high specificity for 16 carbon long acyl chains and
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cleaves their bond with ACP, leading to the release of a palmitate (16:0)-CoA
molecule'®18  To a lesser extent, FAS can also produce stearate (18:0). However,
elongation reactions of palmitate catalyzed by the enzyme elongation of very long-chain
fatty acids protein 6 (ELOVLG) are a far major source of stearate!818° Both palmitate
and stearate can suffer desaturation by stearoyl-CoA desaturase 1 (SCD1) leading to the
production of the unsaturated fatty acids palmitoleate (16:1 n-7) and oleate (18:1 n-9),
respectively!®. Those unsaturated fatty acids can then suffer further elongation and/or
unsaturation reactions®?.

De novo lipogenesis is controlled at multiple levels by a large number of different
regulatory mechanisms. For example, polyunsaturated FAs decrease de novo lipogenesis
by preventing gene expression!®2, The enzyme complex FAS constitutes the rate-limiting
step in fatty acid synthesis'®® and its depletion leads to fatty liver disease due to the
hampering of B-oxidation caused by malonyl-CoA accumulation®. ACC is also a well-
regulated enzyme through different mechanisms: polymerization, via allosteric control;
phosphorylation; and expression!®19, ACC inhibition reduces TG levels in liver by
preventing fatty acid synthesis and activating FA oxidation!®. Firstly, this protein is
expressed in low-activity dimers that can suffer polymerization stimulated by cytosolic
proteins, e.g. midline-1-interacting G12-like protein (M1G12), or glutamate levels, thus
presenting higher enzymatic activity'°-1%, Indeed, not only glutamate but also citrate
levels regulate allosterically the increase of ACC activity through its polimerization'®?,

Secondly, ACC activity can be inhibited by phosphorylation, a quick response to
stimuli such as adrenaline or glucagon®®. Atypical phosphorylation states of CAMP-
AMPK in Ser79, Ser1200 and Ser1215, and of PKA in Ser77 and Ser1200 present an
increased potential to phosphorylate ACC82, Glutamate activation of protein phosphatase
2A (PP2A) leads to the removal of phosphate groups from ACC increasing its activity?®,
The last level of ACC activity regulation is by the control of its expression mediated by
transcriptional factors such as SREBP1c, ChREBP and LXRs!®,

In detail, de novo lipogenesis rate is highly dependent on transcriptional regulation
by this two different pathways: the SREBP1c and the ChREBP?L, Activation of these
proteins is stimulated by increased insulin signaling and increased glucose
concentrations, respectively?°229, Inactive SREBP1c exists in the endoplasmic reticulum
associated with the proteins SREBP cleavage-activated protein (SCAP) and insulin-
induced gene (INSIG)?®. Sterol biding or phosphorylation of SCAP induce a
conformational change and the consequent INSIG dissociation from the complex?®. This
process exposes an amino acid sequence that is recognize by the coat protein I (COPII)
and the newly formed SREBP1c-SCAP complex is transported to the Golgi apparatus
where both proteins are split due to proteases’ activity releasing SREBP1c¢ in its mature
form?%, SREBP1c mature form can be activated by two different mechanisms!®, The
first activation pathway is phosphorylation by mammalian target of rapamycin complex
1 (mTORC1) through phosphoinositide-3 kinase/protein kinase B (PI3K/PKB)
pathway?%. SREBP1c transcriptional activity can also be induced by the regulation of
protein expression through the heterodimerization of LXRa with retinoid X receptor
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(RXR), a process dependent on mTORC1 activity?®’. SREBP1c activity can be inhibited
by PKA, AMPK and salt inducible kinases (SIKs)!".

ChREBP activation is a mechanism that is still not completely understood
although its relationship with the postprandial increase of glucose uptake in hepatocytes
seems evident!®2, Several metabolites produced during glycolysis, such as glucose-6-
phosphate (G6P) and fructose-2,6-bisphosphate, were proposed as ChREBP
regulators?®®20°. ChREBP acetylation is also associated with an increase of its activity,
while phosphorylation by AMPK or PKA of Ser196 prevent ChREBP translocation to
nucleus?®:210,

Both SREBP1c and ChREBP are associated with the expression of pyruvate
kinase and several lipogenesis-related enzymes, such as FAS, SCD1, ELOVL6 and ACC.
This can be a mechanism to increase acetyl-CoA availability and, therefore, to increase
lipogenesis activity'®2. After fatty acids synthesis, these enzymes can suffer several
alterations and be associated in complex molecules to decrease FA-related toxicity.

1.4.4.6 Fatty acids’ storage and modifications

During the fed state, newly synthesized free and non-esterified fatty acids are not
directly released to blood circulation. Instead, they are converted into complex lipids such
as triglycerides, phosphoglycerolipids or cholesteryl esters in the endoplasmic reticulum
membrane?!t,

FA-CoA can be used to synthesize phospholipids through several cellular
pathways?'?. The specificity of fatty acids’ utilization and the consequent membrane lipid
saturation is determined by the distinct affinity of several lysophospholipid
acyltransferases to the different acyl-CoA chains!®®. The mechanisms that modulate
membrane constitution will be discussed further ahead.

Triglycerides synthesis starts with the acylation of glycerol-3-phosphate by a FA-
CoA molecule, a reaction that yields a lysophosphatidic acid (LPA) and is catalyzed by
the glycerol-phosphate acyl transferase (GPAT)?3. LPA suffers another acylation
catalyzed by the acylglycerol-phosphate acyl transferase (AGPAT) forming phosphatidic
acid (PA) that can be dephosphorylated by Lipin-1 to form diacylglycerol (DAG)?%.

PA and DAG are essential lipid intermediates in phospholipid synthesis?®. DAG
can be acylated to TG by the diacylglycerol acyl transferase (DGAT). TG are inert
molecules whose synthesis decreases the FA-related toxicity*®2. Triglycerides can then be
associated to ApoB100 by the microsomal triglyceride transfer protein (MTP) in the ER
lumen and assembled to VLDL that can be exocytosed from the cell?*4,

TGs can also be stored in hepatocytes inside of cytoplasmic lipid droplets that
constitute the major form of hepatic fat’3l. Lipid droplets represent an important
mechanism in cell dynamics since they are able to move between endoplasmic reticulum
and mitochondria leaflets. This enables the correct delivery of triglycerides according to
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the metabolic demand?®2%6, This process of intracellular accumulation also allows
storage of neutral lipids, thus preventing accumulation of lipid intermediates and the
consequent lipotoxicity?!®,

1.4.4.7 Lipid metabolism in NAFLD

The Regulation of cellular lipid metabolism pathways is crucial to the definition
of the fatty acid pool and its intracellular balance, and has an impact on the whole-body
lipid homeostasis®. As discussed before, in NAFLD there is an accumulation of fat in
hepatocytes that results from metabolic abnormalities such as increased FA uptake,
increased de novo FA synthesis, impaired VLDL secretion and TG accumulation (Figure
1.3)81,217.

When the lipid secretion capability of liver is exceeded by FA synthesis, TG start to
accumulate, when excessive intrahepatic triglyceride reach >5% of liver volume
constitutes the hallmark of steatosis!®®. These processes begin with hepatic stress that, in
its turn, induces an inflammatory reaction and the consequent insulin resistance that
decrease FA release from adipocytes and increase TG mobilization?'®. However, the
constant TG storage in adipocytes leads to the enlargement of the visceral adipose tissue
resulting in a high release of FFA directly to the liver through blood circulation. This
increased FA uptake overcomes the hepatic -oxidation capability causing FA and TG
accumulation®®,
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Figure 1.3- Lipid metabolism in liver, its regulation and alterations in NAFLD.

The role of lipid metabolism pathways and their regulation and dynamics in NAFLD. Boxes in red represent an increase
in metabolite/protein levels; in blue represent reported unchanged levels; and in green decrease of levels. Black arrows
represent enzymatic reactions; and blue dashed arrows protein expression alterations due to transcriptional factors
action. FA uptake, de novo lipogenesis, TG and VLDL synthesis, and lipid-related transcriptional activity seem to be
increased while -oxidation rate has contradictory reports.
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Indeed, the role of p-oxidation in NAFLD is still not well understood due to
several contradictory reports?’® that associate the disease with increased 220222
unchanged??® or decreased??* fatty acid oxidation. This discrepancies between studies
may be explained by the utilization of different markers and techniques or by a variation
of hepatic response during NAFLD evolution. Indeed, a study demonstrated that the
MRNA levels and protein expression of several lipid-related enzymes change with disease
severity??>,

In opposition, several studies point to increased rate of de novo lipogenesis during
NAFLD as a strong cause of lipid hepatic accumulation??®®??7, |n a study about obese
patients with NAFLD it was reported that 26% of the hepatic TG were obtained from de
novo lipogenesis and that these patients were unable to adjust their de novo lipogenesis
during the fasting-fed state transition®’.

Moreover, hepatic lipid accumulation is related to several pathways usually
associated with cellular impairment, namely endoplasmic reticulum stress, mitochondria
stress, oxidative stress, autophagy and a state of lipotoxicity. Indeed, lipotoxicity is highly
related to the inflammatory response in Kupffer and hepatic stellate cells that control
NAFLD progression to NASH®:17 " A strong relationship has been proposed between
abnormalities in lipid metabolism and mitochondria dysfunction®.

15 Mitochondria
1.5.1 Structure and function

Mitochondria are cellular organelles with a double membrane that play crucial
roles in metabolism. They provide the energy required to cell homeostasis through ATP
production via oxidative phosphorylation (OXPHOS) and they regulate free radicals’
production, calcium homeostasis, and cell survival and death (Figure 1.4)?%8, Alterations
in mitochondrial pathophysiology are linked to several metabolic diseases by enhanced
generation of ROS, decreased antioxidative capability and reduced OXPHOS with the
concomitant decrease in ATP production??®.

Each mitochondrion contains between 800 and 1000 copies of a self-replicating
genome, the mitochondrial DNA (mtDNA), which is maternally inherited®®. This
circular genome encodes 13 proteins that are essential for the respiratory complexes’
function?*!. mtDNA molecules are packaged in highly ordered structures, the nucleoids,
which are located in the mitochondrial matrix often near the cristae?®. Alterations in the
mtDNA copy number were associated with numerous diseases, such as obesity?®, a
depletion in mtDNA was also associated with fatty liver diseases?®*?** and in NASH
patients was reported a lower expression of mtDNA encoded polypeptides®?.

The outer and inner mitochondrial membranes are separated by a small
intermembrane space. While the outer mitochondrial membrane (OMM) is relatively
permeable, the inner mitochondrial membrane (IMM) surrounding the mitochondrial
matrix has a restricted permeability that allows the generation of a proton-motive force
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across it and, consequently, the efficient operation of the OXPHOS system (Figure
1.4)%2°,

Cells might respond to metabolic challenges such as nutrient availability by
changing mitochondrial morphology and distribution within the cell?®, It has been
previously demonstrated that obesity causes alterations in the mitochondrial structure. In
patients with obesity and T2D the skeletal muscle mitochondria were significantly
shorter?®’. High glucose availability was also correlated to mitochondrial reticulum
fragmentation?*®, Abnormal mitochondria morphology has been associated with NASH
development?332°_ |deally, longer mitochondria network are more protected from
degradation, and have a tighter and more efficient cristae structure that allows a higher
oxidative phosphorylation efficiency?%.

@ @

Protein and organelle
“e.._quality controls

Protein import .
and sorting UPS

Mitochondrial

Mitophagy  fysjon and fission
PINK1farkin et
O MNF13 %
m-AAA !

R e @ ‘
’ Suwinal{) %, | OPA1S

puma-,;E,'NAD++H+ Krebs ClpXP
Sk .

®

Transport of
metabolites

Nuc OXPHOS SRS e = s
subunits "-._/Heme and RS

FeS bi th
cu ® '°S___Y_T,,,_t‘f‘§'§ ,,,,,,, )
/ - Nucleoid

Cristae H*

MINOS

assembly

N - A
/ “Ribosome
Mitochondrial

translation

mtDNA replication
and expression

Figure 1.4 — Simplified representation of mitochondria structure and some of its functions. Source: Lasserre et.al,
201526,

It is possible to see differences between the protein composition of the outer mitochondrial membrane (OMM) and the
inner mitochondrial membrane (IMM), and also the proton movement in OXPHOS. The image depicts several proteins
involved in the trans-membrane transport of metabolites and proteins, as well as proteins responsible for mitochondrial
dynamics and quality control. mtDNA associated proteins and their role in gene transcription of OXPHOS subunits
are summarized.

Mitochondria enclose a class of mitochondrial uncoupling proteins (UCP) that are
able to separate oxidative phosphorylation from ATP synthesis. UCPs are transporters in
mitochondrial membrane that can deplete the proton gradient. Mutations in UCP3 gene
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have being associated with obesity, diabetes and NAFLD?*-243, |t was also described that
UCP3 protects mitochondria from lipotoxicity?** and is an important mediator of
thermogenesis. UCP2 is widely express and its main function is the control of
mitochondria-derived ROS, and some reports also suggest that it might controls ATP
synthesis, regulates FA metabolism and mobilize FFA outside the mitochondrial matrix
towards the intermembrane space?-24,

A significant part of the mitochondrial functions are in some way related to the
opening or activation of the mitochondrial permeability transition pore (mPTP), a high-
conductance channel that allows a sudden increase in the IMM permeability to ions and
small solutes?*®, It has been reported that the mPTP plays a role in the regulation of the
mitochondrial membrane potential, calcium homeostasis, ROS generation, ATP
production and cell death?®®, The protein constitution of the mPTP in not consensual.
However, cyclophilin D (CyPD), adenosine nucleotide translocator (ANT), voltage-
dependent anion channel (VDAC), BH3 proteins, p53 and ATP synthase were proposed
as part of the mPTP or of its regulators?4%-251,

Mitochondria content changes according to different physiological homeostatic
conditions. In part, this can be caused by mitochondrial quality alterations, such as
mitochondrial dysfunction, in response to several stimuli?®2?%3, Due to the large number
of pathways involved in mitochondrial dynamics there are not reliable and direct methods
to assess the mitochondrial content. Usually, the molecular levels or enzymatic activities
of mitochondria restricted macromolecules are used as markers. Some examples are the
determination of citrate synthase activity, mtDNA copy number, cytochrome c oxidase
activity, cardiolipin content or TOM20 protein levels?>425%,

1.5.2 Mitochondrial Dynamics: biogenesis, fission, fusion and mitophagy

Mitochondria are highly dynamic organelles which can be formed (mitochondrial
biogenesis), degraded (mitophagy), fused with other mitochondrion or undergo fission to
form several mitochondria from a unique mitochondrion?:2%, All these processes are
well regulated and are a consequence of the mitochondrial state or dysfunction, amongst
other numerous stimuli®,

Mitochondrial biogenesis is the process by which mitochondria number and/or
size is increased by the synthesis of new mitochondrial mass requiring both nuclear and
mitochondrial genes??®. PGC-1a is a transcription factor that regulates this process by
stimulating the activity of others transcription factors and proteins such as nuclear
respiratory factor-1 (NRF-1), NRF-2, mitochondrial transcription factor A (Tfam),
Estrogen-related receptors (ERRs), UCP2 and PPARs?>"2%8, NRF-1, NRF-2 and Tfam are
responsible for the transcription of mitochondrial essential proteins and mtDNA
replication (Figure 1.5)%%°,

PGC-1a is regulated according to the cell metabolic state through phosphorylation
by AMPK and deacetylation by NAD-dependent protein deacetylase sirtuin 1 (SIRT1)?%8,
Furthermore, cytosolic calcium concentration can modulate PGC-1a activity via p38
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mitogen-activated kinase and calcium/calmodulin-dependent kinase (CaMK)?%0261 A
decrease in PGC-la gene expression has been associated with a high-fat diet, thus
decreasing mitochondrial biogenesis?®?. Also, a reduced Tfam expression is associated
with a decrease in mtDNA copy number?,

NRF1 transcriptional activity has been related to the expression of several nuclear
genes, such as subunits of the mitochondrial oxidative phosphorylation complexes,
proteins involved in the mitochondrial import machinery, mitochondrial ribosomal
proteins and tRNA synthases?4. Together with NRF2, it regulates Tfam and transcription
factor B proteins (TFBs) transcription which, on their turn, are the main regulators of
mtDNA transcription and replication?®*. ERR-a regulates the transcription of many
nuclear genes involved in oxidative phosphorylation, FA oxidation, Krebs cycle and
mitochondrial fusion and fission?®°.
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Figure 1.5- Schematic representation of the mechanisms involved in mitochondrial dynamics. Source: Picca et.al
2018763,

The image shows transcriptional mechanisms behind mitochondrial biogenesis, the proteins related to fusion and
fission events and the process of mitophagy in a depolarized mitochondrion.

Mitochondrial dynamics represent a delicate balance of mitochondrial fission and
fusion events that maintain the ideal physiologic conditions for regulating cell death and
growth pathways and remove damaged mitochondria (Figure 1.5)%6267, Several proteins
have been identified as key regulators of those processes. Mitochondrial fusion is
regulated by three GTPases mitofusin 1 (Mfn1), Mfn2 and optic atrophy 1 (Opa1)258-26°,
Mfn1 and Mfn2 are located in the OMM while Opal is in the IMM. They are responsible
for the fusion events taking place on their respective membranes??°. Two other GTPases,
mitochondrial fission 1 protein (Fisl) and Dynamin-1-like protein (DNMLI1L), are
responsible for mitochondrial fission. They are located in the OMM and the cytosol,
respectively?’®. Disturbed mitochondrial dynamics are associated with mitochondrial
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dysfunction in response to nutrient excess. There are reports showing an up-regulation of
the mitochondrial fission machinery in obesity and T2D?%,

Autophagy is a process that includes all the pathways involved in the degradation
of cytosol components and organelles through their delivery to lysosomes. There are three
distinct types of autophagy: microautophagy; chaperone-mediated autophagy; and
macroautophagy?’t. In microautophagy, portions of the cytoplasm are engulfed by
invaginations of the lysosomal membrane. In chaperone-mediated autophagy, substrate
proteins are unfolded by chaperone activity, translocated across the lysosomal membrane
through a LAMP-2A mediated process and degraded?’?. Macroautophagy is a process
involving the formation of a double membrane (phagophore) which surrounds a portion
of cytoplasm or an organelle, such as a mitochondrion. The elongation of the phagophore
leads to the formation of a double-membraned vesicle, the autophagosome, which fuses
with a lysosome promoting the degradation of its content®’?,

Mitophagy is an autophagic process specific for the removal of damaged
mitochondria (Figure 1.5)%"°. Mitophagy is essential for the maintenance of the
mitochondrial content and integrity. It has been described that it initially proceeds through
a step of mitochondrial fission to allow a better separation of healthy and dysfunctional
mitochondria?3l. Mitophagy can be triggered by mitochondrial membrane potential loss®.
Phosphatase and tensin homolog-induced putative kinase 1 (PINK1) starts this process
by communicating mitochondrial membrane potential loss to Parkin through its kinase
activity?42>, Activated Parkin promotes the ubiquitination of several mitochondrial
membrane proteins, such as VDAC1, Mfn-1 and Mfn-2, triggering mitochondrial
degradation by autophagosomes and lysosomes (Figure 1.6)2’4276, Furthermore, Mfn-1
and Mfn-2 ubiquitination prevents fusion of damaged mitochondria?’®.

Autophagy can be divided in five sequential steps, whether a bulk of cytoplasm
or a mitochondrion are being degraded?’’: phagophore initiation; phagophore elongation;
autophagosome formation; autophagosome fusion with lysosome; and lysosomal
degradation?’®,

The elongation step is mediated by two different ubiquitin-like conjugation
systems. In the first, autophagy-related protein 12 (ATG12) can be conjugated with ATG5
through ATG7 ligase activity, forming the ATG5-ATG12-ATG16L1 complex.
Alternatively, if ATG12 is conjugated with ATG3 instead of ATGS5, a specific mitophagic
degradation of depolarized mitochondria is promoted. The mechanisms involved in this
mitophagy process remain poorly understood?®°. The second ubiquitin-like conjugation
system involves microtubule-associated protein 1A/1B-light chain 3 (LC3). LC3 has a
mature cleaved form, LC3-1, that can suffer ubiquitin-like reactions with
phosphatidylethanolamine forming LC3-11, which is required for the phagophore
elongation and the autophagosomes completion?78,
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The ubiquitin-binding adaptor protein p62/SQSTRM1 accumulates in depolarized
mitochondrial membranes and might be responsible for LC3 recruitment to damaged
mitochondria?®!. PINK1 and Parkin can also interact with the Beclin-1/PI13K complex,
thus activating the nucleation of pre-autophagosomal membranes around damaged
mitochondria?’*. Parkin can also stimulate mitochondrial biogenesis through PGC-1a
release, probably as a mechanism to replace the degraded mitochondria®?. Mitophagy
can also be mediated by receptors from the OMM, such as BNIP3, NIX and FUNDC1,
and by IMM receptors, such as PHB2 and cardiolipin, which become exposed to cytosol
in response to mitochondrial damage and recruit LC3 (Figure 1.6)?’°. Mitophagy may
occur in response to nutrient excess and cellular dysfunction. Therefore a possible
dysfunction of hepatocytes mitophagy might be associated with obesity
development?®%283 A defective autophagosome-lysosome fusion has been observed in
high fat diet-induced obese mice due to alterations in membrane lipid composition2®,
Indeed, obese patients with NASH showed an increase in the LC3-11/LC3-I ratio and
higher levels of p62 that impair the hepatic autophagic flux?.

Accumulated evidence suggest a possible role of autophagy in cellular metabolism
implication in metabolic disorders?®. Although autophagy is frequently connoted with
the digestion of cellular proteins, it can also degrade lipid stores, such as lipid droplets.
This process is called lipophagy and allows the removal of lipid excess and the
maintenance of adequate lipid levels in liver cells®®. ATG7 haploinsufficient mice
present reduced lipophagy and increased obesity and diabetes development?®’. Cathepsins
are a class of proteases that have a crucial role in lysosomes due to their endo- or
exopeptidase activities?®®. Cathepsins B, D and L have been proposed as fibrosis markers
in liver?8.28% and NAFLD patients also present a significant decrease in cathepsins B and
D expression®®, In an obese mice model were reported defects in lysosomal acidification
and a reduction in cathepsins?®..
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Alterations in mitochondrial dynamics are associated with cells requirements of
energy, i.e. oxidative phosphorylation, and can lead to mitochondrial dysfunction. Thus,
an imbalance of either of these processes can have an impact on the remaining ones and,
ultimately, compromise the whole organism function. Indeed, impairment of
mitochondrial dynamics directly affect mitochondrial metabolism capability which
together with the excessive nutrient supply might lead to pronounced mitochondrial
metabolism impairment.

1.5.3 Mitochondria and Metabolism

Mitochondria produce energy under the form of ATP via oxidative metabolism in
two crucial steps: reduction of NAD*, FAD or succinate during glycolysis, Krebs cycle
or FA B-oxidation; and oxidative phosphorylation??®. Over than 90% of body’s cellular
energy is produced through the coupling of the electron transport chain (ETC) with Krebs
cycle®?,

Krebs cycle is a cyclic metabolic pathway that consists in the oxidation of acetyl-
CoA resulting from carbohydrate, lipid and aminoacids metabolism?®. In the first step
acetyl-CoA and oxaloacetate are converted by citrate synthase into citrate, a six-carbon
molecule also involved in de novo lipogenesis?®*. If citrate follows the Krebs cycle it is
converted into cis-aconitate and further into isocitrate, being both reactions catalyzed by
aconitase?®,

Aconitase is an enzyme with an iron-sulfur cluster that is crucial in the Krebs
cycle, is sensible to the cellular redox state and regulates intracellular iron metabolism?®°.
The mitochondrial aconitase isoform (ACO2) undergoes a reversible inactivation by
reacting with superoxide anion ("O?%) and forming H20z, thus regulating mitochondrial
metabolism. This reaction leads to a release of a Fe?* which can then participate in the
Fenton reaction with H202 and form "OH, a molecule with high oxidative potential to
cellular biomolecules?®®.

Moreover, the inactive form of aconitase can be degraded by Lon protease, a
mitochondrial protease. This process permanently regulates the Krebs cycle rate,
decreasing OXPHOS activity?®>. Aconitase in its inactive form is also associated with
nucleoids and has an important role in the stabilization and protection of mtDNAZ,
However, high levels of ROS production lead to an increase in aconitase inactivation
inducing aconitase aggregates which cannot be degraded by Lon and lead to
mitochondrial dysfunction?®®,

Aconitase activity might also be partially inhibited by 4-Hydroxynonemal (4-
HNE), a product from lipid peroxidation commonly associated with oxidative stress
mechanisms?®. 4-HNE inhibition of aconitase stimulates ACC activity due to citrate
accumulation. In obese subjects this process induces fat accumulation and acts like a
paradoxical mechanism that maintains the pathological condition?®.
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In the Krebs cycle, isocitrate is subjected to two steps of decarboxylation
catalyzed by the isocitrate dehydrogenase and o-ketoglutarate dehydrogenization
complex. The reaction product formed is succinyl-CoA which is then converted to
succinate. Succinate is the substrate of succinate dehydrogenase, an enzyme also involved
in OXPHOS. During succinate oxidation to fumarate, the succinate dehydrogenase
cofactor FAD is reduced and stimulates ETC activity?®®. Fumarate is then hydrated to
malate in a reversible reaction catalyzed by fumarase, a relatively conserved enzyme in
the Krebs cycle®®. Malate dehydrogenase consumes malate and regenerates the
oxaloacetate necessary to start another cycle?®,

OXPHOS system is formed by five multi-subunit enzyme complexes which are
located in the IMM3%, The electrons donated to NAD™ and FAD during the Krebs cycle
are used by complex I (NADH ubiquinone reductase) and complex Il (succinate
dehydrogenase), respectively. The electrons are then transferred to complex Il
(ubiquinol-cytochrome c reductase) via a ubiquinone-ubiquinol dependent mechanism.
Finally, the electrons are passed to complex IV (cytochrome c oxidase) by cytochrome c.
This process is coupled to proton transport across the IMM from the matrix to the
intermembrane space in all complexes except succinate dehydrogenate (Figure 1.7)%%. In
complex 1V the electrons are accepted by oxygen in a reaction that ends with the
production of water molecules®®. The proton-motive force produced by the ETC is used
by complex V (FoF1 ATP synthase) to produce ATP?%. All ETC complexes are composed
by several subunits encoded by nuclear and mitochondrial DNA except for complex I,
which is composed exclusively by nuclear subunits®®,
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(ANT) Complex | :
. ADP>- ND1-6, NDAL, NDUFA1-35-13 %
NDUFAB1, NDUFB1-11,
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Figure 1.7- Representation of the enzymatic complexes of the OXPHOS system. Adapted from Lasserre et.al,
201523,

Reactions taking place in each enzymatic complex as well their protein subunits composition are schematized. The role

of proton translocator in complexes’ activity is also depicted.

Several studies have reported that different complexes can be assembled into
supercomplexes which organization vary among tissues and depends on the metabolic
and physiological conditions®. These superstructures can be stabilized by cardiolipin
and might represent a way to improve the efficiency of electron flux in the ETC, stabilize
complex | and decrease accidental ROS formation®%,
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High-fat diet induces a decrease in the expression of oxidative phosphorylation-
related genes?®?. Indeed, both the content?®* and the respiratory chain complexes
activity®® is reduced in NAFLD patients. PGC-1a is able to improve mitochondrial
respiration in cells harboring a complex 111 or 1V deficiency®”’.

It is well described that electron flow through the ETC can lead to the production
of ROS. This happens either accidently or on purpose and is due to the interaction
between high-potential reduced OXPHOS complexes intermediates and oxygen
molecules. ROS are molecules with a crucial role in the cell homeostasis regulation.
However, they are also commonly associated with cellular oxidative damage.

1.5.4 Oxidative Stress

Oxidative stress is a condition that results from the unbalance between reactive
species production and the cells’ antioxidant defense capability to deal with them??, This
imbalance is crucial to the development of pathophysiological cellular states, since high
ROS levels can lead to oxidative damage and cell death. However, at low levels ROS are
vital to the regulation of several cellular signaling pathways?%.

Systemic oxidative stress is highly related to obesity due to an abnormal
production of adipokines, a feature of the metabolic syndrome. Metabolic syndrome is
characterized by the presence of high sugar and lipids levels in blood circulation
combined with insulin resistance and a large waist circunference?.

In obesity, there are five main sources of ROS: peroxisomal FA metabolism, that
leads to hydrogen peroxide formation; cytochrome P450 microsomal reactions, forming
superoxide anion; phagocytic cells, that produce ROS as part of an inflammatory response
leading to damage of several tissues; NADPH oxidase activity, which is increased in
adipocytes due to an increase in angiotensin Il secretion; and ETC, the main source of
ROS, where superoxide anion is generated due to a reaction between oxygen and
electrons escaped from the ETC (Figure 1.8)2?%°, ROS formation and the ensuing cell
damage promote the formation of even more ROS in a self-perpetuating vicious cycle.

Pregnancy-induced metabolic and endocrine adaptations convey on the regulation
of several physiological processes responsible for the production of reactive oxygen
species. The former include placental formation, cholesterol synthesis in placenta
mitochondria and the up-regulation of energetic metabolism®®. As occurs in the
generality of conditions, ROS play a dual role during gestation. During oxidative stress
they can lead to cell injury and induce several diseases, such as pre-eclampsia. When their
levels are near physiological concentrations, they are essential to many crucial events,
such as embryo implantation and cell replication, maturation and differentiation. Animal
studies showed that twins pregnancy are more likely to generate oxidative stress
conditions than singleton pregnancies®®.

Mitochondria continuous function is, indeed, the main source of ROS production
due to imperfections in the electron flow through the ETC, This happens mainly in
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complex | and I11 where 0.4 to 4% of the oxygen consumed by mitochondria is reduced
to superoxide anion ("027)??°. Since cellular ROS production is an inevitable process, cells
possess numerous defense systems, both enzymatic and non-enzymatic, to deal with it
(Figure 1.8)%,
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Figure 1.8- Mechanisms of ROS production, antioxidant defenses and oxidative damage. Adapted from
Kudryavtseva et.al, 2016%%,

The mechanisms of ROS formation and the enzymatic antioxidant defenses responsible for their degradation are
depicted. If the ROS degrading systems are overwhelmed by ROS production, oxidative damage in lipids (lipid
peroxidation), proteins (protein carbonylation) and DNA (DNA oxidation) occurs. Lipid peroxidation can be recovered
by non-enzymatic antioxidant defenses such as Vitamin E and C.
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‘Oz cannot cross the mitochondrial membrane. However, if it is formed in the
intermembrane space, it might be scavenged by oxidized cytochrome c or diffuse to the
cytosol through VDAC3!. Superoxide dismutase (SOD) is the antioxidant enzyme
responsible for *O2 disposal through its conversion to H202%2. As previously discussed,
aconitase can catalyze the same reaction. Two different SOD isoforms are expressed in
liver: SOD1 (CuzZn-SOD) present in the cells’ cytoplasm; and SOD2 (Mn-SOD) localized
in mitochondria. Both catalyze the same reaction',

However, in the presence of iron ions it can undergo the Fenton reaction forming
‘OH. In addition, H202 can freely cross membranes, being an important regulator of
numerous cells signaling pathways®“. Glutathione peroxidase and catalase are the
principal enzymes responsible for H20:2 levels regulation. Catalase is mainly expressed in
peroxisomes and is responsible for peroxisomal H202 degradation®®, Catalase activity
can be regulated indirectly by the ROS levels in cells. Its activity is promoted upon serine
231 and 386 phosphorylation. Catalase is ubiquitinated and degraded when cells can no
longer deal with oxidative stress3®,

Glutathione (GSH) is an important mitochondrial molecule which can be oxidized
to GSSG by glutathione peroxidase (GI-Px). GI-Px reaction is coupled to the reduction of
H202 or lipid hydroperoxides®’. GI-Px1 is the main expressed isoform and is located in
the cytoplasm. GI-Px4 (phospholipid hydroperoxide glutathione peroxidase) is
predominantly linked to the mitochondrial membrane??. Glutathione reductase (GI-Rd)
is the enzyme responsible for reestablishing GSH levels. It catalyzes GSSG reduction in
a reaction coupled with NADPH oxidation®'’. The other non-enzymatic antioxidant
defenses include Vitamin E, Vitamin C, and several carotenoids and flavonoids®%°.

When the cells’ capability to deal with ROS is exceeded by their production, ROS
can interact with several biomolecules, such as lipids (i.e. lipid peroxidation), proteins
(i.e. protein carbonylation) and DNA (i.e. DNA oxidation), inducing cell damage (Figure
1.8)%1%. Several reports mention DNA purine and pyrimidine nitrogenous bases’ damage
due to interactions with "OH?%°, Overproduction of ROS is associated with mitochondrial
lipids, proteins and mtDNA damage, leading to abrogation of ATP production and other
mitochondrial dysfunctions®831°, mtDNA damage is increased in NASH, causing a
decreased expression of mtDNA-encoded proteins that further leads to an impaired
oxidative respiration ending up in a vicious cycle32%-32,

In the obesity scenario, antioxidant capacity is also compromised, contributing to
the perpetuation of the oxidative imbalance. In obese subjects the serum levels of vitamin
E, vitamin C and glutathione are decreased®?. In addition, antioxidant enzymes such as
SOD and catalase also present a decreased activity in the human plasma from obese
subjects®3, Moreover, it is described that in obesity the increase in TG levels inhibits
ANT activity which further promotes ROS production®*. Numerous evidences point
steatosis as an important cause of oxidative stress in the hepatic tissue. However, the role
of GSH in NAFLD is not well understood since contradictory results have been
reported32>326,
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All these molecular, cellular and physiological mechanisms can contribute to the
development of the numerous disorders that frequently accompany obesity. Those include
diabetes mellitus, systemic arterial hypertension, ischemic heart diseases, stroke, and
other CVD, sleep apnea, asthma, gout, hyperlipidemia, peripheral vascular disease,
physiological problems, rheumatological and orthopedic problems, as well as cancer or
liver and kidney failure?*.

1.6 Model

Numerous animal models were developed to study the effect of compromised
pregnancies as rodents, non-human primates and domestic ruminants. No animal is able
to truly recapitulates human pregnancy however. Sheep model is considered a good
model for experiment gestational negative outcomes since is not so expensive as non-
human primates and can better replicate human pregnancy than rodents®?’.

When compared with rodents, sheep model presents a most similar fetal size to
human, higher pregnancy time, is a monotocous specie, is tolerant to invasive procedures
and a placenta interface similar to humans®?’*28, Therefore, is a good model to study not
only effect of pregnancy over the fetus as to understand the opposite effect3%,

Due to these characteristics, sheep model has been used in scientific research during
the last decades what results in a large knowledge about sheep gestation. The specific
model for maternal obesity used in this work was previously validated by the increase in
total sheep weight gain, percentage of body fat3?°
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1.7 Aim of the work

The successful establishment, maintenance and outcome of pregnancy is the goal
of the reproductive system. The effects of a successful pregnancy are not restricted to the
gestational and delivery time period, they can have long-term health consequences both
to the mother and the offspring. In fact, pregnancy is a time period which requires a huge
metabolic effort from the mother to totally compensate the increase in energy
requirements.

Metabolic disorders are highly associated with unsuccessful outcomes in
pregnancies. Obesity can represent a burden too high during this period mainly because
of the metabolic dysregulations typical of excessive overweight. Even after a successful
gestation, maternal obesity can lead to several consequences in the mothers’ health by
inducing disease or pre-disease status. A better understanding of the consequences of
maternal obesity during pregnancy is crucial to the development of suitable medical
approaches and therapeutics to use in such cases.

Liver has a vital role in body metabolism. Thus, we propose that together, obesity
and pregnancy, might cause maternal hepatic dysfunction which can constitute a
primordial stage in metabolism imbalance leading to the development of other diseases.
To address this hypothesis, we set two different goals: 1) characterize liver metabolism
alterations caused by maternal obesity during pregnancy, with a special focus in
mitochondrial changes; and 2) assess the possible dichotomy between liver lobes and
therefore, better understand the hepatic metabolism in a lobe-dependent manner.
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Materials and Methods

2.1 Reagents

Materials and Methods | Reagents

All the reagent used were of the highest grade of purity available and all the aqueous
solutions were prepared in ultrapure water (type I, Milli-Q Biocel A10 with pre-treatment
via Elix 5, Millipore). For nonaqueous solutions, ethanol (99.5%, Sigma-Aldrich,
Barcelona, Spain) or dimethyl sulfoxide (DMSO, Sigma-Aldrich) were used as solvents.

Table 2.1 lists all the reagents used in the present work, their suppliers and commercial

references.

Table 2.1- List of the reagents used in the present work, their respective suppliers and commercial references.

CAS .
Reagent Supplier Reference
g number PP
7-Amino-4-methylcoumarin 26093-31-2 Sigma-Aldrich A9891
Acetic acid 64-19-7 Panreac 131008.1611
Acetyl-CoA 102029-73-2 Sigma-Aldrich A2056
Antimycin A 1397-94-0 Sigma-Aldrich A8674
BioRad — DC protein assay - Bio-Rad 5000116
Bioxytech MD kit - OxisResearch 21044
Brij-35 (Polyoxyethyleneglycol 9002-92-0 Sigma-Aldrich 858366
dodecyl ether)
Bromophenol blue 34725-61-6 Sigma-Aldrich B5525
BSA (Bovine Serum Albumin) 9048-46-8 Sigma-Aldrich A7030
Catalase from bovine liver 9001-05-2 Sigma-Aldrich C1345
Clarity Western ECL substrate - Bio-Rad 1705060
Cytochrome C from bovine 9007-43-6 Sigma-Aldrich 30398
heart
DCPIP (2,6-Dichloroindophenol 620-45-1 VWR 230212X
sodium salt)
Decylubiquinone 55486-00-5 Sigma-Aldrich D7911
Dimethyl malonate 108-59-8 Sigma-Aldrich 136441
DMSO (Dimethyl sulfoxide) 67-68-5 Sigma-Aldrich 34869
DNase/RNase-free water - Qiagen 1017979
DTAB
(Dodecyltrimethylammonium 1119-94-4 Thermo Fisher 128271000
bromide)
DTNB (5,5"-Dithiobis(2- 69-78-3 Sigma-Aldrich D8130
nitrobenzoic acid)
DTT (DL-1,4-Dithiothreitol) 3483-12-3 Sigma-Aldrich D9779
EDTA
(Ethylenediaminetetraacetic acid 6381-92-6 VWR 20296.291
disodium salt)
EGTA (Ethylene-
bis(oxyethylenenitrilo)tetraacetic 67-42-5 Sigma-Aldrich E4378

acid)
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Glycerol 56-81-5 Sigma-Aldrich G6279
Glycine 56-40-6 NZY tech MB01401
GSSG (L-Glutathione oxidized) 27025-41-8 Sigma-Aldrich G4376
HCI (Hydrochloric acid) 7647-01-0 Panreac 131020,1212
Hemoglobin from bovine blood 9008-02-0 Sigma-Aldrich H2625
Hydrogen Peroxide 7722-84-1 Merck 107210
Isopropanol 67-63-0 Sigma-Aldrich 190764
KzHPOs (Monobasic potassium 7778-77-0 Sigma-Aldrich NIST200B
phosphate)
KCI (Potassium chloride) T447-40-7 Sigma-Aldrich P9541
KCN (Potassium cyanide) 151-50-8 Fisher Scientific P/4600/50
RIPHPO (Pt pHOEELe 7778-77-0 Sigma-Aldrich P0662
monobasic)
KOH (Potassium hydroxide) 1310-58-3 Sigma-Aldrich P5958
Methanol 67-56-1 Sigma-Aldrich M/4000/17
MgCl2 (Magnesium chloride) 7786-30-3 Thermo Fisher 223211000
MOPS (4-
Morpholinepropanesulfonic acid 71119-22-7 Alfa Aesar Al17214
sodium salt)
NazHPOu (Sodium phosphate 7558-79-4 Sigma-Aldrich S5136
dibasic)
NaCl (Sodium chloride) 7647-14-5 Fisher Scientific S/3160/60
NAD/NADH-Glo™ Assay - Promega G9071
Corporation
NADH (B-Nicotinamide adenine . .
dinucleotide reduced) 606-68-8 Sigma-Aldrich 8129
NADPH (B-Nicotinamide
adenine dinucleotide 2" 2646-71-1 Panreac A1395,0100
phosphate reduced tetrasodium
salt)
NAF (Sodium fluoride) 7681-49-4 VWR 27859.293
NaOH (Sodium hydroxide) 1310-73-2 Sigma-Aldrich S8045
Nicotinamide 98-92-0 Sigma-Aldrich N0636
NP40 127087-87-0 Sigma-Aldrich NP40S
Oxaloacetate 328-42-7 Acros Organics 416600050
PhosSTOP (phosphatase - Sigma-Aldrich 4906845001
inhibitor)
PKA kinase activity kit - Enzo Life Sciences ADI-EKS-390A
PMSF (Phenylmethylsulfonyl 329-98-6 Sigma-Aldrich P7626
fluoride)
Ponceau S 6226-79-5 Sigma-Aldrich P3504
Potassium carbonate 584-08-7 VWR 26724.291
Precision Plus ProteinTM .
Standard Dual Color i Bio-Rad 161-0374
Protease inhibitor cocktail - Sigma-Aldrich P8340
QIAmMp DNA mini-kit - Qiagen 51304
Rotenone 83-79-4 Sigma-Aldrich R8875
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SDS (Sodium dodecyl sulfate) 151-21-3 NZY tech MB01501
SOD activity kit - Enzo Life Sciences ADI-900-157
Sodium acetate 127-09-3 Sigma-Aldrich S8750
Sodium azide 26628-22-8 Sigma-Aldrich S$2002
Sodium bicarbonate 144-55-8 Sigma-Aldrich S6297
Sodium butyrate 156-54-7 Sigma-Aldrich B5887
Sodium dithionite 7775-14-6 Fisher Scientific S/3800/53
Sodium orthovanadate 13721-39-6 Sigma-Aldrich S6508
Sodium succinate 6106-21-4 Fisher Scientific S/6480/53
SsoFast Eva Green Supermix - Bio-Rad 172-5201
TCA (Trichloroacetic acid) 76-03-9 Sigma-Aldrich T0699
gi'(\é'i'fnit(ﬁflémino)ethane) 110-18-9 NZY tech MB03501
Tert-butylperoxide 110-05-4 Sigma-Aldrich 168521
Tris HCI 1185-53-1 Sigma-Aldrich T3253
Triton X-100 9002-93-1 Acros Organics 327371000
Trizma base 77-86-1 Sigma-Aldrich T1503
Tween-20 9005-64-5 Sigma-Aldrich P9416

Z-Arg-Arg-7-amido-4-

methylcoumarin hydrochloride 136132-67-7 Sigma-Aldrich 5429
B-glycerophosphate 58409-70-4 Sigma-Aldrich G6626
B-mercaptoethanol 60-24-2 Sigma-Aldrich M3148

2.2 Animal treatment

Eighteen nulliparous Western white-faced ewes (Rambouillet/Columbia
breeding) were randomly divided into two dietary groups and fed with different amounts
of a highly palatable diet. The first group (control - C) was composed by 10 individuals
which consumed the National Research Council (NRC) recommendations of nutrition33°.
This diet allows the maintenance of a constant body weight and supports the increase of
10-15% in body weight during early gestation. The other group was composed by 8
individuals which were fed with a global nutrient excess of 50% over of NRC
recommendations (150%) in order to promote obesity (maternal obesity — MO) (Figure
2.1).

Ewes’ adaption from their previous diet of mixed legume-grass hay to the
experimental diet (Table 2.2, Table 2.3) was performed during one week. During this
time period all experimental animals were fed with the necessary quantity of experimental
diet to fulfill 200% of the NRC nutritional recommendations. After the adaptation period,
animals were divided and fed according to the experimental groups previously described.
This experimental intervention was maintained during 60 days before the conception and
continued throughout all the gestation period. Ewes were fed once daily at approximately

Obesity — Induced hepatic changes during pregnancy 41



Materials and Methods |

4 PM (GMT-7). They were grouped into six adjacent pens in an open fronted pole barn.
Each group (C and MO) was divided into two pens per dietary treatment to allow
replication. Food amounts were individually calculated based on body weight (BW)
according to NRC guidelines and were adjusted weekly to account for BW increases. An
intact ram (white-faced, Rambouillet/Columbia breeding) bearing a marking harness was
continuously maintained in each of the six pens for approximately six weeks, and the first
day each ewe was marked was considered day 0 of gestation (Figure 2.2).

Table 2.2-Composition of the diet fed to ewes Table 2.3- Nutrient analysis of the experimental diet.
throughout the study.
Ingredients % Analyzed Composition
Ground bromegrass hay ! 14.02 Dry matter (%0) 88.54
Ground corn 63.89 Neutral detergent fibre (% DM) 24.09
Soybean meal 13.30 Acid detergent fibre (% DM) 9.99
Liguid molasses 5.60 Crude protein (% DM) 17.39
Limestone 2.24 In vitro dry matter digestibility 93.92
Ammonium chloride 0.50 (% DM)
Mineralized salt ? 0.24
Magnesium chloride 0.10
ADE premix ® 0.10
Rumensin 80 0.02

! Mean particle length = 2.54 cm.

2 Contained 13% NaCl, 10% Ca, 10% P, 2% K, 1.5% Mg,
0.28% Fe, 0.27% Zn, 0.12% Mn, 0.01% I, 35 p.p.m. Se, and
20 p.p.m. Co.

3 Contained 110 000 1U kg* vitamin A, 27 500 IU kg *
vitamin D, 660 IU kg vitamin E.

2.3 Tissue collection

At 90% gestation time, ewes were sedated with Ketamine (22.2 mg/kg body
weight) and maintained under isoflurane inhalation anesthesia (4% induction, 1-2%
maintenance). Under this general anesthesia, ewes were exsanguinated, and the gravid
uterus quickly removed. Maternal live BW and total fetal weight were recorded. Both
maternal and fetal liver were dissected out and tissue mass recorded. Both fetal and
maternal livers were divided into right and left lobes, snap frozen in liquid nitrogen and,
stored at -80°C for future use. All the samples are handled independently throughout all
experiments.

All the animal dietary protocol and sample collection were handled by our
collaborators at the Department of Animal Science, University of Wyoming, Laramie,
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Wyoming, USA. Frozen hepatic tissue from maternal right and left lobes were properly
sent to MitoXT laboratory facilities (CNC, Center for Neuroscience and Cell Biology,
UC Biotech Building, Cantanhede, Portugal).

Figure 2.1-Image representative of the individuals used in
the present study. Control Rambouillet/Columbia ewe fed
with  100% National Research Council nutritional
recommendations (NRC, left) and maternal obese
Rambouillet/Columbia ewe fed 150% NRC (right).

Control Maternal Obesity
n=10 n=8
-
anr .
Conception

- Time
90% gestation

Start of diet Sacrifice
Tissue Collection

Figure 2.2- Timeline of the experimental design applied in the present study.

2.4 DNA extraction

Total DNA for mtDNA copy number quantification was extracted from frozen liver
tissue using the QIAamp DNA mini-kit (Qiagen, Dusseldorf, Germany), according to the
manufacturer’s instructions. Briefly, 20 mg of frozen liver tissue was weighed and
incubated with digestion buffer and proteinase K at 56°C overnight. The obtained lysate
was centrifuged, and the resulting supernatant was treated with RNase A. After
incubation, the lysate was mixed with binding buffer and ethanol and centrifuged through
a silica-based spin column. Then, bound DNA was eluted by centrifuging elution buffer
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through the column. The extracted DNA samples were quantified spectrophotometrically
at A260 nm using a NanoDrop 2000 spectrophotometer (Thermo Scientific, Waltham,
MA, USA), diluted to 20 ng/uL in extraction buffer, and stored at —20°C until use.

2.5 mtDNA copy number

RT-PCR was performed using the SsoFast Eva Green Supermix, in a CFX96 real
time-PCR system (Bio-Rad, Hercules, CA, USA), with the primers defined in Table 2.4
at 500 nM. Amplification of 25 ng DNA was performed with an initial cycle of 2 min at
98°C, followed by 40 cycles of 5 seconds at 98°C plus 5 seconds at 63°C (Figure 2.3). At
the end of each cycle, Eva Green fluorescence was recorded to enable determination of
Cq. For quality control, after amplification, melting temperature of the PCR products was
determined by performing melting curves. For each set of primers, amplification
efficiency was assessed, and no template controls were run. mtDNA copy number was
determined in each sample by the ratio between the amount of the mitochondrial gene
cytochrome b (CytB) and the amount of the nuclear gene tyrosine 3-
monooxygenase/tryptophan 5-monooxygenase activation protein, zeta (YWHAZ), using
the CFX96 Manager software (v. 3.0; Bio-Rad).

Table 2.4 Sequences of the primers used for the quantification of mtDNA copy number.

Gene Accession number Forward primer Reverse primer

NC_001941.1
CytB CAGGATCCAACAACCCCACA  GTCTCCGAGTAAGTCAGGCG
(14159-15298)

YWHAZ NM_001267887.1 GAGCAGGCTGAGCGATATGA TGACCTACGGGCTCCTACAA

Figure 2.3 - Experimental design depicting the duration and temperature of the RT-PCR cycles used to assess
mtDNA copy number.
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2.6 Protein Quantification

After tissue homogenization, protein concentration in the lysates was determined
using BioRad-DC protein assay from BioRad (Hercules, USA), according to the
manufacturer’s instructions. Briefly, this assay is based on the reaction of protein amino
acids (primarily tyrosine and tryptophan, but also cystine, cysteine, and histidine) with an
alkaline copper tartrate, followed by the reduction of a Folin substrate that leads to color
development. After 15 minutes of reaction, the absorbance at 750 nm was measured using
a Cytation 3 multi-mode microplate reader (BioTek Instruments, Inc.). Standard solutions
containing 0.25 to 1.5 mg/mL Bovine Serum Albumin (BSA) were prepared using tissue
homogenization buffer and used to infer samples’ protein concentration. Standards and
samples were quantified using duplicates and triplicates, respectively.

2.7 Enzymatic Activities
2.7.1 Catalase

Catalase activity was determined by following hydrogen peroxide decomposition
by measuring the 240 nm absorbance decrease. Tissue samples were resuspended in 50
mM Phosphate Buffer 50 mM, pH 7.8 (PB) and homogenized two times during 20
seconds with an UltraTurrax homogenizer from IKA (Staufen, Germany). Total tissue
homogenates volumes equivalent to 4 pg of total protein were diluted with 200 uL PB in
a multi-well plate. The catalase activity assay was started by the addition of 100 pL
hydrogen peroxide solution at 10 mM. The 240 nm absorbance was read every 15 seconds
during 3 minutes at 25°C using the Cytation 3 multi-mode microplate reader (BioTek
Instruments, Inc.). Purified catalase was used as a positive control. Separate wells
containing the catalase inhibitor sodium azide were used as negative controls. For each
sample negative controls were prepared. Samples were measured in triplicates and
negative controls in duplicates. The first seven absorbance readings of each sample and
respective controls were fitted to an exponential regression curve. The maximal catalase
activity was determined using the initial linear part of this fitting curve. Results are
expressed in enzyme units (U) obtained directly from the decomposition of hydrogen
peroxide using the Beer-Lambert law with 1=0.691 cm and € = 43.6 M1.cm™.

2.7.2 Cathepsin B

The sample preparation was performed as described for the catalase assay. Sample
aliquots of 50 pL at 0.2 mg/mL protein concentration (10 pg total protein) were incubated
at 37°C with 70 pL incubation buffer (100 mM sodium acetate pH 5.5, 1 mM EDTA, 5
mM DTT and 0.05% (vol/vol) Brij-35). The cathepsin B activity assay was started by the
addition of 70 pL of the substrate Z-Arg- Arg-N-methyl-coumarin at 40 uM. Substrate
cleavage was followed during 20 minutes by fluorescence reading at 460 nm emission
using 360 nm excitation with the Cytation 3 multi-mode microplate reader (BioTek
Instruments, Inc.). A curve with known concentrations of N-methyl-coumarin was used
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as standard. Cathepsin B activity was determined from the slope of the linear regression
of experimental values and the results were normalized using the amount of protein in
each sample.

2.7.3 Cathepsin D

The sample preparation was performed as described for the catalase assay. Sample
aliquots of 50 pL at 0.2 mg/mL (10 pg total protein) were incubated at 37°C for 30
minutes with 125 pL of 3% (wt/vol) hemoglobin in 200 mM acetic acid. After the
incubation, 125 pL of 15% (vol/vol) TCA were added to the samples and they were kept
for 2 hours at 4°C. Samples were then centrifuged at 13 400 g for 5 minutes. Cathepsin D
activity was determined by measuring the absorbance at 280 nm of 70 pL from the
supernatants using the Cytation 3 (BioTek Instruments, Inc.) multi-plate reader. Results
were normalized using the protein amount of each sample.

2.7.4 Citrate Synthase

The samples were homogenized as described for the catalase assay except that 50
mM phosphate buffer (pH 7.0) was used as buffer. Citrate synthase activity was measured
according to a previously described protocol®*!. The reaction was started by the addition
of 30 pL of each sample (2 mg/mL) to the wells containing 80 puL of 1 mM 5,5’-
Dithiobis(2-nitrobenzoic acid) (DTNB), 10 pL of 4 mM acetyl-CoA, 10 pL of 1% Triton
X-100 (in 50 mM phosphate buffer pH 7.0) and 20 pL of 10 mM oxaloacetate. The
reaction was followed by the absorbance increase at 412 nm due to the consumption of
DTNB and formation of 5-Mercapto-2-nitrobenzoic acid (TNB). The baseline activity
was measured during 2 minutes and the increase of absorbance was followed during 5
minutes after starting the reaction. The assay was performed in triplicates. Negative
controls were obtained replacing oxaloacetate by the corresponding volume of 50 mM
phosphate buffer (pH 7.0). Citrate synthase activity was determined using the slope
experimental values’ linear regression and was expressed in enzyme units (U) obtained
by the Beer-Lambert law with 1 = 0.346 cm and € = 13.6 mmolt.cm™. Citrate synthase
activity of the negative controls was subtracted from their respective samples.

2.7.5 Glutathione Peroxidase

Liver samples were minced with a scalpel in an ice-cold board and repeatedly
washed with cold PBS until almost all the blood clots and other debris were removed.
Then all the samples were homogenized in 800 uL PBS in a pre-cooled Potter Elvehjem
glass homogenizer using a tight-fitting Teflon pestle (wall clearance: 0.10 mm) attached
to a mechanical overhead stirrer (Heidolph, Schwabach, Germany) set to 600 rpm for 50-
60 strokes. The samples were centrifuged at 250 g for 2 min at 4°C. The supernatants
were collected and stored at -80°C.
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Measurements of glutathione peroxidase (GPx) were performed as described
previously33?, GPx activity was evaluated by spectrophotometry, using tert-butylperoxide
as substrate®*2, through the quantification of NADPH oxidation at 340 nm. Results are
expressed in international units of enzyme activity (U).

2.7.6 Glutathione Reductase

Liver samples were extracted as described for GPx activity determination.
Measurements of glutathione reductase (GRd) activity were performed as described
previously33?, using GSSG as substrate®*, through the spectrophotometric quantification
of NADPH oxidation to NADP™ at 340 nm. Results are expressed in international units
of enzyme activity (U).

2.7.7 Protein Kinase A

Protein kinase A (PKA) activity was measured using the PKA kinase activity kit
from Enzo Life Sciences (Farmingdale, New York). This assay is based in a solid phase
enzyme-linked immuno-absorbent assay (ELISA). The multi-well plates provided in the
Kit are pre-coated with a synthetic peptide that is a specific substrate for PKA. Kinase
activity is determined using a polyclonal antibody that specifically recognizes the
phosphorylated form of the substrate (Figure 2.4).

Step 1 &>

D> Step 3 <

<o
Step 4
TMB

STEP KEY
Step 1. Addition of kinase and ATP; Kinase reaction
Step 2. Addition of phospho-substrate antibody
Step 3. Addition of secondary antibody-HRP conjugate
Step 4. Addition of TMB Substrate Yo
Step 5. Measure absorbance at 450 nm —>~

@ e e

Figure 2.4-Schematic outline of protein kinase A kinase activity assay system.
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Tissue homogenization was performed as described for the catalase activity assay,
although a different extraction buffer was used (20 mM MOPS, 50 mM f-
glycerophosphate, 50 mM sodium fluoride, 1 mM sodium orthovanadate, 5 mM EGTA,
2 mM EDTA, 1% NP40, 1 mM dithiothreitol (DTT), and 1mM
phenylmethanesulphonylfluoride (PMSF)). Samples were left on ice for 10 minutes and
centrifuge at 15 700 g for 15 minutes. The pellets were discarded, and the supernatants
used for PKA activity assessment after protein quantification. Briefly, samples (1 pug of
protein) were added to each well, the reaction was started by the addition of ATP and
allowed to occur during 90 minutes at 30°C. The wells were soak with a solution of the
phosphorylated substrate-specific antibody and incubated during 60 minutes at room
temperature. The wells were washed during 1-2 minutes with the washing buffer provided
in the Kit in a total of four times. The multi-well plates were subsequently incubated with
a peroxidase conjugated secondary antibody (anti-rabbit IgG:HRP conjugate) at room
temperature for 30 minutes. Wells were washed again four times as previous described.
The assay was completed by the addition of the horseradish peroxidase substrate
tetramethylbenzidine (TMB), leading to the generation of a colored product proportional
to the PKA phosphotransferase activity. TMB reaction with the secondary antibody was
followed at 650 nm for 45 minutes using the Cytation 3. Then, the color development was
stopped by adding an acidic stop solution, and the plates re-read at 450 nm. PKA Activity
was assessed either using the slope from the kinetic record or the final absorbance, since
they provide similar results. PKA activity was normalized to the average of the control

group.

2.7.8 OXPHOS Complex I — NADH dehydrogenase

The sample preparation was performed as described for the citrate synthase assay.
OXPHOS Complex I (NADH dehydrogenase) activity was determined according to a
previously described protocol®*. To each reaction well was added 130 puL H20, 21 pL
potassium phosphate buffer (PB) 500 mM pH 7.5, 12.6 uL BSA 50 mg/mL, 6 uL KCN
10 mM, 10 uL NADH 2 mM, and 10 pL of the sample to be tested with a 2 mg/mL protein
concentration (20 g total protein). The reaction was started by the addition of 6 pL
decylubiquinone 10 mM and followed by the decrease of absorbance at 340 nm due to
oxidation of NADH. The baseline activity was measured for 5 minutes before de addition
of decylubiquinone. The decrease of absorbance was followed during 10 minutes after
starting the reaction. In order to check the specificity of the reaction, 12.5 uM of the
complex I inhibitor rotenone was added in separate wells. In the wells without rotenone
the volume was adjusted with 50 mM PB pH 7.0. Each sample was measured in triplicates
and negative controls in duplicates. The maximal activity was determined using the slope
of the experimental values’ linear regression and is expressed in enzyme units (U)
obtained by the Beer-Lambert law with 1 = 0.484 cm and € = 6.2 mmol™*.cm™. NADH
dehydrogenase activity of the negative controls was subtracted from their respective
samples.
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2.7.9 OXPHOS Complex Il — Succinate dehydrogenase

The sample preparation was performed as described for the citrate synthase assay.
OXPHOS Complex Il (succinate dehydrogenase) activity was measured according to a
previously described protocol®¥. An aliquot of 80 pL from the sample homogenate at 2
mg/mL protein was incubated with 12.5 pL PB 25 mM pH 7.5, 5 uL BSA 50 mg/mL,
145 pL DCPIP 0.015% and 7.5 pL. KCN 10 mM. The reaction was started by the addition
of 12.5 puL of the complex Il substrate succinate (400 mM). Succinate dehydrogenase
activity was followed by the decrease of absorbance at 600 nm due to DCPIP reduction.
The baseline activity was measured for 2 minutes and the decrease of absorbance was
followed during 3 minutes after starting the reaction. In order to check the specificity of
the reaction, 10 pL of the complex Il inhibitor malonate (1 M) was added in separate
wells. Linear regression of the experimental values was used to obtain slopes. The slope
from the baseline was subtracted to the slope from complex Il activity. The assay was
performed in triplicates. Activities are represented in enzymes units (U) using the Beer-
Lambert law with 1 = 0.628 cm and € = 19.1 Mt.cm™.

2.7.10 OXPHOS Complex I+111 — NADH dehydrogenase and cytochrome ¢
reductase

The sample preparation was performed as described for the citrate synthase assay.
Complex I/I11 activity was measured according to a previously described protocol®**. An
aliquote of 25 pL from the sample homogenate at 2 mg/mL protein concentration (25 L)
was incubated with 175 pL H20 during 10 minutes. After, a mix containing 25 pL PB 50
mM pH 7.5, 5 uL BSA 50 mg/mL, 7.5 uL 10 mM KCN, and 2.5 uL NADH 10 mM was
added to each well. The reaction was started by the addition of 12.5 pL cytochrome ¢ 1
mM and followed by the increase of absorbance at 550 nm due to the reduction of
cytochrome c. The baseline activity was measured for 2 minutes and the decrease of
absorbance was followed during 2 minutes after starting the reaction. In order to check
the specificity of the reaction, negative controls obtained using 2.5 pL of both the
complex | and Il inhibitors, rotenone (1 mM) and antimycin A (10 mg.mL™),
respectively, were performed in separate wells. Linear regression of the experimental
values was used to obtain slopes. Complex I+IIl specific activity was obtained by
subtracting the activity of negative controls from the activity of the respective sample.
Activity is expressed in enzyme units using the Beer-Lambert law with | = 0.625 cm and
€=185M1cem?

2.7.11 OXPHOS Complex I1+111 — Succinate dehydrogenase and
cytochrome c reductase

The sample preparation was performed as described for the citrate synthase assay.
Complex I1/111 activity was measured according to a previously described protocol®*. A
mix containing 100 puL PB 25 mM pH 7.5, 7.5 uL KCN 10 mM and 6.25 pL succinate
400 mM was added to 15 pL of sample homogenates with 2 mg/mL protein
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concentrations. The reaction was started by the addition of 12.5 pL cytochrome ¢ 1 mM
and followed by the increase of absorbance at 550 nm due to the reduction of cytochrome
c. The baseline activity was measured for 2 minutes and the increase of absorbance was
followed during 3 minutes after starting the reaction. In order to check the specificity of
the reaction, 2.5 pL of complex Il inhibitor, malonate (1 M), was added in separate wells.
Sample activities were performed in duplicates and the slope of the negative control was
subtracted to the total slope. Linear regression of the experimental values was used to
obtain slopes. Activity is expressed in enzyme units (U) using the Beer-Lambert law with
1=0.331 cm and € = 18.5 Mt.cm™.

2.7.12 OXPHOS Complex IV — Cytochrome c oxidase

The sample preparation was performed as described for the citrate synthase assay.
Complex IV (cytochrome c oxidase) activity was measured according to a previously
described protocol®3*. The reaction was started by the addition of 12 pL of the complex
IV substrate, reduced cytochrome ¢ 1 mM, to a mix containing 170 uL PB 50 mM pH 7.0
and 37.5 pL sample homogenates with a 2 mg/mL protein concentration. Cytochrome ¢
was reduced using sodium dithionite according to a protocol previously described®*.
Briefly, oxidized cytochrome c¢ was prepared in 20 mM PB pH 7.0. It was reduced,
immediately before use, by mixing with a few grains of sodium dithionite in the tip of a
pipette. The solution’s color changed from brown to red-pink. Cytochrome ¢ reduction
was confirmed by measuring the ratio between absorbance values at 550 nm and 565 nm.
A ratio greater than 6 indicates that cytochrome ¢ was successfully reduced and that the
solution is adequate to be used*.

The OXPHOS complex IV reaction was followed by the decrease of absorbance
at 550 nm due to oxidation of cytochrome c. The baseline activity was measured for 2
minutes and the decrease of absorbance was followed during 3 minutes after starting the
reaction. In order to check the specificity of the reaction, 6 pL of the complex IV inhibitor
KCN (10 mM) were added in separate wells. Linear regression of the experimental values
was used to obtain slopes. All the assays were performed in duplicates and the activity is
expressed in enzyme units (U) and was obtained using the Beer-Lambert law with | =
0.519 cm and € =18.5 Mt.cm™.

2.7.13 Superoxide Dismutase

The activity of Superoxide Dismutase (SOD) was measured using a SOD activity
kit purchased from Enzo Life Sciences (Farmingdale, New York). This is a colorimetric
based assay in which superoxide ions are generated in the presence of molecular oxygen
from the conversion of xanthine to uric acid and hydrogen peroxide by the enzyme
xanthine oxidase. The generated superoxide anions react with WST-1 converting it to
WST-1 formazan, a colored product that absorbs light at 450 nm. When SOD is present
the amount of superoxide ion is reduced and consequently the rate of WST-1 formazan
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formation decreases (Figure 2.5). The relative SOD activities of the hepatic tissue from
control and obese ewes were expressed as a percentage of inhibition of the rate of WST-
1 formazan formation. The assay was performed according to the kit manufacturer’s
instructions.

WST-1
formazan
(Absorbs at
xanthine 450 nm)
20,
20,
H,0, + uric WST-1
acid |
SOD
0,+H,0,

Figure 2.5- Schematic representation of the reaction mechanism used in SOD activity assay.

Briefly, tissue samples were minced and rinsed three times in PBS in order to
remove blood clots or other debris. The pelleted decanted fragments were resuspended in
1x extraction buffer supplied with the kit and homogenized during 20 seconds with an
UltraTurrax homogenizer from IKA (Staufen, Germany) two times. The homogenates
were kept on ice for 30 minutes and periodically vortexed. The disrupted tissue
suspension was centrifuged at 10,000xg during 10 minutes at 4°C to remove insoluble
material. The supernatants were recovered, maintained on ice and their protein
concentration determined by the BioRad-DC protein assay (Hercules, USA).

SOD activity determination was performed at 25°C using 200 pl of 1X SOD assay
buffer supplemented with WST-1 reagent and xanthine oxidase. The reaction was
initiated by the addition of xanthine solution and followed for 10 minutes through
absorbance readings at 450 nm every minute using the Cytation 3 multi-mode microplate
reader (BioTek Instruments, Inc.). Assays were performed in duplicates and the results
are expressed in enzyme units (U). A standard curve obtained with the purified SOD
supplied with the kit was used to calculate enzyme activities.

2.8 Molecular Quantifications
2.8.1 GSH levels

Samples’ extraction protocol was as previously described for the Glutathione
Peroxidase activity determination. Measurements of GSH levels were performed as
described previously33?. The OxisResearch kit (Percipio Biosciences Burlingame, CA,
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USA) was used according to manufacturer’s instructions. This assay is based on a method
that follows absorbance changes at 420 nm due to the formation of a chromophoric thione
that occurs proportionally to GSH concentration®®. Results are expressed as pmol of GSH
per L of sample (uM).

2.8.2 MDA levels

Samples were extracted as described for the glutathione peroxidase activity
determination. Lipid peroxidation was assessed by quantification of malondialdehyde
(MDA) adducts separated by HPLC (Gilson, Lewis Center, Ohio, USA) using the
ClinRep complete kit (Recipe, Munich, Germany) as described by the manufacturer.
Fluorescence readings with emission at 553 nm and excitation at 515 nm were performed
using a Jasco FP-2020/2025 fluorescence detector (Jasco, Tokyo, Japan).

2.8.3 NAD+ and NADH levels

NAD™* and NADH (oxidized and reduced nicotinamide adenine dinucleotides,
respectively) levels and their ratio was measured using NAD/NADH-Glo™ Assay
purchased from Promega Corporation (Madison, Wyoming). This assay uses a NAD
cycling enzyme which converts NAD* to NADH in the presence of a specific substrate
provided in the kit. NADH is used by the enzyme reductase to reduce a proluciferin
reductase substrate to form luciferin. Luciferin is quantified using Ultra-Glo™
Recombinant Luciferase (rLuciferase), being the light signal produced proportional to the
amount of NAD+ or NADH in the sample (Figure 2.6).

Samples were homogenized as described for the catalase assay but using a
bicarbonate buffer (100 mM sodium carbonate, 20 mM sodium bicarbonate, 10 mM
nicotinamide, 0.05% Triton X-100, pH 10) with 1% dodecyltrimethylammonium bromide
(DTAB). Samples were centrifuged at 15 700 g for 15 minutes and the pellet discarded.
Each sample was split into two eppendorfs in order to measure NAD* with one and
NADH with the other. In general, oxidized forms are selectively destroyed by heating in
a basic solution, while reduced forms are not stable in acidic solutions. To measure NAD™
levels, 50 uL of samples (0.4 mg of protein/mL) were incubated with 25 pL of 0.4 N HCL
and heated at 60°C for 15 minutes. Samples were left 10 minutes at room temperature
before adding 25 pL of 0.5M Trizma base, pH 10.7. For NADH levels measurement, 50
pL of samples (0.4 mg of protein/mL) were heated at 60 °C for 15 minutes. After cooling
down the samples during 10 minutes at room temperature, 50 pL of 0.4 M HCI/ 0.5 M
Trizma base were added. Then 20 pL of samples were mixed with 20 puL of the
NAD/NADH-Glo™ detection reagent in a Corning 384-well low flange white flat bottom
polystyrene not treated microplate. After 1 h incubation, luminescence was measured in
a Cytation 3 multi-mode microplate reader (BioTek Instruments, Inc.). NAD* and NADH
levels were normalized using the control group values, while their ratio was determined
directly from the raw data.
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Figure 2.6 - Schematic diagram of the NAD/NADH-Glo™ Assay technology.

2.8.4 Vitamin E levels

Samples were homogenized as described for the Glutathione Peroxidase activity
assay. Vitamin E levels were quantified by reverse-phase high performance liquid
chromatography (HPLC) using an analytic column Spherisorb S10w (250 x 4.6mm).
Elution was performed with 0.9% methanol in n-hexane at a flow of 1.5 mL/min. Vitamin
E was quantified using absorbance reading at 287 nm and internal standards.

2.9 Western Blot

A piece of tissue with ~30 mg was homogenized two times during 20 seconds
with an Ultra-Turrax homogenizer from IKA (Staufen, Germany) in RIPA buffer (50 mM
Tris pH 8, 150 mM NaCl, 5 mM EDTA, 15 mM MgClz, 1% TritonX-100) supplemented
with 0.5 mM PMSF, 2.5%0 of a protease inhibitor cocktail (104 mM AEBSF, 80 uM
Aprotinin, 4 mM Bestatin, 1.4 mM E-64, 2 mM Leupeptin, and 1.5 mM Pepstatin A), 20
mM NaF, 10 mM NAM, 5 mM Sodium Butyrate, 0.5% DOC and PhosSTOP
(phosphatase inhibitor cocktail, Roche, Sigma -Aldrich Quimica) as described by the
supplier. After homogenization, samples were centrifuged at 250 g for 2 minutes at 4°C
and the pellet discarded. Protein was quantified and the samples diluted to 2.4 mg/mL
with supplemented RIPA buffer. Laemmli buffer 6 times concentrate (375 mM Tris-HCI
(pH 6.8), 9% SDS, 50% glycerol, 9% beta-mercaptoethanol, 0.03% bromophenol blue,
and 300 mM DTT) was added to each sample to achieve a final protein concentration of
2 mg/mL. Samples were boiled at 95°C for 5 minutes (except an aliquot which was used
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in OXPHOS cocktail protein quantification). Samples were stored at -20°C until future
use.

Samples (25 pug of protein) were loaded in 10% or 12% acrylamide gels (14% was
used in LC3B western blot). In each gel Precision Plus Protein Dual Color Standards and
a positive control consisting of 25 pg of protein from HepG2 extracts were run in parallel
with the samples. Electrophoresis was performed at room temperature with running buffer
(25 mM Tris, 192 mM glycine, 0.1% SDS), at constant current intensity (30 mA per gel)
in a Mini-PROTEAN tetra Cell (Bio-Rad) for around 75 minutes. Protein was then
transferred to PVDF membranes in a Trans-Blot Turbo Transfer System (Bio-Rad).
PVDF membranes were activated by incubation for 1 minute in methanol, 5 minutes in
ddH20 and 15 minutes in Trans-Blot Turbo Transfer Buffer (Bio-Rad). Transference
occurred for 10 minutes at constant current intensity (2.5 A). Transfer quality was
assessed by ponceau staining the membranes.

Membranes were then blocked using 5% free-fat milk, or 5% BSA according to
antibodies datasheet, in TBS-T buffer (Tris 20 mM, pH 8.0, NaCl 150 mM, Tween-20
0.1% (w/v)) for 2 hours at room temperature. Membranes were washed 3 times with TBS-
T, for at least 5 minutes each time and under agitation, and incubated with primary
antibody (Table 2.5) overnight, under agitation at 4°C. Primary antibodies were prepared
in 1% free-fat milk in TBS-T buffer, unless stated otherwise in the supplier
documentation. Membranes were washed again 3 times as previously described, and
incubated with the secondary antibody (Table 2.6) prepared in TBS-T buffer, for 2 hours,
at room temperature and under agitation.

Table 2.5 — List of primary antibodies used to perform protein determination by Western blot. ‘Accession number’
represents the UniProt (The Universal Protein Resource) reference of the protein and ‘dilution’ corresponds to the
dilution used for each antibody during incubation.

. Accession Host MW N
Protein Number Manufacture code Specie  (kDa) Dilution
. Il .
ACO 2 Aconitase 2 Q99798 . ce . 6571 Rabbit 85 1:500
signaling
Adenosine
ANT 1/2 nucleotide P12235 Abcam 110322 Mouse 33 1:1000
translocator 1/2
ATPsa ~ ATPsynthase —poppas o MIO 0100273 Mouse 54 1:500
subunit alpha Science
B-cell Cell .
Bcl-2 P10415 - 2870 Rabbit 26 1:1000
lymphoma 2 signaling
Beclin-1 Quass7 Sl 3495  Rabbit 60  1:500
signaling
Mito
Cat Catalase P04040 . Abl4754  Mouse 48 1:1000
Science
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Cytochrome ¢

COX-1l  oxidase subunit ~ P00403 MIO  Ab110258 Mouse 22 1:500
9 Science
. Santa
CS Citrate synthase 075390 Cruz 390693 Mouse 58 1:1000
ATP synthase Mito
CVa F(0) complex P05496 . Abl14748  Mouse 55 1:1000
. Science
subunit C1
.. Mit
CycD Cyclophilin D M5C900 . o Ab110324 Mouse 21 1:500
Science
CytC Cytochrome ¢ P99999 M'to ADb110324 Mouse 12 1:500
Science
Fis-1 Mitochondrial ~— o\ ope SN o007 Mouse 17 1:500
fission 1 protein Cruz
Glucose Santa
GLUT-1 transporter P11166 377228 Mouse 55 1:500
Cruz
member 1
GPx-1 Glutathione P07203 M@ 133160  Mouse 23 1:500
peroxidase 1 Cruz
GPx-4 Glutathione P36969 @ 166570 Mouse 21 1:500
peroxidase 4 Cruz
GR Glutathione P00390 M@ 133345  Mouse 50  1:1000
Reductase Cruz
Microtubule-
associated Cell . )
LC3B proteins 1A/1B Q9GZQs8 S fine 3868 Rabbit 14,16  1:500
light chain 3B
. . Santa .
Mfn-1 Mitofusin-1 Q8IWA4 Cruz 50330 Rabbit 86 1:500
Cytochrome ¢
mtCO1 oxidase subunit  P00395 Abcam 14705 Mouse 57 1:1000
1
NADH
Ndufsg ~ denvdrogenase 5,0 MIO 10042 Mouse 18 1:1000
iron-sulfur Science
protein 8
Dynamin-like Santa )
OPA-1 120 kDa protein 060313 Cruz 30573 Goat 120 1:250
P62 Q13501 MBL PMO045 Rabbit 62 1:500
p-BCL-2 B-cell Cell . )
(Thr56) lymphoma 2 P10415 signaling 2875 Rabbit 28 1:500
Peroxisome
proliferator-
PGC-1q  2ctivated QouBkz oA 13067  Rabbit 90  1:500
receptor gamma Cruz
coactivator 1-
alpha
CAMP-
dependent Santa
PKA protein kinase P17612 C 28892 Rabbit 40 1:1000
catalytic subunit ruz
alpha
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PPARY

SDHA

SDHB

Sirt-1
Tfam

TOM 20

UQCRC1

UQCRC2

UQCRFS1

VDAC

B-actin

Peroxisome
proliferator-
activated
receptor gamma
Succinate
dehydrogenase
flavoprotein
subunit
Succinate
dehydrogenase
iron-sulfur
subunit
Sirtuin-1
Transcription
factor A
Mitochondrial
import receptor
subunit TOM20
Cytochrome b-
¢l complex
subunit 1
Cytochrome b-
¢l complex
subunit 2
Cytochrome b-
¢l complex
subunit Rieske
Voltage-
dependent
anion-selective
channel
protein 1

P37231

P31040

P21912

Q96EB6
Q00059

Q15388

P31930

P22695

P47985

P21796

P68133

abcam

Santa
Cruz

Mito
Science

abcam
Santa
Cruz

Santa
Cruz

Mito
Science

Mito
Science

Abcam

Mito
Science

Millipore

41928

59687

Abl14714

110304
23588

49760

Ab110252

Ab14754

Ab14746

Ab14734

MAB1501

Mouse

Mouse

Mouse

Mouse

Goat

Rabbit

Mouse

Mouse

Mouse

Mouse

Mouse

58

70

29

110
25

20

49

48

25

39

43

1:1000

1:1000

1:500

1:500
1:500

1:1000

1:500

1:1000

1:500

1:500

1:5000

After the incubation with secondary antibody, membranes were washed 3 times
as previously described except that TBS (TBS-T without Tween-20) was used instead of
TBS-T. Membranes were then incubated with Clarity Western ECL Substrate (Bio-Rad)
for 5 minutes and images collected with a UVP BioSpectrum 500 imaging System (UVP,
Upland, California). Images were analyzed with the TotalLab TL120 software (Nonlinear
Dynamics, Newcastle, UK), using the background subtraction method ‘Rolling Ball’ with
radius = 50. The volume of the bands was used to compare protein expression between
different lanes. Results were normalized by [3-actin expression and are reported relatively
to the mean of the control group.
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Table 2.6 - List of secondary antibodies used in Western blot. ’Dilution’ corresponds to the dilution used for each
antibody during incubation.

Antibody  Description Manufacture Code Host specie  Dilution
Anti-Goat  rabbit@goat SantaCruz 2771 Rabbit 1:5000
Anti- goat@mouse SantaCruz 2008 Goat 1:5000
Mouse
Anti- goat@rabbit Santa Cruz 2007 Goat 1:5000
Rabbit

2.10 Data analysis and statistics

The aim of this work is to understand if the hepatic tissue is differently affected
by maternal obesity during pregnancy comparing to a control pregnancy. Therefore, two-
sided statistical tests were always used. All data were analyzed using GraphPad Prism
6.01 (GraphPad Software, Irvine, CA. USA) and all results are expressed as median, 1%
quartile (Q1) and the 3™ quartile (Qs) with three significant digits. Each different animal
was considered as an experimental unit, although the contribution of each liver lobe was
separately taken in account. The number of experiments performed in each assay is
described in the respective figure.

To measure differences due to maternal obesity comparisons between ML-C
(Maternal Liver — Control) and ML-MO (Maternal Liver — Maternal Obesity), between
MLL-C (Maternal Liver Left Lobe — Control) and MLL-MO (Maternal Liver Left Lobe
-Maternal Obesity), and between MLR-C (Maternal Liver Right Lobe — Control) and
MLR-MO (Maternal Liver Right Lobe — Maternal Obesity) were performed. Whenn <7
in the group, the data was considered not normal and the nonparametric Mann-Whitney
test was performed. Otherwise, the normality of the distribution of the results from each
group was measured using Shapiro-Wilk normality test. a = 0.05 was considered the
threshold to pass normality test. Whenever the data presented a normal distribution,
parametric unpaired t-test was performed. Otherwise, the nonparametric Mann—-Whitney
test was used.

A secondary hypothesis in this work is the existence of a metabolic dichotomy
between liver lobes, both originally, in the control group, and also in a situation of
maternal obesity during pregnancy. To test this hypothesis, comparisons between MLL-
C and MLR-C as well as between MLL-MO and MLR-MO were performed. As liver
lobes from the same individual are compared in these cases, paired statistical tests were
used. The choice of statistical test to be use according to the type of distribution of the
data was as previously described. Nonparametric Wilcoxon test and parametric paired t-
test were used.

In all statistical tests values with p < 0.05 were considered as statistically
significant differences (* p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.001), and p-
value was represented with four significant digits. Statistically significant results were
further analyzed to determine the effect size. Cohen’s d test with Hedges’ g variation,
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which is used when there are different sample sizes, allowed to quantify the magnitude
of the difference between groups. Values with g > 0.01 were considered with a significant
effect size and can be further ranked according to magnitudes (g > 0.01 very small; s g >
0.20 small; g > 0.50 medium; g > 0.80 large; g > 1.20 very large; g > 2.0 huge) and g-
value was expressed with three significant digits.
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Chapter 3-  Results

3.1 Impact of maternal obesity during pregnancy on maternal
health

Weight gain is one of the hallmarks of obesity. During this study, maternal weight
was measured at three time points: before starting the diet intervention; at the conception;
and before the cesarean section. At the beginning of the study no weight differences were
observed between the ML-C and ML-MO groups (p = 0.5744). However, at the
conception, 60 days after starting the diet, a significant difference was measured between
ML-C and ML-MO ((ML-C vs ML-MO: median = 69.0, Q1 = 57.9, Qs = 84.0 vs median
=78.5, Q1 =73.5, Q3 = 94.5; p = 0.0471; effect size g = 1.07; Figure 3.1A). At 90% of
gestation (cesarean section between day 132 and 140), ML-MO live weight was increased
compared with ML-C (ML-C vs ML-MO: median =111, Q1 = 105, Q3 = 121 vs median
=102, Q1 =91.3, Q3 = 115; p = 0.0529; g = 1.05).

Subcutaneous fat thickness was also evaluated and a significant increase due to
maternal obesity was observed when comparing ML-C with ML-MO (ML-C vs ML-MO:
median = 2.00, Q1 = 2.00, Q3 = 2.12 vs median = 3.75, Q1 = 3.50, Q3 = 4.50; p = 0.0003;
g = 2.20, Figure 3.1B)). After cesarean section some tissues were also collected and
weighted. There are no differences in the measured weights of heart (p = 0.9028), liver
(p = 0.1986) and brain (p = 0.6207) between the ML-C and ML-MO groups (Figure
3.1C). Significantly higher pituitary’s weights were observed in the ML-MO group
compared with ML-C (p = 0.0152; g = 1.29).

3.2 Maternal obesity induced-hepatic metabolic remodeling

Obesity induces several metabolic alterations. In liver, it is associated with lipid
accumulation, which induces dysregulations in the hepatic metabolism. With that in mind,
Protein Kinase A (PKA) activity and the redox state of liver tissue (Figure 3.2), as well
as the protein expression of some regulators of hepatic metabolism (Figure 3.3) were
evaluated in order to assess possible alterations caused by maternal obesity.

Maternal obesity during pregnancy decreased by 40% the hepatic PKA activity
(ML-C vs ML-MO: median = 0.945, Q1 = 0.775, Q3 = 1.33 vs median = 0.477, Q1 =
0.347, Q3 = 0.832; p = 0.0007; with a large effect size g = 1.61; Figure 3.2A). This
difference is caused essentially by PKA activity alterations in the hepatic right lobe where
differences between MLR-C and MLR-MO are more pronounced (MLR-C vs MLR-MO:
median = 0.975, Q1 = 0.858, Q3 = 1.29 vs median = 0.434, Q1 = 0.328, Q3 = 0.530; p <
0.0001; g = 1.51).

The redox state of liver tissue is also modified by maternal obesity (Figure 3.2B).
The NAD*/NADH ratio is 35.8% increased in ML-MO (ML-C vs ML-MO: median =
0.640, Q1 = 0.595, Q3 = 0.657 vs median = 0.775, Q1 = 0.674, Q3 = 1.07; p = 0.0059),
although with a small effect size g = 0.349. This alteration caused in NAD*/NADH ratio
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by excessive food intake is mainly due to the effect observed in the right lobe, with a
61.7% rise in MLR-MO (MLT-C vs MLR-MO: median = 0.605, Q1 = 0.508, Q3 =0.629
vs median = 0.987, Q1 =0.719, Q3 = 1.10; p = 0.0087; g = 0.541).

Physiologically, the different liver lobes of the control group, MLL-C and MLR-
C, already present dissimilar NAD*/NADH ratios (MLL-C vs MLR-C: median = 0.657,
5Q1 = 0.644, Qs = 0.717 vs median = 0.605, Q1 = 0.508, Qs = 0.629; p = 0.0625; g =
0.151). The differences in NAD*/NADH ratios between the experimental groups are
caused by a 19.9% decrease in NADH levels (ML-C vs ML-MO: median = 0.977, Q1 =
0.960, Qs = 1.07 vs median = 0.850, Q1 = 0.769, Q3 = 0.926; p = 0.0040; g = 1.38; Figure
3.2D), while NAD" levels remain unchanged (p = 0.796; Figure 3.2C). Indeed, NADH
levels are also altered by maternal obesity in the liver right lobe (MLR-C vs MLR-MO:
median = 1.02, Q1 = 0.954, Q3 = 1.08; MLR-MO vs median = 0.806, Q1 = 0.522, Q3 =
0.870; p=0.0070, g = 1.29).
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Figure 3.1 - Maternal morphological parameters from control group (ML-C) and obese group (ML-MO). A: live weight
before starting the diet, at the conception and at the c-section. B: subcutaneous fat thickness. C: weight of maternal heart,
liver, brain and pituitary gland at the c-section. The number of individuals in each group is indicated in parentheses.
Statistical analysis: Comparison between control and maternal obesity groups was performed using unpaired t-test in A
(after performing Shapiro-Wilk normality test). P-value lower than 0.05 was considered significant (* p <0.05; ***p <
0.001). Green/light grey bars, ML-C; Red/dark grey bars, ML-MO. Median, interquartile distance, minimum and
maximum are depicted.
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Figure 3.2 - Metabolic hepatic profile of tissues from control (ML-C) and maternal obesity (ML-MO) ewes. The
combined (left white area) or individual (right greyed area) contribution of the left and right liver lobes is depicted. A:
Protein Kinase A activity; B: NAD* / NADH ratio calculated from C: NAD™* levels and D: NADH levels. Data is
represented relatively to the respective ML-C group mean in A, C, and D. The number of individuals in each group is
indicated in parentheses.

Statistical analysis: Comparison between control and maternal obesity groups was performed using unpaired t-test in
A (after performing Shapiro-Wilk normality test) and Mann-Whitney test in B, C, and D. Comparison between lobes
was assessed using paired t test in A and Wilcoxon test in B, C, and D. P-value lower than 0.05 was considered
significant (* p < 0.05; **p < 0.01; *** p <0.001; **** p < 0.0001). Green/light grey bars, ML-C; Red/dark grey
bars, ML-MO; diagonal line pattern, left liver lobe (MLL); dot pattern, right liver lobe (MLR). Median, mean (+),

interquartile distance, minimum and maximum are depicted.

Although PKA activity is modified by maternal obesity, PKA protein expression
is not affected either in the total liver tissue (p = 0.743) or in any of the lobes (Figure
3.3). Hepatic sirtuin-1 protein expression was also evaluated and is similar in both
experimental groups (ML-C vs ML-MO, p = 0.829). However, there is a dichotomy in
Sirtuin-1 expression if the liver lobes are considered separately (Figure 3.3B): no
differences in expression are observed in the right lobe (p = 0.180) while there is a small
decrease in Sirtuin-1 expression in the left lobe of obese mothers compared with control
(MLL-C vs MLL-MO, p = 0.065; g = 0.582).

Peroxisome proliferator-activated receptor gamma (PPAR-y) protein expression
was also analyzed (Figure 3.3). In total liver tissue there is a slight decrease in PPAR-y
levels when comparing ML-C with ML-MO (ML-C vs ML-MO: median = 0.952, Q1 =
0.774, Qs = 1.24 vs median = 0.728, Q1 = 0.519, Q3 = 1.05; p = 0.0933; g = 0.716). Again,
a dichotomy can be observed related with PPAR-y protein expression in liver lobes
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(Figure 3.3B): in the left lobe a significant decrease in PPAR-y levels was measured (p
= 0.0022; g = 5.06), while an increase was observed in the right lobe (p = 0.0043; g =
1.96) with excessive food intake compared to controls.

Interestingly, alterations in the protein expression of those regulatory proteins
were found originally when comparing right and left lobes of control mothers (PKA: p =
0.0625, g = 1.08; Sirt-1: p = 0.0938, g = 1.10; PPAR-y: p = 0.0313, g = 2.54; Figure
3.3B). Furthermore, these proteins’ expression is also different in the right and left lobes
of obese mothers (PKA: p =0.0313, g = 0.432; Sirt-1: p = 0.0313, g = 5.80; PPAR-y: p =
0.0313, g = 4.87; Figure 3.3B).
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Figure 3.3- Metabolic remodeling-related protein expression of Protein Kinase A (PKA), Sirtuin-1 (Sirt-1) and
Peroxisome proliferator-activated receptor gamma (PPAR-y), and alterations induced by Maternal Obesity in A: total
hepatic tissue from control group (ML-C) and maternal obesity group (ML-MO) and B: the contribution of each liver
lobe. Data was normalized using the reference protein S-actin and the protein expression represented relative to ML-
C group. The number of individuals in each group is indicated in parentheses.

Statistical analysis: Comparison between control and maternal obesity groups was performed using Mann-Whitney
test in A and B. Comparison between lobes was assessed using Wilcoxon test in B. P-value lower than 0.10 was
registered (7 p < 0.10) and lower than 0.05 was considered significant (* p < 0.05; ** p < 0.01). Green/light grey
bars, ML-C; Red/dark grey bars, ML-MO; diagonal line pattern, left liver lobe (MLL); dot pattern, right liver lobe
(MLR). Median, interquartile distance, minimum and maximum are depicted.
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Since metabolic regulation was changed by maternal obesity it was hypothesized
that metabolic proteins expression could also be modified. Therefore, glucose transporter
GLUT-1, Adenosine nucleotide translocator (ANT 1/2), as well as Krebs’ cycle enzymes
aconitase (ACO 2) and citrate synthase protein levels were analyzed. No significant
alteration in these proteins expression was found between the experimental groups (ANT

1/2: p = 0.1662; ACO 2: p = 0.1383; citrate synthase: p
Figure 3.4A).
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Figure 3.4- Metabolism-related protein expression: Adenosine nucleotide translocator 1/2 (ANT 1/2), Aconitase 2 (ACO
2, Citrate Synthase and Glucose transporter 1 (GLUT-1) levels and alterations induced by Maternal Obesity were
assessed in A: total hepatic tissue from control group (ML-C) and maternal obesity group (ML-MO) and B: the
contribution of each liver lobe. Data was normalized using the reference protein f-actin and the protein expression
represented relative to ML-C group. The number of individuals in each group is indicated in parentheses.

Statistical analysis: Comparison between control and maternal obesity groups was performed using unpaired t-test in
ACO 2 protein expression (after performing Shapiro-Wilk normality test) and Mann-Whitney test in ANT 1/2, Citrate
Synthase and GLUT-1. Comparison between lobes was assessed using paired t-test in ACO 2 and Wilcoxon test in ANT
1/2, Citrate Synthase and GLUT-1. P-value lower than 0.05 was considered significant (* p < 0.05). Green/light grey
bars, ML-C; Red/dark grey bars, ML-MO; diagonal line pattern, left liver lobe (MLL); dot pattern, right liver lobe (MLR).

Median, interquartile distance, minimum and maximum are depicted.
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However, when a lobe-dependent analysis is performed, it is possible to observe
a few differences (Figure 3.4B). ANT 1/2 protein expression presents a significant
increase in the left lobe of obese mothers (MLL-C vs MLL-MO: median = 1.09, Q1 =
0.954, Q3 = 1.27 vs median = 1.53, Q1 = 1.23, Q3 = 1.66; p = 0.0303; g = 1.70). Citrate
synthase protein expression is decreased in the right lobe of obese mothers compared with
control (MLR-C vs MLR-MO: median = 1.15, Q1 = 0.988, Q3 = 1.36 vs median = 0.818,
Q1=0.723, Q3 = 0.904; p = 0.0152; g = 1.73).

As observed in metabolism regulation-related protein expression, right and left
liver lobes of control mothers present a difference in ANT 1/2 (p = 0.0625; g = 1.52),
citrate synthase (p = 0.0313; g = 1.59) and GLUT-1 (p = 0.0938; g = 0.939) protein
expression. Indeed, there are also differences between the right and left liver lobes of
obese mothers in ANT 1/2 (p = 0.0625; g = 2.39) and ACO 2 (p = 0.0499; g = 0.785)
protein levels (Figure 3.4B).

3.3 Effect of maternal obesity in hepatic mitochondrial
function

The protein expression of different components of the mitochondrial oxidative
phosphorylation complexes and ATP synthase subunits was measured to realize if the
observed maternal obesity-induced metabolic remodeling was also having an effect on
mitochondrial function. We observed that, in general, complexes subunits are less
expressed while ATP synthase subunits are more expressed in the liver of obese mothers
compared with control mothers (Figure 3.5A). Hepatic complex | subunit Ndufs8
expression is decreased in obese mothers (ML-C vs ML-MO: median = 0.952, Q1 = 0.808,
Qs = 1.20 vs median = 0.882, Q1 = 0.696, Qs = 0.988; p = 0.0658; g = 0.637). This
alteration in Ndufs8 expression is a result of the decrease observed notedly in the left lobe
of obese mothers (MLL-C vs MLL-MO, p = 0.0245; g = 1.18) with no alterations in the
right lobe (MLR-C vs MLR-MO, p = 0.6539; Figure 3.5B).

Complex 11 subunits SDHA (ML-C vs ML-MO: median = 0.841, Q1 = 0.652, Qs
= 1.13 vs median = 0.671, Q1 = 0.588, Q3 = 0.797; p = 0.0475; g = 0.792) and SDHB
(ML-C vs ML-MO: median = 0.957, Q1 = 0.640, Qs = 1.20 vs median = 0.304, Q1 =
0.202, Qs = 0.575; p < 0.0001; g = 1.63) protein expression is also decreased in obese
mothers (Figure 3.5A). The alteration induced in SDHA protein levels has a greater
contribution from the decrease that occurs in the right lobe of obese mothers (MLR-C vs
MLR-MO, p = 0.0179; g = 1.25) while the left lobe presents no variation (p = 0.6539;
Figure 3.5B) between experimental groups. SDHB protein expression presents a decrease
in both lobes of obese mothers comparing with their control counterparts (MLL-C vs
MLL-MO: p =0.0002, g = 2.25; MLR-C vs MLR-MO: p = 0.0011, g = 1.92).

Regarding Complex |11 subunits expression, different behaviors were observed
(Figure 3.5A). UQCRC1 (p = 0.1302) and UQCRC2 (p = 0.5599) show no alteration in
protein levels, either in total liver tissue or when separated by lobes, caused by the
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experimental conditions. UQCRFS1 expression is decreased (ML-C vs ML-MO: median
=0.887, Q1 =0.726, Q3= 1.28 vs median = 0.777, Q1 = 0.542, Q3 = 0.991; p = 0.0622; g
= 0.670). These differences in UQCRFS1 expression are a result of the specific decrease
in the left lobe of obese mothers (MLL-C vs MLL-MO, p =0.0385; g = 1.12). This protein
expression in the liver right lobe remains constant (MLR-C vs MLR-MO, p = 0.5575;
Figure 3.5B) in all experimental conditions.

The maternal obesity-induced changes in complex 1V are similar to the observed
for complex Il (Figure 3.5). COX-II expression is unaltered between experimental
groups, either when total liver tissue is considered (ML-C vs ML-MO, p = 0.1940) or
each lobe is measured separately. mtCOL1 protein levels are lower in obese mothers than
in control mothers (ML-C vs ML-MO: median = 0.924, Q1 =0.778, Qs = 1.21 vs median
=0.672, Q1 =0.569, Q3 = 0.867; p = 0.0007; g = 1.30). This tendency is also observed
when liver lobes are compared separately (MLL-C vs MLL-MO, p = 0.0104, g = 1.62;
MLR-C vs MLR-MO, p = 0.0639, g = 0.968).

ATP Synthase subunits expression was also affected by excessive food intake that
leads to obesity during pregnancy (Figure 3.5A). CVa levels are increased in obese
mothers compared with the control ones (ML-C vs ML-MO: median = 1.02, Q1 = 0.805,
Qs = 1.13 vs median = 1.14, Q1 = 0.938, Q3 = 1.41; p = 0.0817; g = 0.615). However,
ATP5a subunit expression is similar in both experimental groups (ML-C vs ML-MO, p
= 0.8638). The increased expression of CVa in obese mothers has a greater share of the
impact of the maternal obesity on the right lobe of obese mothers (MLR-C vs MLR-MO,
p =0.0841; g = 0.872; Figure 3.5B).

The expression of the assessed mitochondrial proteins is different in the right and
left liver lobes of control mothers (Figure 3.5B). Ndufs8 and ATP5a protein expression
is higher in the left lobe when compared with the right lobe (MLL-C vs MLR-C, p =
0.0241, g =0.987; p =0.0391, g = 1.11; respectively), while SDHB presents the opposite
behavior (MLL-C vs MLR-C, p = 0.0121; g = 1.33). Furthermore, protein expression in
both lobes is also different in the excessive food intake group with SDHB and UQCRFS1
expression being higher in the right lobe when compared to the left (MLL-MO vs MLR-
MO, p =0.0078, g = 1.56; p =0.0477, g = 0.920; respectively).

Figure 3.5 (previous page)- Oxidative phosphorylation complexes subunits protein expression: Complex | (Ndufs8),
Complex Il (SDHA, SDHB), Complex 111 (UQCRC1, UQCRC2, UQCRFS1), complex IV (mtCO1, COX-Il), and ATP
Synthase (CVa, ATP5a) levels, and alterations induced by Maternal Obesity in A: total hepatic tissue from control
group (ML-C) and maternal obesity group (ML-MO) and B: the contribution of each liver lobe. Data was normalized
using the reference protein g-actin and the protein expression represented relative to ML-C group. The number of
individuals in each group is indicated in parentheses.

Statistical analysis: Comparison between control and maternal obesity groups was performed using unpaired t-test
except for the groups that did not passed Shapiro-Wilk normality test (ML-C: SDHA, UQCRC1, UQCRC2, CVa; ML-
MO: SDHB; MLR-C: ATP5a; MLL-C: SDHA, UQCRC2; MLL_MO: SDHB, mtCO1) in which was performed Mann-
Whitney test. Comparison between lobes was assessed using paired t-test or Wilcoxon test according to the normality
of the groups compared. P-value lower than 0.10 was registered (7 p < 0.10) and lower than 0.05 was considered
significant (* p < 0.05; ** p <0.01; *** p <0.001; **** p <0.0001). Green/light grey bars, ML-C; Red/dark grey
bars, ML-MO; diagonal line pattern, left liver lobe (MLL); dot pattern, right liver lobe (MLR). Median, interquartile
distance, minimum and maximum are depicted.
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Figure 3.6- Oxidative phosphorylation complexes activities: A: Complex I, B: Complex II, C: Complex I+1ll, D:
Complex 1I+111, and E: Complex IV activities in total hepatic tissue from control group (ML-C) and maternal obesity
group (ML-MO) and the contribution of each liver lobe. Data is represented in Units normalized per mass of protein
used in each assay and by the mitochondrial mass marker citrate synthase. The number of individuals in each group is

indicated in parentheses.

Statistical analysis: Comparison between control and maternal obesity groups was performed using unpaired t-test in
A, B, C, and D (after performing Shapiro-Wilk normality test) and Mann-Whitney test in E. Comparison between lobes
was assessed using paired t-test or Wilcoxon test according to the normality of the groups compared. P-value lower
than 0.05 was considered significant (* p < 0.05, ** p <0.01). Green/light grey bars, ML-C; Red/dark grey bars, ML-
MO; diagonal line pattern, left liver lobe (MLL); dot pattern, right liver lobe (MLR). Median, mean (+), interquartile
distance, minimum and maximum are depicted.

Obesity — Induced hepatic changes during pregnancy

67



Results | Effect of maternal obesity in hepatic mitochondrial function

Since OXPHOS proteins expression is affected by maternal obesity their activity
might also be altered. Therefore, each complexes’ maximal activity was determined
(Figure 3.6). Complex I activity was increased by maternal obesity (ML-C vs ML-MO:
median = 2.43, Q1 = 1.84, Q3 = 3.62 vs median = 3.99, Q1 = 3.00, Q3 =5.59; p =0.0072;
g = 0.992; Figure 3.6A). This behavior is consistent in liver lobes, with a significant
increase in both left (MLL-C vs MLL-MO: median =2.71, Q1 = 1.55, Q3 = 3.91 vs median
=4.19, Q1 = 3.05, Q3 = 5.70; p = 0.0139; g = 0.998) and right lobe (MLR-C vs MLR-
MO: median = 2.22, Q1 = 1.67, Q3 = 2.96 vs median = 4.20, Q1 = 3.10, Q3 =5.97; p =
0.0728; g = 1.35).

Complex Il activity is also different in the two experimental groups (Figure 3.6B).
In total liver tissue complex Il activity was 20% decreased by maternal obesity (ML.C vs
ML-MO: median =108, Q1 =94.1, Qs =130 vs median=87.1, Q1 =77.1, Q3 =97.7;p =
0.0048; g = 1.04). Indeed, decreased complex Il activity is equally observed in left (MLL-
C vs MLL-MO: median = 121, Q1 = 106, Qs = 135 vs median = 97.3, Q1 = 87.5, Q3 =
118; p =0.0234; g = 1.19) and right (MLR-C vs MLR-MO: median = 95.9, Q1 =77.4, Qs
= 120 vs median = 78.6, Q1 = 64.8, Q3 = 79.0; p = 0.0401; g = 1.13) liver lobes. There
are also differences between the right and the left liver lobes complex Il activity in the
ML-MO group (MLL-MO vs MLR-MO, p = 0.0105; g = 1.60).

The combined activity of complex I and complex I11 was evaluated (Figure 3.6C).
No alterations were found due to excessive food intake either in total liver tissue (ML-C
vs ML-MO, p = 0.5729) or when each lobe was considered separately. The combined
activity of complex 111 and complex Il was also measured (Figure 3.6D) again with no
difference between the experimental groups (ML-C vs ML-MO, p = 0.8711).

Regarding complex 1V, an increased activity was observed in in maternal obesity
group (ML-C vs ML-MO: median = 1.50, Q1 = 0.981, Q3 = 2.27 vs median = 2.62, Q1 =
1.38, Q3 =5.07; p =0.0093; g = 1.06; Figure 3.6E), mainly due to the increased complex
IV activity on right lobe of obese mothers (MLR-C vs MLR-MO: median = 1.46, Q1 =
0.997, Q3 = 2.12 vs: median = 2.71, Q1 = 1.71, Qs = 5.71; p = 0.0207; g = 1.14).

The hypothesis was raised that the observed differences between complexes
subunits expression and their activity might be caused by mitochondrial mass alterations.
Since there is no single method completely reliable to measure mitochondrial mass in
frozen tissue, three different approaches were used: mtDNA copy number determination;
citrate synthase activity measurement; and mitochondria-related protein expression
quantification.

No differences were observed between ML-C and ML-MO in the mtDNA copy
number (p = 0.6935) or in citrate synthase activity (p = 0.4635), either considering the
liver as a whole or each lobe individually (Figure 3.7A, B). Accordingly, the same protein
expression levels were observed for the mitochondrial Cyclophilin D (Cyc D; p =0.1506),
Cytochrome C (Cyt C; p = 0.6928), TOM 20 — translocase of outer mitochondrial
membrane 20 (p = 0.1957) and VDAC - voltage dependent anion channel (p = 0.8715;
Figure 3.7C) in ML-C and ML-MO experimental groups.
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Figure 3.7 - Mitochondrial mass indicators modulation in maternal obesity measured by A: mtDNA copy number, B:
Citrate synthase activity and mitochondrial specific-protein expression (Cyc C, Cyt C, TOM20, VDAC) in C: total
hepatic tissue from control group (ML-C) and maternal obesity group (ML-MO) and D: the contribution of each liver
lobe. Data from western blot was normalized using the reference protein S-actin or normalized per mass of protein in
Citrate synthase activity. On B, data is represented relative to ML-C group. The number of individuals in each group is
indicated in parentheses.

Statistical analysis: Comparison between control and maternal obesity groups was performed using unpaired t-test
except for the groups that did not passed Shapiro-Wilk normality test (ML-MO: TOMZ20) in which was performed Mann-
Whitney test. Comparison between lobes was assessed using Wilcoxon test. P-value lower than 0.10 was registered and
lower than 0.05 was considered significant (* p <0.05; ** p <0.01). Green/light grey bars, ML-C; Red/dark grey bars,
ML-MO; diagonal line pattern, left liver lobe (MLL); dot pattern, right liver lobe (MLR). Median, mean (+),
interquartile distance, minimum and maximum are depicted.
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However, when only the liver right lobe is considered, an increased expression of
Cyc D (MLR-C vs MLR-MO, p =0.0043; g = 2.19) and Cyt C (MLR-C vs MLR-MO, p
= 0.0381; g = 1.56), and a decreased expression of VDAC (MLR-C vs MLR-MO, p =
0.0046; g = 1.42) were observed in the maternal obese group (Figure 3.7D). Indeed, these
results reveal a mitochondrial dichotomy between both lobes and were corroborated by
the differences in the ML-MO group in Cyc D (MLL-MO vs MLR-MO, p = 0.0625; g =
2.21) and VDAC (MLL-MO vs MLR-MO, p = 0.0156; g = 2.64) expression.

Since no alterations in mitochondrial mass were observed between ML-C and
ML-MO we evaluated also mitochondrial dynamics. An increase in Mitofusin-1 (Mfn-1)
protein expression was observed in ML-MO (ML-C vs ML-MO: median = 1.00, Q1 =
0.793, Qs = 1.11 vs median = 1.22, Q1 = 0.899, Qs = 1.33; p = 0.0775; g = 0.768; Figure
3.8A). This result is mainly driven by significant differences of Mfn-1 expression in the
liver left lobe (MLL-C vs MLL-MO; p =0.0022; g = 2.57; Figure 3.8A, B). Surprisingly,
OPA-1 protein expression was decreased in the liver of obese mothers (ML-C vs ML-
MO: median = 0.875, Q1 = 0.728, Q3 = 1.11; ML-MO vs median = 0.393, Q1 = 0.265, Q3
= 0.523; p = 0.0011; g = 1.39). This behavior was observed both in the left (MLL-C vs
MLL-MO, p = 0.0556; g = 1.48) and right (MLR-C vs MLR-MO, p = 0.0022; g = 3.71)
liver lobes (Figure 3.8A, B). Moreover, in hepatic tissue of obese mothers, OPA-1
expression is lower in the liver right lobe than in the left lobe (MLL-MO vs MLR-MO, p
=0.0625; g = 2.10).

On the other hand, Fis-1 protein expression was increased in the liver of obese
mothers (ML-C vs ML-MO: median = 1.03, Q1 = 0.818, Q3 = 1.13 vs median = 1.03, Q1
=0.965, Q3 = 1.69; p = 0.0490; g = 0.693). This is mostly caused by differences in Fis-1
expression in the liver left lobe (MLL-C vs MLL-MO, p = 0.0918; g = 0.858; Figure
3.8A, B). The balance between mitochondrial fusion and fission is indeed affected by
excessive food intake during pregnancy, as assessed by the OPA-1/Fis-1 protein
expression ratio (Figure 3.8C). This ratio is decreased in the hepatic tissue of obese
mothers (ML-C vs ML-MO: median = 0.785, Q1 = 0.616, Q3 = 1.42 vs median = 0.256,
Q1=0.195, Q3 = 0.464; p <0.0001; g = 1.61) and the same is observed when left (MLL-
C vs MLL-MO, p = 0.0043; g = 1.47) or right (MLR-C vs MLR-MO, p =0.0043; g =
2.26) liver lobes are considered.

Mitochondrial Biogenesis was also assessed and no differences in PGC-1a (ML-
Cvs ML-MO, p =0.2328) and TFAM (ML-C vs ML-MO, p = 0.8353) protein expression
were found between experimental groups when both liver lobes were considered together
(Figure 3.8A). However, both proteins present an increased protein expression
specifically in the liver left lobe when comparing MLL-MO with MLL-C (MLL-C vs,
MLL-MO, PGC-1a: p=0.0190, g = 1.91; TFAM: p = 0.0519, g = 1.19; Figure 3.8B).

34 Maternal obesity induces oxidative stress

Excessive nutrient consumption is related with an increase in metabolism rate, e.g.
mitochondrial oxidative phosphorylation. During this process an increase in ROS
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production might occur. ROS can react with biomolecules causing damage, such as lipid
peroxidation. An increase in lipid peroxidation, indicated by MDA levels, was observed
in the hepatic tissue of obese mothers (ML-C vs ML-MO: median = 8.22, Q1 =6.73, Q3 =
9.53 vs median = 12.1, Q1 = 9.23, Q3 = 14.2; p = 0.0015; g = 1.31; Figure 3.9A). This
alteration is similar in both left (MLL-C vs MLL-MO, p = 0.0165; g = 1.559) and right
(MLR-C vs MLR-MO, p = 0.0449; g = 1.03) liver lobes (Figure 3.9A).
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Figure 3.8- Mitochondrial dynamics alterations induced by Maternal Obesity by protein expression A: in total liver
tissue from control group (ML-C) and maternal obesity group (ML-MO), and B: the contribution of each lobe, and C:
mitochondrial fusion/fission ratio. Data was normalized using the reference protein fg-actin and the protein expression
represented relative to ML-C group. The number of individuals in each group is indicated in parentheses.

Statistical analysis: Comparison between control and maternal obesity groups was performed using Mann-Whitney test
except for Fis-1 in which was used unpaired t-test after passed Shapiro-Wilk normality test. Comparison between lobes
was assessed using Wilcoxon test except for Fis-1 in which was performed the unpaired t-test. P-value lower than 0.10
was registered (7 p <0.10) and lower than 0.05 was considered significant (* p <0.05; ** p <0.01; **** p <0.0001).
Green/light grey bars, ML-C; Red/dark grey bars, ML-MO; diagonal line pattern, left liver lobe (MLL); dot pattern,
right liver lobe (MLR). Median, mean (+), interquartile distance, minimum and maximum are depicted.
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When exposed to increased levels of ROS, cells activated several mechanisms,
such as GSH oxidation to GSSG, in order to prevent oxidative stress. A decrease in the
GSH/GSSG ratio was found in the hepatic tissue of obese mothers (ML-C vs ML-MO:
median = 4.99, Q1 = 3.08, Q3 = 34.5 vs median = 2.21, Q1 = 1.71, Q3 = 5.42; p = 0.0685;
g = 0.931; Figure 3.9B).This difference is mainly caused by an increase in GSSG levels
in ML-MO (ML-C vs ML-MO: median = 8.53, Q1 = 2.82, Q3 = 13.2 vs median = 13.4,
Q1 =8.81, Q3 = 23.6; p = 0.0903; g = 0.740; Figure 3.9D) without alterations in hepatic
GSH levels due to maternal nutrition (ML-C vs ML-MO, p = 0.2432; Figure 3.9C).
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Figure 3.9 — Maternal obesity increase ROS formation measured by A: lipid peroxidation levels and B: GSH/GSSG
ratio obtained from C: GSH and D: GSSG levels. Data is represented in absolute concentrations. The number of
individuals in each group is indicated in parentheses.
Statistical analysis: comparison between control and maternal obesity groups was performed using unpaired t-test
after passed Shapiro-Wilk normality test in A and C and using Mann-Whitney test in B and D. Comparison between
lobes was assessed using unpaired t-test or Wilcoxon test according to normality of the results. P-value lower than
0.10 was registered and lower than 0.05 was considered significant (* p < 0.05; ** p <0.01). Green/light grey bars,
ML-C; Red/dark grey bars, ML-MO; diagonal line pattern, left liver lobe (MLL); dot pattern, right liver lobe (MLR).
Median, mean (+), interquartile distance, minimum and maximum are depicted.
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Interestingly, a contrasting behavior is observed in GSH levels when the
comparison is performed in a lobe-dependent manner (Figure 3.9C). In the left lobe GSH
levels are increased (MLL-C vs MLL-MO, p = 0.0176; g = 1.60) in obese mothers, while
in the right lobe they are decreased (MLR-C vs MLR-MO, p = 0.0494; g = 1.01)
comparing with the respective lobes of control mothers. A statistically significant
difference was also observed between MLL-MO and MLR-MO (MLL-MO vs MLR-MO,
p = 0.0025; g = 2.04).
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Figure 3.10 — Antioxidant defense enzymes protein expression in maternal obesity A: in total liver tissue from control
group (ML-C) and maternal obesity group (ML-MO), and B: the contribution of each lobe. Data was normalized using
the reference protein g-actin and the protein expression represented relative to ML-C group. The number of individuals
in each group is indicated in parentheses.

Statistical analysis: Comparison between control and maternal obesity groups was performed using Mann-Whitney
test except for GR in which was used unpaired t-test after passed Shapiro-Wilk normality test. Comparison between
lobes was assessed using Wilcoxon test except for GR in which was performed the unpaired t-test. P-value lower than
0.10 was registered and lower than 0.05 was considered significant (* p <0.05; **p <0.01; *** p <0.001). Green/light
grey bars, ML-C; Red/dark grey bars, ML-MO; diagonal line pattern, left liver lobe (MLL); dot pattern, right liver lobe
(MLR). Median, interquartile distance, minimum and maximum are depicted.

Obesity — Induced hepatic changes during pregnancy 73



Results | Maternal obesity changes hepatic autophagy

Hepatic antioxidant defense enzymes protein expression is also modified by
maternal obesity (Figure 3.10). Glutathione peroxidase 1 hepatic expression is increased
in maternal obesity (ML-C vs ML-MO: median = 0.897, Q1 = 0.840, Qs = 1.20 vs median
=1.67,Q1=1.12,Q3=2.21; p=0.0017; g = 1.54; Figure 3.10). This variation is mainly
caused by the increase in protein expression in the right lobe (MLR-C vs MLR-MO, p =
0.0043; g = 3.46). In opposition, glutathione reductase protein expression is decreased in
ML-MO (ML-C vs ML-MO: median = 0.894, Q1 = 0.754, Qs = 1.22 vs median = 0.739,
Q1=0.585, Q3=0.918; p = 0.0335; g = 0.742) compared with ML-C. Again, the variation
is mainly due to a decrease in protein expression in the right lobe (MLR-C vs MLR-MO,
p =0.0007; g = 1.99). Moreover, glutathione reductase protein levels are already different
between both lobes of control mothers (MLL-C vs MLR-C, p = 0.0608; g = 0.724), a
variation that is also observed after maternal obesity stimulus (MLL-MO vs MLR-MO, p
= 0.0668; g = 1.02). Hepatic catalase (ML-C vs ML-MO, p = 0.7857) and glutathione
peroxidase 4 (ML-C vs ML-MO, p =0.7917) expression are not altered by excessive food
consumption, either when liver lobes are considered together or separately.

An increase in liver SOD activity was observed in ML-MO compared with ML-
C (ML-C vs ML-MO: median = 0.650, Q1 = 0.310, Qs = 0.874 vs median = 0.908, Q1 =
0.631, Qs = 1.06; p = 0.0347; g = 0.894; Figure 3.11A), mainly resulting from the
variation observed in the liver right lobe (MLR-C vs MLR-MO, p = 0.0825; g = 1.04).
Catalase activity is decreased in ML-MO compared with ML-C (ML-C vs ML-MO:
median = 1708, Q1 = 1457, Q3 = 1973 vs median = 1458, Q1 =875, Q3 = 1755; p = 0.0281,
g =0.770; Figure 3.11B) when considering both liver lobes. The decrease in the left lobe
has the greater impact in this variation (MLL-C vs MLL-MO, p = 0.0428; g = 1.05).
Concerning catalase activity, obesity during pregnancy had a more pronounced effect in
the hepatic left lobe with (MLL-MO vs MLR-MO, p = 0.0526; g = 0.945).

The liver glutathione system is also compromised by maternal obesity.
Glutathione peroxidase (ML-C vs ML-MO: median = 105, Q1 =90.3, Q3 = 133 vs median
= 89.0, Q1 = 75.9, Q3 = 110; p = 0.0843; g = 0.803; Figure 3.11C) and glutathione
reductase (ML-C vs ML-MO: median = 100, Q1 = 86.8, Q3 = 119 vs median = 75.6, Q1
=70.9, Q3 =88.9; p = 0.0666; g = 0.602; Figure 3.11D) activities are decreased in ML-
MO compared with ML-C. In the case of glutathione reductase, the observed effect is
mostly a result of the decreased activity in the right lobe induced by maternal obesity
(MLR-C vs MLR-MO, p = 0.0023; g = 0.935). The non-enzymatic antioxidant defense
Vitamin E concentrations present no hepatic alteration in the experimental groups (ML-
C vs ML-MO, p =0.8143).

35 Maternal obesity changes hepatic autophagy

Cellular oxidative stress is associated with increased cellular damage, mostly in
mitochondria, the main source of ROS. When damaged biomolecules start to accumulate,
cells try to degrade them in order to maintain homeostasis. One of the processes
responsible for controlled cellular biomolecules degradation is autophagy.
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Figure 3.11- Maternal obesity induces alterations in antioxidant defense both enzymatic A: SOD; B: Catalase, C:
Glutathione Peroxidase, and D Glutathione Reductase activities, and non-enzymatic E: Vitamin E levels. Data is
represented in Units normalized per mass of protein used in each assay in enzymatic protein and in absolute concentration
in E. The number of individuals in each group is indicated in parentheses.

Statistical analysis: comparison between control and maternal obesity groups was performed using Mann-Whitney test
except for A and B in which was used unpaired t-test after passed Shapiro-Wilk normality test. Comparison between lobes
was assessed using Wilcoxon test except for A and B in which was performed the unpaired t-test. P-value lower than 0.10
was registered and lower than 0.05 was considered significant (* p < 0.05; ** p <0.01). Green/light grey bars, ML-C;
Red/dark grey bars, ML-MO; diagonal line pattern, left liver lobe (MLL); dot pattern, right liver lobe (MLR). Median,
mean (+), interquartile distance, minimum and maximum are depicted.
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An increase in the LC3-11/LC3-1 ratio was observed in the hepatic tissue of obese
mothers (ML-C vs ML-MO: median = 0.864, Q1 = 0.632, Qs = 1.50 vs median = 3.15, Q1
= 2.54, Qs = 4.85; p < 0.0001; g = 2.48; Figure 3.12C). This difference is equally
observed in the left (MLL-C vs MLL-MO, p < 0.0001; g = 3.29) and right (MLR-C vs
MLR-MO, p = 0.0005; g = 2.14) liver lobes. No alteration was observed in LC3-I
expression (ML-C vs ML-MO, p = 0.1842; Figure 3.12A) due to maternal nutrition.
Increase LC3-I1 levels are responsible for the observed changes in the LC3-11/LC3-I ratio
(ML-C vs ML-MO: median = 0.946, Q1 = 0.687, Q3 = 1.36; vs median = 3.17, Q1 = 2.50,
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Figure 3.12- Autophagy in maternal obesity A: LC3-1 form levels, B: LC3-I1 form levels, and C: LC3-11 / LC3-I ratio in
total liver tissue from control group (ML-C) and maternal obesity group (ML-MO) and the contribution of each lobe.
Data was normalized using the reference protein S-actin and the protein expression represented relative to ML-C group.
The number of individuals is 10 in control groups and 8 in maternal obesity groups.

Statistical analysis: Comparison between control and maternal obesity groups was performed using unpaired t-test after
passed Shapiro-Wilk normality test. Comparison between lobes was assessed using unpaired t-test. P-value lower than
0.05 was considered significant (* p <0.05; **p <0.01; ***p <0.001; **** p <(.0001). Green/light grey bars, ML-C;
Red/dark grey bars, ML-MO; diagonal line pattern, left liver lobe (MLL); dot pattern, right liver lobe (MLR). Median,
mean (+), interquartile distance, minimum and maximum are depicted.
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Figure 3.13 - Autophagy and lysosomal activity in maternal obesity. Protein expression of Beclin-1, p62 and Bcl-2 in
A: total liver tissue from control group (ML-C) and maternal obesity group (ML-MO), and B: the contribution of each
lobe. Lysosomal activity measured by C: Cathepsin B and D: Cathepsin D activity. Data in A and B was normalized
using the reference protein f-actin and the protein expression represented relative to ML-C group and in C and D
represented in Units normalized per mass used in the assay. The number of individuals in each group is indicated in
parentheses.

Statistical analysis: Comparison between control and maternal obesity groups was performed using Mann-Whitney test
in A and B except for Beclin-1 protein expression in which, as well as in C and D was, used unpaired t-test after passed
Shapiro-Wilk normality test. Comparison between lobes was assessed using Wilcoxon test or unpaired t-test according
to the normality of the results. P-value lower than 0.10 was registered and lower than 0.05 was considered significant
(*p <0.05; ** p <0.01). Green/light grey bars, ML-C; Red/dark grey bars, ML-MO; diagonal line pattern, left liver
lobe (MLL); dot pattern, right liver lobe (MLR). Median, mean (+), interquartile distance, minimum and maximum are
depicted.
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Qs = 5.14; p < 0.0001; g = 1.74; Figure 3.12B). LC3-11 increased levels are observed
both in the left (MLL-C vs MLL-MO, p = 0.0368; g = 2.05) and right (MLR-C vs MLR-
MO, p = 0.0005; g = 2.12) liver lobes. Interestingly, LC3-11 levels are originally different
in both lobes of control mothers (MLL-C vs MLR-C, p =0.0368, g =1.49), they are higher
in the left lobe, leading to differences in the LC3-11/LC3-I ratio between both lobes (MLL-
C vs MLR-C, p = 0.0074; g = 1.94). The same is observed between both liver lobes of
obese mothers (MLL-MO vs MLR-MO, LC3-11 levels: p=0.0120; g =1.21; LC3-11/LC3-
| ratio: p =0.0235; g = 1.22).

In addition, Beclin-1 (ML-C vs ML-MO: median = 0.915, Q1 = 0.762, Q3 = 1.46
vs median = 0.704, Q1 =0.514, Q3 = 1.06; p = 0.0470; g = 0.744; Figure 3.13A) as well
as Bcl-2 (ML-C vs ML-MO: median = 0.915, Q1 = 0.762, Qs = 1.46 vs median = 0.704,
Q1 = 0.514, Qs = 1.06; p = 0.0083; g = 0.290; Figure 3.13A) protein expression are
decreased in ML-MO compared with ML-C. The decrease in Bcl-2 protein expression is
mostly caused by differences in the left lobe (MLL-C vs MLL-MO, p =0.0022; g = 2.28)
and the excess of maternal diet induced a differential expression Bcl-2 protein in the liver
lobes (MLL-Mo vs MLR-MO, p = 0.0313; g = 1.84; Figure 3.13B). No differences in
p62 levels were observed (ML-C vs ML-MO, p = 0.9596).
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Figure 3.14 — Bcl-2 phosphorylation levels in maternal obesity. A: p-Bcl-2 protein levels in total liver tissue from
control group (ML-C) and maternal obesity group (ML-MO) and the contribution of each lobe, and B:
phosphorylation ratio of Bcl-2. Data was normalized using the reference protein S-actin and the protein expression
represented relative to ML-C group. The number of individuals is 6 in both experimental groups.

Statistical analysis: Comparison between control and maternal obesity groups was performed using Mann-Whitney
test and comparison between lobes was assessed using Wilcoxon test. P-value lower than 0.05 was considered
significant (* p <0.05; ** p <0.01). Green/light grey bars, ML-C; Red/dark grey bars, ML-MO; diagonal line pattern,
left liver lobe (MLL); dot pattern, right liver lobe (MLR). Median, mean (+), interquartile distance, minimum and
maximum are depicted.
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Hepatic cathepsins activity is also affected by maternal obesity. Cathepsin B
activity is decreased in the liver of obese mothers (ML-C vs ML-MO: median = 318, Q1
= 286, Qs = 380 vs median = 298, Q1 = 276, Qs = 310; p = 0.0574; g = 0.718; Figure
3.13C) mainly due to decreased activity that occurs in the left lobe (MLL-C vs MLL-MO,
p = 0.0285; g = 1.18; Figure 3.13C). Cathepsin D activity in total liver tissue is similar
between both experimental groups (ML-C vs ML-MO, p = 0.8119). However, there is a
specific decrease in cathepsin D activity in the liver left lobe of obese mothers (MLL-C
vs MLL-MO, p =0.0157; g = 1.28). However, a difference between lobes emerge for the
obese mothers group (MLL-MO vs MLR-MO, p = 0.0753; g = 1.04; Figure 3.13D).

Threonine 56 phosphorylated Bcl-2 (p-Bcl-2) levels were also measured in the
hepatic tissues, being increased in the maternal obese group (ML-C vs ML-MO: median
= 1.00, Q1 = 0.984, Qs = 1.00 vs median = 1.04, Q1 =1.01, Q3 = 1.12; p = 0.0447; g =
0.539; Figure 3.14A). These differences are a reflection of the increased p-Bcl-2 levels
induced by over-nutrition in the hepatic left lobe (MLL-C vs MLL-MO, p= 0.0043; ¢
=2.20). In the livers of the obese individuals, p-Bcl-2 expression is higher in the left lobe
than in the right one (MLL-MO, MLR-MO, p = 0.0313; g = 1.45; Figure 3.14A).
Considering the observed differences in total Bcl-2levels, the hepatic Bcl-2
phosphorylation ratio is increased in the maternal obese group (ML-C vs ML-MO:
median = 0.991, Q1 = 0.962, Q3 = 1.04) vs median = 1.10, Q1 = 1.02, Qs = 1.24; p =
0.0145; g = 0.967). Once more, this is a specific effect due to the effect of maternal diet
on the liver left lobe (MLL-C vs MLL-MO, p = 0.0022; g = 2.28), since differential
hepatic adaptations were observed between the left and right lobes of obese mothers
(MLL-MO vs MLR-MO, p = 0.0313; g = 1.96).

Interestingly, taking all results together, striking differences were found in the
protein expression profile between the left and right liver lobes of individuals of the same
experimental group (Figure 11.1). Moreover, it was observed that excessive food intake
prior and during pregnancy induces several alterations in the protein expression profile
(Figure 3.15), and that these changes are not equal in the left and right liver lobes (Figure
11.2).
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Chapter 4 -  Discussion

Maternal obesity during pregnancy represents a huge metabolic burden for the
female organism because of the metabolic impairment caused by obesity itself and the
physiological increase in nutrient and energy requirements characteristic of a healthy
pregnancy. Epidemiological studies associated maternal obesity with increased disease
development during and after the gestation. However, the cellular and molecular
mechanisms underlying this association are poorly understood or unknown. Most
scientific research focus on maternal obesity consequences to offspring’s health. To the
best of our knowledge, this is the first report scrutinizing the consequences of being obese
during pregnancy on the maternal hepatic mitochondrial physiology.

4.1 The morphological maternal impact of being obese during pregnancy

In this work, a previously validated sheep model of maternal obesity was used. It
consists of overfeeding ewes with 150% of the NRC nutrient recommendations for 60
days and during pregnancy. It has already been reported that this strategy induces an
increase in total body weight as well as in body fat percentage®?°. In the present work, an
increase in total body weight at the conception and at the c-section, as well as an increase
in subcutaneous fat thickness, the predominant place of fat accumulation®3®, were also
observed.

Liver weight increase is a common consequence of fatty liver diseases**"% and,
in rodents, it is also a common feature during pregnancy, named gestational
hepatomegaly, in order to meet the increased metabolic demands on the maternal liver3%,
However, in the present work, no alterations in the maternal liver, heart and brain weights
were found at the c-section. In contrast, an increased pituitary weight was observed in
ovine obese mothers. It has been previously reported that the adult offspring of obese
ewes has an impaired leptin signaling in the pituitary that can impact their adiposity
regulation®?. It is possible that the observed increase in pituitary weight might somehow
be related to an endocrine dysregulation due to maternal obesity.

All these morphological alterations lead to, and concomitantly can be caused by,
alterations in body homeostasis regulation and cellular signaling. In fact, due to the
metabolic burden of both obesity and pregnancy, liver seems to be one of the most
challenged tissues during maternal obesity gestation.

4.2 Maternal obesity and hepatic metabolic remodeling

One of the hallmarks of obesity in hepatic tissue is the metabolic dysregulation.
Excessive nutrient consumption propels the liver to modulate metabolic pathways by
increasing anabolism in order to deal with the excess of energy’®. This process entails a
shift in the metabolism by which de novo lipogenesis is increased leading to the synthesis
of lipids such as fatty acids and triglycerides'®. When the excessive nutrient consumption
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is prolonged, newly formed lipids start to accumulate in hepatocytes, a characteristic
phenotype of NAFLD.

Protein Kinase A is one of the metabolic master-regulators kinases. It is
responsible for the phosphorylation of several enzymes that modulate hepatic
metabolism3#23*_When PKA is activated it stimulates glycogenolysis (by activating
glycogen phosphorylase and inhibiting acetyl-CoA carboxylase), inhibits glycogenesis
(through glycogen synthase inhibition), stimulates gluconeogenesis, and inhibits
glycolysis (via phosphofructokinase-2 inactivation, pyruvate kinase inhibition, and
fructose 2,6 — bisphosphatase stimulation)3®3%°, PKA can also negatively regulate
SREBP-1c through phosphorylation, therefore controlling hepatic lipogenesis®s?.

A lower PKA activity was observed in obese pregnant ewes. Thus, carbohydrate
consumption and storage are being promoted in these animals, while glycogenolysis and
gluconeogenesis are less stimulated. Decreased gluconeogenesis is associated with a
decrease in PPAR vy levels®?, which were found to be lower in the maternal obesity
experimental group. Therefore, the obtained results regarding PKA activity and PPAR y
levels are highly concordant towards the development of the above-mentioned metabolic
shift.

As outlined in the Introduction section 1.4.4.2.3, Acetyl-CoA carboxylase (ACC)
Is an enzyme fundamental to the de novo lipogenesis whose activity is inhibited by PKA
phosphorylation. Indeed, it has been previously reported that the decrease in acetyl-CoA
carboxylase phosphorylation by PKA stimulates de novo lipogenesis®:. Moreover,
decreased PPAR v levels are also associated with insulin resistance and lower lipid
droplets formation, and consequently with a decrease in steatosis, due to the export of
newly formed lipids from hepatocytes®®*. Facing the obtained results regarding PKA
activity and PPAR v levels, it is plausible to assume a similar scenario in the liver of the
ewes from the maternal obesity group.

The observed alterations of the hepatic NAD*/NADH ratio due to a decrease in
NADH levels in obese mothers might as well be a consequence of this metabolic shift.
NADH deprivation is associated with both an increase in nutrient consumption and
OXPHOS, and an increase in fatty acids synthesis. Together with the observed decrease
in GSH/GSSG ratio, the results obtained in the present study clearly show that maternal
obesity during pregnancy induces an alteration in the hepatic redox state, which might
share similarities with NAFLD progression®°.

PKA activity also affects mitochondrial function, regulating OXPHOS activity,
mitochondrial dynamics and apoptosis®*. Several studies have shown that PKA can be
translocated to the mitochondrial matrix and phosphorylate numerous PKA substrates
inside mitochondria. The process that governs PKA translocation across mitochondrial
membranes is still not understood®*®3%". PKA phosphorylates complex | and complex 1V,
thereby impacting OXPHOS rate. The phosphorylation of complex | subunit NDUFS4
by PKA facilitates its interaction with the chaperone Hsp70 and with mitochondrial
proteases leading, therefore, to its degradation®®, Similarly, complex IV subunits I, 1V1,
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and Vb phosphorylation by PKA also induces their degradation and the consequent
decrease in complex 1V activity, putatively through the compromising of complex 1V
stability®>30, Indeed, an increase in liver complex I and IV activities were observed in
the obese pregnant ewes’ experimental group. This result might as well be a consequence
of the observed decrease in PKA activity.

The dynamic nature of mitochondria is essential in cells’ metabolism, homeostasis
and function. Mitochondrial fusion and fission rates are maintained in a delicate
equilibrium that is crucial to prevent mitochondrial damage and dysfunction, to respond
to substrates availability, metabolic state and energetic demands, and to modulate the
mitochondrial network®!. PKA can also interfere with this mitochondrial balance by
phosphorylating and inhibiting Dynamin-1-like protein (Drpl). This GTPase is a
fundamental component of mitochondrial fission and its inhibition leaves mitochondrial
fusion unopposed leading to severe physiological alterations that can culminate in cell
death®®2, In fact, a decrease in mitochondrial fusion (lower OPA-1 protein levels) and an
increase in mitochondrial fission (higher Fis-1 protein levels) were observed in the
hepatic tissue of maternal obesity group. These results are in agreement with the
decreased PKA activity determined in the same experimental group.

As previously described in section 1.5.2, mitophagy is usually preceded by
mitochondrial fission to facilitate encapsulation by the autophagosome?®’. Since PKA can
inhibit mitochondrial fission through Drpl phosphorylation, it can also affect mitophagy.
Additionally, PKA can also phosphorylate MIC60 and MIC19, reducing PINK1 levels in
the OMM and, consequently, preventing Parkin recruitment and mitophagy
progression®®3364 1n the present work, the observed increase in mitochondrial fission and
in the formation of autophagosomes (based on the LC3-11/LC3-I ratio) suggest that
mitophagy might be increased in the liver of maternal obesity group. Again, the regulation
of PKA may be linked to these observations. However, additional experiments are
necessary to confirm these assumptions.

Finally, PKA can also regulate apoptosis through the phosphorylation, and hence
inactivation, of the pro-apoptotic protein BCL2 Associated Agonist Of Cell Death
(Bad)®°>3%7, Bad is a protein that counteracts the anti-apoptotic effects of Bcl-2.
Therefore, the decreased hepatic PKA kinase activity observed in the maternal obesity
group suggests an increased hepatocytes’ apoptosis in the liver of these animals. The
results obtained regarding Bcl-2 Thr56 phosphorylation strengthen this hypothesis. Bcl-
2 has numerous phosphorylation sites whose post translational modification by different
kinases can lead to distinct outcomes. This particularity has led to some controversy
regarding the precise role played by Bcl-2 phosphorylation in apoptosis regulation.
However, Thr 56 has been identified as a residue prone to phosphorylation by mitogen
activated protein kinases (MAPK) and whose modification is crucial to apoptosis
triggered by different stimuli. The exact mechanism by which this happens is unknown,
since this residue phosphorylation does not induce a significant proteosomal degradation
of Bcl-2 38372 An increased level of Bcl-2 Thr56 phosphorylation (p-Bcl-2), and a
consequent increase in the p-Bcl-2/total Bcl-2 ratio, was observed in the hepatic tissue of
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obese pregnant ewes, suggesting that the decrease in PKA activity also observed in this
experimental group might be truly leading to apoptosis stimulation. However, this
statement needs further experimental work to be taken as certain. Interestingly, Bcl-2
Thr56 phosphorylation dependent apoptosis has been observed with stimuli that induce
oxidative stress®°,

4.3 Hepatic mitochondrial adaptation to maternal obesity
during pregnancy

Mitochondrial OXPHOS protein expression and activities were measured.
Alterations at this level might constitute a possible mechanism by which the hepatic redox
state is altered justifying, for example, the increase in NAD*/NADH ratio measured in
obese pregnant ewes’ livers. Excessive nutrient uptake stimulates hepatocytes to increase
their catabolic rate, prompting Krebs’ cycle. Reduced forms of NADH and succinate will
be produced as a consequence and, on their turn, will stimulate OXPHOS and lead to
ATP production. However, increases in OXPHOS also rise the production of ROS which
can damage the OXPHOS enzymatic complexes and turn this process dysfunctional®?,

Nevertheless, no significant differences were detected for ANT 1/2, ACO 2,
citrate synthase and GLUT-1 protein expression induced by maternal obesity, meaning
that glucose uptake, Krebs’ cycle rate and adenosine nucleotide translocation through
mitochondria are not affected in the liver of this model of maternal obesity. However,
decreased levels of complex | subunit Ndufs8, complex Il subunits SDHA and SDHB,
complex 111 subunit UQCRFS1 and complex IV subunit mtCO1 were measured in the
hepatic homogenates of the maternal obesity group. This general decrease in ETC
complexes subunits protein expression might be a result of damage accumulation which
perturbs proteins’ stability targeting them to degradation®’3. Another possible mechanism
justifying this observation might be increased mtDNA damage. This scenario would lead
to the expression of dysfunctional OXPHOS proteins or to impairment of the
mitochondrial protein import mechanisms and the compromising of OXPHQOS proteins
transport to mitochondria®*=7®, The putative mtDNA damage can as well lead to
stoichiometric imbalances between mtDNA- and nuclear-encoded OXPHOS subunits,

which might jeopardize complexes’ assembly and decrease subunits’ protein levels®’®.

The decreased expression of the complex Il subunits SDHA and SDHB in livers
from obese pregnant ewes is in agreement with the lower complex Il activity measured
in the same hepatic homogenates. On the contrary, increased complex | and complex IV
activities were observed, contrasting with their decreased protein expression in liver
homogenates from the maternal obesity group. The observed unaltered activities of
combined complexes activities | + 11 and 11 + 111 are probably a reflex of an experimental
limitation related to the cellular quinone pool, what compromises complex Il ideal
stimulation. In fact, complex I and Il present, by themselves, different impacts in complex
11 activity®”’,
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One hypothesis to explain these results consists of the decrease in OXPHOS
subunits expression being a consequence of a lower mitochondrial number/mass. Should
this happen, the measured complexes’ activity would be affected since it is normalized
per mitochondrial mass. However, no mitochondrial number differences were observed
between the experimental groups, as measured by mtDNA copy number, citrate synthase
activity, and TOM20 and VDAC protein expression levels. This dichotomy in the results
might also be caused by the formation of supercomplexes that comprise complex | and
IV. The increased enzymatic activity concomitant with lower protein expression would
be explained by a higher efficiency due to supercomplexes’ formation. Indeed, the
formation of supercomplexes containing complex I, Il and/or 1V, but not complex I, and
their physical association with enzymes involved in mitochondrial fatty acid f-oxidation
have been observed®®. It has also been proposed that these molecular associations may
modulate the subtle energy metabolism dysfunction characteristic of pathologies with
increased cellular fatty acids levels, such as obesity and type 2 diabetes®8. This
mechanism, however, fails to explain the observed absence of alterations in complexes |
+ 111 activity. In summary, more data is required to better understand the relation between
complexes subunits expression and activities observed in this work.

Although there is no difference in mitochondrial mass, hepatic mitochondrial
dynamics are affected by maternal obesity. While mitochondrial fusion is decreased
(measured by OPA-1 protein levels), mitochondrial fission is increased (taken by Fis-1
levels) and no variation in mitochondrial biogenesis was found (measured by PGC-1a
and TFAM protein expression). This means that hepatic mitochondria are more divided,
rather than forming an elongated and interconnected network, in maternal obesity. This
scenario seems to favor an increased activity of mitochondrial quality control pathways,
since mitochondrial fission allows the elimination of damaged mitochondria®®’.
Surprisingly, a contrasting behavior was found in the alterations induced by maternal
obesity in protein expression levels of Mfn-1 and OPA-1. Both these proteins take part in
the mitochondrial fusion machinery. While OPA-1 is responsible for the fusion of the
IMM, Mfn-1 is responsible for connecting OMM with other membranes. The observed
Mfn-1 increased levels in hepatic homogenates of obese pregnant ewes might be
associated with the establishment of connections between mitochondria and endoplasmic
reticulum. These inter-organelle contact points are usual and important in conditions with
increased phospholipid metabolism, as consequence of an increase in fatty acid synthesis,
and to avoid lipotoxicity®™.

Another possible explanation for the observed Mfn-1 increased protein expression
in the livers of maternal obesity group is protein ubiquitination. Mfn-1 ubiquitination is a
usual mechanism to target mitochondria to degradation?®. It is plausible to conceive that
ubiquitin-conjugated Mfn-1 removal be impaired, however the ubiquitin target activates
compensatory mechanisms to restore its unconjugated normal form would result in an
increase of Mfn-1 levels. The increased rate in fission without alteration in mitochondrial
number and the increase in LC3-11 / LC3-I ratio also observed, are in agreement with the
suggested mechanism.
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4.4 Maternal obesity and hepatic oxidative stress

Mitochondria damage might occur associated with oxidative stress??®. An increase
in lipid peroxidation and GSSG levels was observed in the hepatic tissue of maternal
obesity experimental group, probably as a result of an increase in ROS production®®, In
fact, OXPHOS is one of the major cellular processes contributing to ROS generation,
almost exclusively at the level of complex I and complex Ill. Since complex | activity
was found to be increased in the same experimental group, it is very likely that ROS
production by this OXPHOS complex is a main cause of the rise in ROS-related
damage?®*2.

The ROS formed in OXPHOS are superoxide anion, which is degraded by the
SOD activity. Accordingly, an increased SOD activity was observed in the liver of obese
pregnant ewes. Superoxide anion dismutation by SOD leads to H202 production. Two
enzymatic systems are responsible for H202 degradation: catalase and the glutathione
system®!, A lower hepatic catalase activity was observed as a consequence of maternal
obesity, although no alterations in protein expression were detected. This might be a
consequence of catalase phosphorylation, which impairs its activity and occurs in intense
oxidative stress cases®®2,

Furthermore, the glutathione system is also impaired in hepatic homogenates from
the maternal obesity group. GSH/GSSG ratios are decreased as a consequence of oxidized
glutathione accumulation in this experimental condition. This alteration is most probably
due to the determined lower glutathione reductase protein expression levels and
enzymatic activity, which compromise the ability to restore GSH levels®®,
Concomitantly, glutathione peroxidase activity was also found to be decreased in hepatic
tissue of the maternal obesity group. This general context paves the way to a seriously
compromised hepatic H202 degradation system in the obese ewes. Consequently, the
tendency of homeostatic dysregulation towards oxidative stress is significantly raised.
Interestingly, glutathione peroxidase 1 protein expression is increased in hepatic
homogenates from the maternal obesity group, contrasting with the observed in its
enzymatic activity. In fact, glutathione peroxidase 1 activity is regulated by oxidative
stress itself. Therefore, high levels of H202 induce irreversible modifications in this
enzyme active site that inhibit its activity3&,

4.5 Maternal obesity and hepatic autophagy

Oxidative stress in hepatic cells due to maternal obesity leads to oxidative damage
accumulation. One way to deal with it is by stimulating macroautophagy and, therefore,
degrade damaged molecules®®.Indeed, an increase in the LC3-11/LC3-l ratio was
observed in the livers of pregnant obese ewes at c-section. This result suggests that there
is more autophagosomes formation and that damaged molecules and mitochondria are
being targeted to autophagy in consequence®®. In contrast to this, no decrease in p62
protein levels was observed.
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Usually, an increase in autophagy is associated with a decrease in p62 levels.
Whenever this is not observed, autophagic flux is probably impaired at the level of the
fusion process between the autophagosomes and lysosomes or at the level of
autolysosome degradative processes themselves (see section 1.5.2 for further details). The
decrease in cathepsin B activity suggests that lysosomal activity is indeed compromised
in the hepatic tissue of obese pregnant ewes. However, p62 accumulation was not
observed. Therefore, it is not possible to affirm that the autophagy flux is stopped in the
hepatic tissue of obese pregnant ewes®¥"38 An additional result further suggests that
autophagy is impaired in this experimental group, the observed decrease in Beclin-1
protein levels probably means that phagophore formation is also reduced?°1:389.3%,

Beclin-1, together with Bcl-2, balance the autophagy and apoptosis fluxes through
the formation and breaking of the Beclin-1: Bcl-2 complex. When complexed with Bcl-
2, Beclin-1 is inactivated and autophagy inhibited. However, when Bcl-2 is connected to
other proteins harboring a BH3 domain or when it is phosphorylated, Beclin-1 is
activated®®, A decrease in liver Bcl-2 protein expression as well as an increase in Bcl-2
phosphorylation ratio was observed in the livers of the maternal obesity group. This result
suggests that, in this experimental condition, there is less Bcl-2 available to interact with
Beclin-1 and, therefore, that the autophagic flux should be enhanced. It is fairly clear that
additional data is necessary to completely understand the repercussions of maternal
obesity in the hepatic autophagic flux.

4.6 Can maternal obesity during pregnancy cause hepatic
lobe-dependent effects?

The mechanism of response to maternal obesity during pregnancy in both liver
lobes seems to be different. While right lobe tries to adapt to excessive nutrient
consumption by shifting the metabolism, the left lobe follows a more drastic response by
impairing autophagy and possibly inducing apoptosis.

The idea that different cells perform different functions in liver has been reported
recently in a mechanism called zonation®*. Briefly, hepatocytes function varies according
to their distance to the closest blood supply, a consequence of a variation in local oxygen
tension.

Interestingly, the blood supply during fetal development is different between left
and right lobe3®2. The right lobe presents lower pO2 when compared to the left lobe,
resulting in functional cellular differences®®. Other studies show that hypoxia during fetal
development results in epigenetic alterations which change liver susceptibility to
metabolic diseases in adult age®**3%. Together, these reports suggest a possible lobe-
dependent functional difference in adult liver, contrasting with the prevailing idea of the
liver as a homogeneous functional and parenchymal tissue.

Moreover, radiopharmacological studies show differences in the uptake of various
agents between liver lobes. Both **™Tc-HIDA and ‘!Inpentetreotide showed increased

Obesity — Induced hepatic changes during pregnancy 87



Discussion | Can maternal obesity during pregnancy cause hepatic lobe-dependent effects?

uptake levels in the right liver lobe compared to the left one in SPECT analysis of healthy
subjects®. Using MRI, a greater Gd-EOB-DTPA-enhanced distribution in the right lobe
uptake was observed, suggesting an overestimation of function in this liver lobe in
cirrhosis®?,

Other factors, such as increased levels of catecholamines and higher sympathetic
nerve density in the left lobe, can also be responsible for differences of the cellular
function between lobes®4. Furthermore, in liver living donor, right lobe transplantations
present a higher rate of complications compared with the left lobe®23%°4% Interestingly,
3 months after hepatic transplantation increased rate in liver regeneration is observed
when the left lobe was donated*°?,

In the present work it seems that there is a common hepatic impact of excessive
nutrient consumption in both lobes. Diet starts by inducing an increase in complex | and
complex IV activities, possibly caused by pB-oxidation stimulation, which lead to
overproduction of ROS and molecular damage, as observed by lipid peroxidation, which
in turn decrease OXPHOS subunits expression. Hepatocytes also change mitochondrial
fusion/fission balance and start to stimulate autophagy and then they reach a point where
each lobe answers by different ways.

In the right lobe we observed the activation of mechanisms as decreased PKA
activation and increased PPAR-y levels that are associated with the biogenesis of lipid
droplets. The shift in metabolism is supported by the increase in NAD*/NADH, which is
associated with an increase in OXPHOS function and de novo lipogenesis, to deal with
the nutrient excess. At the same time, antioxidant mechanisms are activated. SOD activity
and glutathione peroxidase expression are both increased. Concomitantly, they also seem
to be partially compromised. Glutathione reductase levels and activity are decreased,
compromising GSH levels restore and, consequently, decreasing its levels, as observed.
The unaltered Beclin-1 and Bcl-2 levels as well as unchanged cathepsins’ activity support
the idea of an increase in the autophagic flux.

In contrast, the metabolic shift promoted by obesity during pregnancy is not so
pronounced in the indicators measured in the hepatic left lobe. Only a decrease in PPAR-
v and Sirt-1 protein expression is apparent. As a mechanism to compensate mitophagy
stimulation, mitochondrial biogenesis is being stimulated, observed by both PGC-1a and
TFAM increased protein expression. However, the mitophagic process is impaired in the
left lobe due to cathepsin decreased activity and Beclin-1 and Bcl-2 decreased protein
levels. Moreover, the increase in Bcl-2 phosphorylation in Thr56 might contribute to Bcl-
2 degradation, stimulating apoptosis.

From these results it is possible to conclude that maternal obesity stimulates
OXPHQOS, changes mitochondrial dynamics and induces an increase in ROS formation.
The liver right lobe seems to have increased metabolic plasticity, reacting to maternal
obesity stimulus by inducing steatosis and mitochondrial network remodeling. On the
other hand, in the liver left lobe effects are more severe, impairing autophagy and possibly
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stimulating apoptosis. This might be related with the increased regeneration capability
observed in the left lobe.
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Chapter 5-  Conclusions and Future Perspectives

Obesity is a worldwide epidemic that is responsible for the development of
numerous metabolic diseases. More and more women in reproductive age are overweight
or obese when became pregnant, that condition can impact fetal and maternal health and
jeopardize pregnancy. Indeed, more than 50% of the actual pregnancies are characterized

by maternal obesity.

In this work we characterize for the first time, to our knowledge, the hepatic
outcome of maternal obesity during pregnancy with special focus in mitochondrial
pathophysiology. We found that excessive nutrient consumption and obesity lead to a
hepatic stimulation of OXPHOS what induces oxidative stress, which is exacerbated by
a dysfunctional enzymatic antioxidant defense. Moreover, hepatic mitochondrial
regulation by PKA is affected by maternal obesity during pregnancy. Mitochondrial
dynamics are also affected being observed a stimulation of mitochondrial fission and
decreasing fusion. Macroautophagy is also increased however, maternal obesity might

lead to the impairment of the mechanism (Figure 5.1).

Further complementary results are needed to completely understand the impact of
maternal obesity during pregnancy in the hepatic metabolism and function. The role of
mitophagy and apoptosis must be better understood since it might offer a pharmaceutical
approach to the hepatic negative outcomes of maternal obesity. As well, better
characterize the metabolic shift might be important to understand the mechanisms that

are stimulating both macroautophagy and apoptosis.

Despite the actual idea of liver as a parenchymal tissue, our data suggest that
maternal obesity during pregnancy impacts the liver function in a lobe-dependent manner.
Again, more information is required to confirm these results, with more animal models
and with different metabolic approaches. However, the validation of these findings could
affect the actual knowledge and perception about hepatic activity as will stimulate more

precise liver biopsies.

In conclusion, this work can be interpreted as beginning of a new area of research
to support a new clinical approach to prevent the perpetuation of liver and metabolic
diseases triggered by maternal obesity during pregnancy.
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It is mandatory to understand the maternal immediately and long-term
implications of being obese during pregnancy. A better understanding of the underlying
pathogenesis of maternal obesity during pregnancy and the cellular mechanisms
responsible for programmed predisposition to metabolic and hepatic disease will allow
development of early biomarkers for diagnosis and an opportunity to offer more timely
interventions to improve life course health.
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Overweight / Obesity by Age - adults for women in Portugal
Source: Compiled by World Obesity
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Appendix II- Comparison of protein expression in liver lobes
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