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ABSTRACT 
 
Obesity is a worldwide health issue affecting all ages and both sexes, and its prevalence is 
progressively increasing among adults and children. The predisposition to metabolic 
complications caused by obesity is sex dependent. Intrauterine environmental changes such 
as overnutrition before conception, during pregnancy and lactation, have been recognized as 
factors predisposing offspring to metabolic complications later in life. Interestingly, sex 
specific differences in the adaptation to maternal obesity have been observed, but the 
underlying mechanism is still unclear.  
 
The general aim of the current thesis was to investigate the sexual dimorphism in metabolism 
during obesity and to elucidate the sex-dependent impact of maternal obesity on offspring, 
with particular emphasis on liver and adipose tissue metabolism. For this purpose, we used a 
combination of both in vivo and ex vivo advanced techniques, including nuclear magnetic 
resonance, transcriptomic and lipidomic analysis in key tissues regulating lipid metabolism; 
namely liver, subcutaneous (SAT), visceral (VAT), and brown (BAT) adipose tissues.  
 
In PAPER I we investigated the sex-specific response to obesity-induced metabolic 
syndrome and aimed to identify sex-specific characteristic lipid molecular species in liver, 
VAT and SAT in female and male ob/ob mice. We showed that upon overfeeding, males 
accumulated less total fat with a distribution towards more VAT and less SAT compared to 
females. Males presented higher lipid accumulation in liver and circulating lipids and were 
more insulin resistant compared to females. Males induced inflammation in adipose tissue 
while females presented higher pro-inflammatory markers in liver in response to overeating. 
Furthermore, the fatty acid and triglyceride profile in both adipose depots were diverse 
between the two sexes. Males had longer chain fatty acids and triglycerides compared to 
females. Additionally, here we showed that the hepatic phospholipid profile was sex-
dependent with more abundant lipotoxic fatty acids in males than in females. The fatty acid 
and triglyceride synthesis pathways was highly sex-dependent at the transcriptional level, 
which may contribute to the sex-dependent metabolic profile. Our results provide a unique 
description of sexual dimorphic lipid profile in metabolic organs corelated to obesity and 
could be a contribution for future and more precise treatment of obesity.  
 
In PAPER II we investigated the sex-dependent long-term adaptation to maternal obesity in 
offspring on control diet after weaning with focus on the liver. Males from obese mothers 
had higher adiposity and were more insulin resistant at short-term but on the long-term post-
weaning control diet reversed these effects. Our results demonstrated that maternal obesity 
influenced differently the hepatic lipid synthesis pathways in female and male offspring and 
caused a more dysfunctional metabolic profile in males than in females. We observed a sex-
specific alteration in the fatty acid, triglyceride, and phospholipid profile together with a sex-
specific transcriptional regulation of metabolic pathways in liver.  



 
 

  

 
In PAPER III we explored how maternal obesity can predispose white and brown adipose 
tissue in obese offspring to metabolic dysfunctions in the long-term. We showed that in utero 
high fat diet environment in offspring on obesogenic diet, altered the triglyceride profile 
between adipose depots and sexes. Maternal obesity caused changes in triglyceride 
composition in SAT and BAT and increased the thermogenic activity in BAT in female 
offspring only. In males, maternal obesity caused whitening of BAT and increased the 
adipocyte number in VAT and generally impaired their metabolic profile. Our results show 
that maternal obesity programs the transcriptional activity in white and brown adipose tissue 
in a sex- and adipose depot- dependent manner. 
 
The PAPER IV is a continuation of the study in PAPER III where we investigated the sex-
dependent metabolic response to maternal obesity in offspring on obesogenic diet with 
special focus on liver. Here we showed that maternal obesity caused hepatic insulin resistance 
in females, and hepatic steatosis and inflammation in males. Moreover, we observed that 
maternal obesity caused changes in the transcriptional activity and triglyceride profile in 
female offspring that might prevent the adverse effects of in utero exposure to obesity.  
 
In conclusion, our results demonstrate that there is an in utero metabolic programming in 
offspring born from obese mothers that is sex and tissue specific. Given that the prevalence 
of obesity among women of reproductive age is increasing drastically, it is crucial to better 
define the in utero changes in offspring and its consequences. An important outcome of 
studying the sex differences in offspring metabolism is to understand the underlying 
mechanisms and paved the way to precision medicine to develop potential interventions and 
tackle future diseases in subsequent generations.  
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1 INTRODUCTION 

1.1 OBESITY 
 
Obesity is a global health issue affecting the population worldwide in both sexes and in all 
ages. The prevalence of obesity has increased dramatically through the past decades to 
pandemic levels, in 1980, 921 million people were overweight or obese compared to 2.1 
billion people in 2013 globally (1-3). Particularly worrying are the increasing rates of obesity 
among children and adolescents, in both developed and developing countries. Even though 
the prevalence of obesity among adults is higher than in children, the prevalence of the 
combination of obese and overweight children is increasing more rapidly, from 4.2% in 1990 
to 6.7% in 2010 worldwide (4). The incidence of the metabolic syndrome goes in parallel 
with the increased occurrence of obesity, and it is a well-established risk factor for developing 
cardiovascular diseases, type 2 diabetes (T2D), fatty liver disease and some types of cancer 
(2). The metabolic syndrome is defined by having at least three of the following metabolic 
complications: visceral obesity, high triglyceride (TG) levels, low high-density lipoprotein 
(HDL) cholesterol levels, hypertension and high fasting glucose levels (5). Therefore, obesity 
presents a major public health challenge by contributing to premature disability, reduced 
quality of life and life expectancy. Moreover, obesity is correlated with social disadvantages, 
low socio-economic productivity and creates a burden to the world economy (2).  

1.1.1 Pathophysiology of obesity  
 
Obese and overweight individuals are classified according to their body mass index (BMI). 
Overweight individuals have a BMI between 25-29.9 and obese individuals have a BMI ≥30. 
However, BMI is not the ultimate indicator of adiposity and does not reflect the health status 
of an individual since BMI is based on weight and height and cannot distinguish between fat 
mass and muscle mass (6). Hence, measuring the total fat mass and also the distribution is a 
more accurate way to predict the risk to develop obesity related metabolic diseases (7). 
Obesity is a complex health issue that results from many factors. It is traditionally believed 
that the primary cause of obesity is a long-term imbalance between energy intake and energy 
expenditure (2). Interventions to reduce calorie intake and increase physical activity have 
been attempted but in the long-term, it has not always been successful. Maintaining a healthy 
weight and lifestyle, at the individual level, is also affected by environmental factors such as 
availability, economic status and marketing (8). Obesity results from an excessive caloric 
intake and also the quality of the food available in the market, in combination with industrial 
highly processed food that usually is rich in salt, fat, sugar and various additives that may 
influence appetite. In addition to this, the “Westernization” of lifestyle is related to the 
increased prevalence rates of obesity over the past decades. The extensive food availability 
and access to cheap fast-food, reduced home-cooking, frequent office/computer-based 
working from home controlling most types of jobs and many other similar changes; has 
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affected the eating and lifestyle habits of humans (9). Unfortunately, the food industry’s 
priority is to sell and make the highest profits, thus promoting snacking behavior, sweets, 
sweetened beverages, large portions etc. (2). Although the environmental changes play an 
important role in the development and prevalence of obesity, the outcome of obesity is a 
combination of environmental factors and biological mechanisms. In obesity, there is a 
notable variation on body composition between individuals, suggesting an influence of, 
among others, genetics.  

1.1.2 Genetic factors of obesity 
 
Thanks to modern technology, scientists are now able to define specific genetic changes 
which have broadened our understanding of the molecular mechanisms behind the metabolic 
pathways in the body. Genetic influence can be described as “monogenic obesity” which 
involves single gene defects or chromosomal deletions, and “polygenic obesity”, which 
involves many polymorphisms that each have a small effect which is what we refer to as 
common obesity (10). Since many years, scientists have been searching for the molecules 
and mechanisms that control weight gain and adiposity. Initially, a gene called obese (ob) 
was identified in mice (11). This gene encodes leptin, a hormone that is secreted by adipose 
tissue and that suppresses appetite (10). Through mutations in the ob gene, the ob/ob mouse 
model, with a complete deficiency in leptin, was derived. The ob/ob genotype results in 
severe obesity from constant overeating (12). Later, the diabetes (db) gene, that encodes the 
leptin receptor (Lepr), was cloned (13). These genes later became putative genes for 
treatment of obesity in humans. Humans with deficient leptin signaling due to mutations in 
the Leptin or Lepr, suffer from hyperphagia and in turn develop severe obesity (10). 
 
Genome wide association studies (GWAS) have identified the fat mass and obesity associated 
(FTO) gene and several single nucleotide polymorphisms (SNPs) that are strongly associated 
with obesity (14). Large meta-analysis of several GWAS in turn, identified a few genome-
wide loci associated with fat distribution and sex-differences that could explain the sexual 
dimorphism in fat distribution (15, 16). These findings show the necessity to perform sex 
specific GWAS, in order to elucidate the underlying mechanisms behind sexual dimorphism 
in obesity. Genetic information behind obesity occurrence will be important for the 
identification of individuals that are susceptible to obesity and will allow a more precise and 
accurate prediction and prevention of risks for developing obesity and metabolic diseases.  
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1.2 SEX DIMORPHISM IN OBESITY 
 
Sex as a factor in the aspect of human metabolism, such as metabolic diseases, adipose tissue 
regulation, insulin resistance etc., has unfortunately been ignored in the past decades. Even 
though sex differences exist in almost all traits of the metabolic syndrome, there is a huge 
gap of knowledge on sex-differences observed in disease pathophysiology. For instance, 
similar strategies are used in men and women to manage the occurrence of cardiovascular 
diseases by aiming to reduce blood pressure and low-density lipoprotein (LDL) cholesterol 
levels. However, there is a strong sex-dependent response to the treatments and interventions 
which points to the importance of considering sex as a factor to apply sex-specific research 
strategies (17). Even though the prevalence of obesity is higher in women than in men (1), 
studies have shown that women are less susceptible to metabolic complications (Figure 1). 
For example, premenopausal women are less susceptible to non-alcoholic fatty liver disease 
(NAFLD) than men (18). The prevalence of T2D is higher and occurs in an earlier stage of 
life in men (65–69 years of age) compared to women (70–79 years of age) (19). In a cross-
sectional study it was shown that insulin resistance is higher in obese men compared to obese 
women with similar BMI and age (20). However, while premenopausal women seem to be 
protected from developing cardiovascular diseases compared to men, the incidence of 
cardiometabolic risk in postmenopausal women increases and becomes equal to men (21).  
This highlights the importance of sex hormones in metabolic homeostasis and adipose tissue 
regulation which will be described further. Although sex-differences in metabolism are well 
established, the underlying mechanism behind that is not yet understood and clarified. To be 
able to develop interventions and strategies to tackle the metabolic syndrome, it is essential 
to better understand the molecular and cellular mechanisms behind the sex-differences at 
different phases of life. 

 
Figure 1.  Sex-differences in metabolic homeostasis. Created with BioRender.com 
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1.2.1 Sex hormones in metabolism  
 
Gonadal hormones or sex hormones, such as estrogens and androgens have a key role in 
physiological processes in the body (22). Within estrogens, 17𝛽 estradiol (E2) is the primary 
female sex hormone which has important but diverse physiological role in women and men. 
In women, E2 is critical for the formation of the reproductive system and for the primary and 
secondary sexual characteristics. Starting puberty, E2 drives the epithelial cell proliferation 
in the mammary glands and in the uterine endometrium (23). In men, estrogens, even at low 
levels, have an essential role in the bone development, maturation of sperm, libido, erectile 
function, and fat metabolism (24). In premenopausal women, the production of E2 occurs 
primarily in the ovaries by the granulosa cells in the ovarian follicles and the corpora lutea 
(23). E2 is then released in the blood stream and acts as circulating hormone targeting distant 
tissues. Conversely in postmenopausal women when ovaries do not produce E2 longer, the 
levels of E2 are lower, as in men, then E2 is synthesized in extragonadal tissues by the 
aromatization of androgens by the enzyme aromatase and acts locally on target tissues (25) 
(Figure 2). E2 mediates its actions through the two main nuclear receptors, estrogen receptor 
alpha (ERα) and beta (ERβ) as well as through the membrane-bound G-Protein-coupled ER 
(GPER/GPR30) (23). Androgens in mammals act through the androgen receptor (AR) which 
is important for the development of genitals and body composition especially in males as 
women lack a suitable amount of androgens (26).  
 
 

 
Figure 2.  Production of sex hormones and their action in premenopausal, men and postmenopausal women. Estrogen (E2); 
white adipose tissue (WAT); Testosterone (T); androstenedione (4A); dehydroepiandrosterone (DHEA); Estrogen receptor 
(ER); E2 sulfate (E2-S); estrogen sulfotransferase (EST). Reprinted with permission from Mauvais-Jarvis, Clegg and 
Hevener. Endocrine Reviews (2013)  
 
 
 

The fact that steroid receptors are present in adipose tissue supports that sex hormones have 
an important function in the regulation and modulation of the adipose tissue in the body (27). 
In females, subcutaneous adipose tissue (SAT) contains more estrogen and progesterone 
receptors than AR, while in visceral adipose tissue (VAT) the concentration of AR is higher 
(28). Studies have shown that as women enter menopause, the fat distribution changes and 
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an increase in VAT is observed, and in turn the risk for developing metabolic complications 
increases beyond aging (29). The loss of E2 production in menopausal women is correlated 
with increased body weight ,visceral obesity and increased risk of developing T2D, NAFLD 
and insulin resistance (30). Studies in animals with estrogen deficiency have been used to 
examine the effect of estrogens in the metabolism. Aromatase knockout (ArKO) male mice 
showed increased gonadal adiposity and increased hepatic lipid accumulation which was 
reversed by E2 treatment (31). In completely ERα deficient female and male mice, an 
increased adiposity and especially increased VAT accumulation was observed compared to 
wild type (WT) mice (32). The lack of estrogen in ovariectomized mice, introduced metabolic 
disturbances including increased adiposity, reduced energy expenditure, liver steatosis, 
inflammation, and insulin resistance (33-35). The administration of E2 has shown to be able 
to reverse the adverse metabolic effects (25, 36).  
 
The effect of sex hormone treatments is an important area in medical research. Studies on 
body composition changes have been conducted on trans individuals that go through a gender 
affirming with cross-sex hormones in order to achieve the secondary sex-characteristics of 
the preferred sex (37-39). To induce a feminization in male-to-female trans individuals, they 
receive estrogens and anti-androgens therapy, and to induce masculinization in female-to-
male trans individuals, they are treated with androgens (39). Both female-to-male and male-
to-female trans individuals increase in body weight when they receive cross-sex hormone 
therapy, but opposite effects are observed in male-to-female and female-to-male trans 
individuals in body composition. Increased lean mass and decreased body fat mass has been 
seen in female-to-male trans groups while the opposite observations are seen in male-to-
female trans individuals. The changes in body weight and fat accumulation in male-to-female 
trans individuals can have an impact on the metabolic profile and increase the risk for 
developing cardiovascular diseases (39). These observations imply that sex hormones cause 
changes in body composition in relation to metabolic diseases.  

1.2.2 Sex chromosomes in metabolism 
 
Research has shown that hormones produced by the ovaries, or testes are one of the main 
reasons for the sexual dimorphism observed between males and females, but more research 
has shown that this is not the only source for the sex-differences observed in physiology. 
More importantly, even before the differentiation of gonads male embryos develop faster 
than female embryos (40), suggesting that non-gonadal factors exist in this sexual 
dimorphism observation. Now it is clear that every cell has a sex, and the direct effect of X 
and Y chromosome genes induce genetic sex differences in the cells of females (XX) and 
males (XY) that are important for metabolism.  
The sex in mammals is determined by the presence of the sex-determine region Y (Sry) gene 
on the Y chromosome, that controls testes formation. The Sry gene is expressed in the period 
between sixth and seventh week of gestation. In the deficiency of Sry gene, the sexual 
differentiation follows the female pathway (41, 42).  Male cells, normally have a single Y-
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chromosome from the father and an X-chromosome from the mother, while females have a 
pair of X-chromosomes out of one is silenced by X-inactivation (42). According to the origin 
and the location of the Y and X-chromosomes, various genes may be expressed in a sexually 
dimorphic way (43).  
 
To further investigate the role of gonadal hormones and sex-chromosome complements in 
relation to sex-differences, scientists used the four core genotypes (FCG) mouse models. 
Through the deletion and translocation of the Sry gene, the FCG model generates mice with 
four different combinations of sex chromosomes and gonads (44). These four types of mice 
include XX and XY mice that lack the Sry gene and develop ovaries (XX, XY-) and XX and 
XY mice that both have the Sry gene and develop testes (XXSry, XY-Sry) (44). In a study by 
Chen et al. where they used the FCG model and gonadectomized the mice in adulthood, they 
showed that mice with XX chromosomes presented higher adiposity and increased food 
intake than mice with X and Y chromosomes irrespective of their original gonadal sex. In 
response to high fat diet (HFD) after gonadectomy, XX mice had amplified weight gain and 
adiposity compared to XY mice. Increased adiposity was correlated to an increased food 
intake in mice with two X chromosomes and along with the increase of adiposity, XX mice 
developed fatty liver and high levels of fasting insulin. Interestingly, in the same study they 
also showed that X chromosome is the one driving the body weight gain irrespective of the 
presence of the Y chromosome (45). This indicates that sex chromosomes are a crucial factor 
for the sex differences observed in body composition. 
However, one can question if these results on FCG mice models are translatable to humans 
explaining the sex differences observed in metabolism. An interesting observation of the 
metabolic complications and the number of chromosomes is the reflection of unusual 
numbers of chromosomes in humans. For instance, in conditions such as the Turner syndrome 
(XO) and the Klinefelter syndrome (XXY) there is an elevated risk to develop T2D and 
cardiovascular diseases (46, 47). 
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1.3 LIPIDS  

Lipids play an essential role in the development of health and disease, specifically in cellular 
metabolism, by maintaining structural integrity and act as signaling molecules (48). The 
study of lipids (lipidomics) has developed during recent years allowing the identification of 
numerous lipids in both plasma but also tissue extracts (49). To identify metabolic changes 
related to metabolic diseases, lipidomics are a common and strong starting point aiming to 
characterize the molecular lipid species and unravel the mechanisms of disease-related 
biomarkers (50). During the biosynthesis of lipids, they go through different biochemical 
changes which unlike genes and proteins, makes them more complicated structures. Lipids 
are classified into eight different categories: fatty acids (FA), glycerolipids, 
glycerophospholipids, sphingolipids, sterol lipids, prenol lipids, saccharolipids and 
polyketides (51). Each of these categories are divided further into subgroups. This is based 
on the type of linkage of the head group and the aliphatic chains (52).  

1.3.1 Phospholipids 
 
Phospholipids (PL) represent a large part of the bilayer of cell membranes and are an 
important class of lipids. There are two main groups of PL: the glycerophospholipids and 
sphingolipids. The glycerophospholipids are classified into phosphatidylcholine (PC), 
phosphatidylethanolamine (PE), phosphatidylserine (PS), phosphatidylinositol (PI) and 
phosphatidylglycerol (PG) (53). PC and PE are the most abundant PL in mammals which 
compose most of the membrane lipids in cells and are found in plasma membrane and in 
intracellular organelles (Figure 3) (48). The synthesis of PC occurs through the cytidine 
5ʹ-diphosphate (CDP)-choline pathway and in hepatocytes PC is produced by the conversion 
of PE and the reaction is catalyzed by phosphatidylethanolamine N -methyltransferase 
(PEMT). The PE is synthesized by a similar pathway called CDP-ethanolamine pathway. PE 
can also be synthesized through the decarboxylation of phosphatidylserine by the enzyme 
phosphatidylserine decarboxylase and in turn regulate mitochondrial function (54). The ratio 
of PC/PE is important for the membrane integrity and is correlated to the development of 
inflammation and NAFLD (55, 56). An important, unique member of the phospholipid family 
is the cardiolipin (CL). CL is also a glycerophospholipid and is synthesized in the inner 
membrane of mitochondria and as the mitochondrial localization implies it is involved in 
mitochondrial function (57). Increased levels of CL in liver, prevents lipotoxic actions and 
hepatic steatosis, hyperlipidemia, and insulin resistance in mice (58). Another subclass of PL 
is the plasmalogens. Plasmalogens are mostly abundant in the brain, red blood cells, muscle, 
and spermatozoa. Plasmalogens can arise from the diet or can also be synthesized in the liver 
and gastrointestinal epithelium. Plasmalogens are important for the structure of cell 
membranes and act as signaling molecules protecting cells from oxidative stress and 
participate in polyunsaturated fatty acids (PUFA) metabolism (59). They are important 
factors in metabolic diseases, by modulating cholesterol efflux, oxidative stress, 
inflammation and cell signaling and are negatively correlated with obesity, T2D and 
cardiovascular diseases (54).  
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Figure 3. Localization of lipids in mammal cell. PC: phosphatidylcholine, PE: phosphatidylethanolamine, PI: 
phosphatidylinositol, SP: Sphingolipid, SM: Sphingomyelin, CL: Cardiolipin, TG: Triglyceride. Adapted and modified from 
Lydic, T. and Goo, Y. Clinical and Translational Medicine (2018)  (48) under the license 
(http://creativecommons.org/licenses/by/4.0/). Created with BioRender.com 
 

1.3.2 Sphingolipids 
 
Sphingolipids include ceramides and sphingomyelins; and are less abundant in the body 
compared to glycerophospholipids. Sphingolipids are structural molecules important for the 
cell membrane but also act as signaling molecules driving cellular pathways such as signal 
transduction, differentiation, cell growth and apoptosis (60). Ceramides are a key molecule 
in the sphingolipid metabolic pathway. Ceramides are produced in the endoplasmic reticulum 
and later transported in the Golgi apparatus and can be converted to sphingomyelin (61). 
Increased levels of ceramides in adipose tissue are associated with insulin resistance in 
individuals with increased liver fat (62). Sphingomyelin is the most abundant sphingolipid, 
and it is the most predominant type found in LDL. Sphingomyelin has been found to be 
closely associated with metabolic diseases, for example sphingomyelins that contain 
saturated acyl chains were associated to the development of insulin resistance, liver 
dysfunction and generally with obesity and metabolic syndrome (63).  
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1.3.3 Saturated and unsaturated fatty acids 
 
FA are main components of TG and PL in the circulation, cells, and tissues. FA are 
transported within more complex lipids and within lipoproteins while some non-esterified 
fatty acids (NEFA) are circulating in the blood. FA are oxidized and function as a source of 
energy, but also to act as singling molecules regulating metabolic processes in the body such 
as FA oxidation/synthesis, insulin sensitivity and inflammation (64). They can be divided 
into saturated and unsaturated FA depending on the presence or absence of double bonds. 
Saturated fatty acids (SFA) do not contain any double bonds, monounsaturated fatty acids 
(MUFA) contain only one double bond and PUFA contain more than one double bond (65). 
Depending on the position of the first double bond by counting carbons from the terminal 
methyl group,  they are defined as n-3 or n-6 PUFA (65). The remodeling of the FA occurs 
via desaturases, enzymes that introduce double bond on the FA chain while it is expanding. 
The desaturase that introduces double bond to the Δ5 carbon is called Δ5- desaturase 
(FADS1), Δ6 carbon is called Δ6- desaturase (FADS2) and Δ9 carbon is called Δ9- 
desaturase. The remodeling of FA can induce disruptions in metabolic homeostasis in the 
body such as dyslipidemia and insulin resistance (66). 
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1.4 ADIPOSE TISSUE 

1.4.1 White adipose tissue  

Adipose tissue is considered as a multifunctional organ with a main function of storing energy 
but also responsible for many other functions in our body such as preventing heat loss and 
protecting the body from mechanical stress (67, 68). Adipose tissue function as a fuel 
reservoir and is also considered an important endocrine organ releasing bioactive molecules. 
For example, adipokines that regulate the metabolic homeostasis in other tissues that affect 
the global metabolic homeostasis in the body (69). Adipocytes are the most abundant cell 
type in adipose tissue and consist of a unilocular lipid droplet and very few mitochondria 
(Figure 4) (69). Adipose tissue can be categorized in different types based on its structure 
and features. The white adipose tissue (WAT), functions mostly as energy storage and 
releases free fatty acids (FFAs) as fuel for the body, and it consists of definable fat depots 
located on different areas on the body (67). The WAT located under the skin, is defined as 
the SAT. The WAT located in the intra-abdominal area surrounding the digestive organs, is 
defined as the VAT (68). Body fat distribution is considered an important factor and predictor 
for metabolic diseases. Depending on the location, it offers different functions to the body, 
for example SAT mainly functions as a reservoir and protection against dermal infections 
and other external stress, and as heat loss prevention. VAT on the other hand, is found to be 
more deleterious and correlated mostly with metabolic dysfunctions such as insulin resistance 
and inflammation (67). It has been shown that the removal of VAT but not SAT can improve 
the metabolic profile in rodents, by improving the glucose tolerance and decreasing hepatic 
TG, indicating the great impact of VAT in metabolic regulation (70). Transplantation of SAT 
into the visceral area improved the insulin sensitivity and glucose metabolism in rodents (71). 
It is now clear that the fat distribution is a more profound factor, rather than the total fat mass 
in the development of metabolic complications.  

1.4.1.1 Lipogenesis and lipolysis  
 
Adipose tissue stores energy in the form of TG through lipogenesis and releases FA through 
the lipolysis process. The dietary intake stimulates lipogenesis and storage of TG, while 
fasting stimulates lipolysis to break down TG to release FA from adipose tissue and supply 
energy to other peripheral tissues (69). Lipogenesis involves the de novo lipogenesis (DNL) 
from acetyl-coenzyme A (acetyl-coA) and TG biosynthesis. The uptake of glucose in 
adipocytes is later converted to glycerol acting as backbone for the esterification of FA (72). 
The intake of glucose triggers the expression of the rate limiting enzyme for lipogenesis 
acetyl-CoA carboxylase (ACC) and fatty acid synthase (FAS) to convert acetyl-coA into 
palmitate and in turn goes through elongation and desaturation to produce other FA (72, 73). 
Lipogenesis occurs in a lower degree in adipose tissue compared to liver and BAT (69). The 
main source of TG biosynthesis in adipose tissue is from circulation. Dietary lipids, in the 
form of FFAs, are taken up from the blood circulation that have been released from 
circulating TGs through the action of lipoprotein lipase (LPL). LPL is secreted by the 
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adipocytes and catalyzes the hydrolysis of FFAs from circulating TG-contain lipoproteins. 
FA then enter the adipocyte and follow the esterification process (69). The esterification 
process is catalyzed by diacylglycerol acyltransferase (DGAT) to synthesize TG that will be 
stored in the adipocyte (69, 72).  
 
 In conditions when energy is not available in the body, such as during fasting or exercise, 
adipocytes can mobilize TGs through lipolysis to supply energy to other tissues (72). In 
lipolysis, TGs are broken down to release FFAs and glycerol. The hydrolysis of TGs is 
divided into steps that are driven by the action of lipases. The TGs can be broken down by 
the adipocyte triglyceride lipase (ATGL), hormone-sensitive lipase (HSL) and 
monoacylglycerol lipase (MGL) into diacylglycerols (DAGs) and monoacylglycerols 
(MAGs) (72). During these steps, FFAs are released from each step, and the final step of 
lipolysis is mediated by MGL where it releases the glycerol backbone of the last FFA (72). 
Glycerol is supplied to the hepatic gluconeogenesis and the FFAs go through oxidation to 
give energy to other organs in the body (69, 72).  

1.4.2 Sex differences in white adipose tissue  
 
Sex differences in adipose tissue morphology and function are increasingly recognized over 
the years. Women in general have a higher percentage of fat mass compared to men with the 
same BMI but depose it in different ways (74, 75). It appears that women have evolved a 
protective mechanism favoring adipose tissue accumulation and lipid mobilization compared 
to men. Young fertile premenopausal women tend to accumulate more SAT shaping the 
“pear-shaped” body type, which is suggested as protective type of fat storage (67). Men and 
postmenopausal women tend to accumulate more VAT, giving men and shifting menopausal 
women’s body to an “apple-shaped” body type, which is correlated to the metabolic risks 
(Figure 1) (16). Indeed, the percentage of VAT increases by aging when women have fewer 
circulating estrogen and men have less testosterone production (76, 77). Men have a higher 
level of FA turnover in VAT and higher lipolysis and lipogenesis rates than females (78). 
This has also been observed in rodent studies where female mice are somehow protected 
against diet-induced obesity compared to male mice that seemed to be more prone to 
obesogenic side effects (79-82).  
Furthermore, sex differences exist in adipose tissue cellularity, remodeling, and expansion in 
the different adipose tissue depots (17). The expansion of adipose tissue occurs through the 
increase of adipocyte number (hyperplasia) or by the increase of fat cell size (hypertrophy) 
(83). Adipose tissue hypertrophy and hyperplasia have a profound effect on metabolic health. 
Importantly, studies suggest that the increase in adipocyte size, is associated with systemic 
insulin resistance, inflammation, and cardiovascular complications independent of the BMI 
(84-86). Remarkably, studies have shown larger SAT adipocytes in femoral area compared 
to abdominal area in both sexes, but women presented smaller adipocytes in abdominal area 
compared to men (87). This indicates that the accumulation of SAT in women is due to 
hyperplasia during obesity while men show more hypertrophy (74). In general women 
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present higher rate of TG mobilization and handle better the FFA in adipose tissue, and in 
turn have a better capacity to preserve their insulin sensitivity (74).  
 
Why are women better at storing fat mass compared to men? It has been suggested that 
evolutionary and for reproduction reasons, women have a better way of storing energy in the 
form of adipose tissue than men due to childbearing and lactation (88).  Nevertheless, the 
underlying mechanisms in sex-dependent regulation of adiposity and obesity, have not yet 
been fully understood. 
 

Figure 4.  White, beige, and brown adipocytes and their characteristics. Created with BioRender.com 
 
 

1.4.3 Brown adipose tissue   
 
Brown adipose tissue (BAT) differs from WAT morphologically by containing 
multilocular lipid droplets and elevated number of mitochondria (Figure 4) (89). Brown 
adipocytes can be distinguished from the white adipocytes by the high expression of type 
2 iodothyronine deiodinase (DIO2), cell death inducing DFFA like effector A (CIDEA), 
peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC1α) and PR 
domain containing 16 (PRDM16) (90). BAT has a unique ability of generating heat by 
dissipating energy or lipids through the uncouple ptrotiein-1 (UCP1) activity which exists 
on the mitochondrial membrane, a process known as thermogenesis (91). Thermogenesis 
makes BAT a highly metabolic tissue since it can regulate energy, glucose and lipid 
homeostasis, functioning as a potential therapeutic target in the future for obesity and 
metabolic complications (92). BAT has been strongly investigated in laboratory rodents, 
where is predominantly localized around the interscapular, axillary and perirenal regions 
(93). In humans, BAT is detected in infants in the intrascapular area and not very long ago, 
was detected in adults as well, on the abdominal, mediastinal, axillary, supraclavicular, 
para-spinal, and cervical areas (93-95). 
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1.4.3.1 Brown adipose tissue and thermogenesis 
 
Adaptive thermogenesis is divided into three categories 1) cold-induced shivering 
thermogenesis 2) cold-induced non-shivering thermogenesis and 3) diet-induced 
thermogenesis. The cold-induced shivering thermogenesis occurs in skeletal muscle, while 
the non-shivering thermogenesis and diet-induced thermogenesis occurs mainly in BAT. (96)  

1.4.3.2 Cold-induced non-shivering thermogenesis  
 
Long exposure to cold in both humans and rodents causes elevated energy expenditure. Even 
though the mechanism behind BAT activation is widely investigated in small laboratory 
rodents, it is believed that a similar mechanism applies in humans. Cold exposure activates 
the sympathetic nerve system, which in turn releases the noradrenaline substance that acts 
through β-adrenergic receptor (βAR) which causes a series of events, including hydrolysis of 
TG, FA oxidation, and the activation of UCP1 to induce thermogenesis. The continuous 
activation of BAT, results in fat utilization in adipose tissue (97). Mice exposed to chronic 
cold environment, showed increased glucose oxidation in BAT but also browning of the 
WAT (98). Using positron emission tomography and X-ray computed tomography 
(PET/CT), scientists have shown that under low temperatures, during winter, BAT activity 
in both men and women increases compared to warm temperatures during summer and was 
also correlated to decreased adiposity and BMI (99). The browning of WAT by cold exposure 
or stimulation of βAR, corresponds to the conversion of white adipocytes into adipocytes that 
are more brown-like. These adipocytes are called beige or brite cells and they share similar 
morphological and gene expression characteristics as the brown adipocytes (Figure 4). Upon 
proper stimulation beige adipocytes increase UCP1 expression and can also stimulate heat 
production (90).  

1.4.3.3 Diet induced thermogenesis 
 
Diet-induced thermogenesis refers to the mechanism which food intake is dissipated as heat 
(96). This response, has gained significant attention as a potential target to tackle obesity 
after a study that was published by Rothwell and Stock back in 1979 where they showed that 
feeding rats with a “cafeteria” diet  increases energy expenditure through BAT (100). Diet 
can stimulate the activation of BAT through UCP1 by the same mechanism as seen in cold-
induced thermogenesis (97). Animal studies showed a positive correlation between BAT, 
UCP1 and obesity, meaning that meal-induced HFD recruited thermogenesis is fully 
dependent on UCP1, which was not observed in UCP1-ablated mice (101-103). In humans, 
the role of BAT in diet-induced obesity is still not as clear. However, a study in humans 
showed a correlation between diet-induced thermogenesis and the recruitment of BAT, 
indicating a physiologic role of BAT in energy and lipid regulation (104). Moreover, dietary 
molecules and nutrient components play a significant role in both activation of BAT but also 
on browning of WAT (105).  For example, fish oil which is rich in long-chain n-3 PUFA, has 
been suggested to increase diet-induced thermogenesis in mice through UCP1 and to induce 
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browning of WAT (106). PUFA, specifically n-3 have shown to stimulate lipid metabolism 
and thermogenesis resulting in reduced body weight (107). Nevertheless, the precise impact 
of dietary molecules on the regulation of thermogenesis in BAT and energy homeostasis 
remains elusive.   

1.4.4 Sex differences in brown adipose tissue  
 
As in WAT, sex differences occur in BAT as well, regarding the amount and activity of BAT 
across species (108), although this is not as widely studied as in WAT. Generally, sex 
differences in BAT show a more favorable thermogenic function and BAT size in females in 
both animals and humans. In rodents, BAT activity and mass is higher in females than in 
males (108). Additionally, BAT in female rats contain bigger mitochondria and higher 
expression of UCPs than males (109, 110). In humans, women have higher mass and activity 
of BAT compared to men (108, 111, 112). A recent review on sex differences in WAT and 
BAT describe females having greater BAT mass and activity and a better mitochondrial 
function in brown adipocytes with a higher browning potential of WAT than males (113).  In 
humans, BAT is detected in new-born babies but the BAT activity and mass decreases with 
age, since adults do not show the same functionality in BAT (114). The explanation for why 
BAT declines with age remains elusive. Mechanisms explaining the decline in BAT with 
aging have been suggested such as impairment or loss of mitochondrial activity; decrease in 
the sympathetic nervous stimulation; inflammation or changes in endocrine signals due to 
aging (115). Animal studies suggest a possible mechanism of BAT activation by estrogens 
(116, 117). However, little is known in humans and data somewhat controversial (118-120). 
Interestingly, it has been reported that the BAT mass increases with age in children and this 
process correlates with sexual maturation (121). However, the activity of BAT is reduced 
with ageing in adults. The differences between men and women regarding BAT activity 
disappear when women enter menopause (108). This could be due to estrogen regulation of 
BAT activity (122). Interestingly, BAT in human fetuses’ present high levels of estrogen 
receptors, especially ERα, implying that estrogen might have a key role for 
mitochondriogenesis and BAT development (123). These observations reveal that there is a 
need of further studies to better understand the physiological effects of BAT and the sex 
differences in BAT function.  
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1.5 LIVER IN METABOLISM  
 
Liver is tightly monitoring the amino acid, glucose, and lipid metabolism, making liver a key 
metabolic organ in the body. These metabolic processes are regulated by insulin and other 
hormones such as glucagon, growth hormone and glucocorticoids. The problematic function 
of FA metabolism in liver, might lead to lipotoxicity, a major contributor to the progression 
of NAFLD (124, 125). 

1.5.1 Fatty acid metabolism in liver  
 
The uptake of FA in the liver can occur from FFAs in circulation, or uptake of chylomicron 
remnants and through DNL (126). After a meal, fat is taken up by enterocytes where FA are 
re-synthesized in the gut into TG and released as chylomicrons in the bloodstream to reach 
the liver. NEFA are released from chylomicrons through lipolysis facilitated by LPL (124). 
The NEFA uptake in the liver occurs through cluster differentiation 36 (CD36), fatty acid 
transports (FATP2/4/5) and fatty acid binding protein (FABP) for esterification and to be 
stored as TG or excreted in the bloodstream in the form of very low-density lipoprotein 
(VLDL) or be to oxidized (124). In de novo FA synthesis, FAs can be converted from glucose, 
and then released from the liver in the form of VLDL particles to reach other peripheral 
organs such as adipose tissue (124). During glycolysis acetyl-CoA is produced by pyruvate 
and provided as substrate for DNL (127). The enzyme ACC is converting acetyl-CoA to 
malonyl-CoA which then synthesizes palmitic acid in the cytoplasm by FAS. In the 
endoplasmic reticulum, the elongase (ELOVL) family members, elongate the palmitic acid 
and produce long-chain fatty acids (LCFA) which can be desaturated to monounsaturated 
and polyunsaturated LCFA by stearoyl-CoA desaturases (SCDs) (124). Lipogenesis in the 
liver can be regulated by several transcription factors and coregulators such as carbohydrate-
responsive element-binding protein (ChREBP), sterol regulatory element binding protein 
(SREBP1a/1c/2), liver X receptor (LXR), farnesoid X receptor (FXR) and peroxisome 
proliferator activated receptors (PPARs) (124). 
When the level of insulin is low, NEFA are released through the hydrolysis of adipose tissue 
TG and enter the liver together with FA from cytosolic TG. Once the FA are in the liver, they 
can be used to synthesize TG and transported in the circulation to reach other peripheral 
tissues incorporated in VLDL. They can also be oxidized to produce energy through β 
oxidation or be esterified and stored in the liver as TG (127). In mitochondria, FAs enter by 
carnitine palmitoyl transferase 1 (CPT1) and can be oxidized to provide energy to generate 
ATP. Malonyl-CoA inhibits the activity of CPT1 and β oxidation (127). The dysregulation 
of the hepatic metabolic pathways to metabolize FAs, meaning an increase of DNL and 
decrease of lipid oxidation in liver can lead to the development of NAFLD and insulin 
resistance. Dietary intake is a major factor influencing changes in FA composition and 
metabolism in the liver. An imbalance of energy homeostasis leads to an extensive storage 
of TGs in metabolic tissues including the liver.  
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1.5.2 Sex differences in liver 
 
There are fundamental sex differences in key mechanisms for developing NAFLD.  It is 
known that the prevalence of NAFLD is overall higher in men compared to women, at least 
before they reach menopause (18). As mentioned previously, men tend to accumulate more 
VAT than women, which results in more easy access of FFAs to the liver through the portal 
vein and contribute to the sex-differences in the prevalence of liver diseases (17). Generally, 
liver accumulation in the liver is higher in men compared to women (78). However, men are 
more prone to develop hepatic insulin resistance than premenopausal women classified as 
obese or overweight, even though they had similar liver fat accumulation, which could be a 
factor for the higher prevalence of diabetes in men (128). The sex-differences observed in 
hepatic lipid accumulation, insulin sensitivity might be due to several factors correlated to 
mechanisms including FA release and circulation; lipoprotein secretion; lipogenesis in the 
liver and other pathways affecting the liver (17). Women secrete more TG-rich VLDL 
particles than men do (129), which decreases the lipid accumulation in the liver during 
obesity (130). Observations in postprandial liver FA oxidation and synthesis, have shown 
that men have a lower capacity to oxidase FA and do not suppress DNL in liver as fast as 
women. These mechanisms contribute to the sex-differences in the development of hepatic 
steatosis (131).  Experiments using laboratory mice exposed to obesogenic diets or subjected 
to genetic modification, support that, males accumulate more TG in the liver and develop 
NAFLD and steatohepatitis compared to females (132, 133). These mechanistic differences 
between women and men might be the underlying sexual dimorphic explanation in lipid 
accumulation in the liver.  Additionally, the prevalence of hepatocellular carcinoma (HCC) 
is higher in men than in women (18). In a Japanese cross-sectional study where they 
examined 87 patients with diagnosed non-alcoholic steatohepatitis (NASH), they found that 
even if the prevalence of cirrhosis was lower in men compared to women, more men 
developed HCC compared to women at a faster state of liver fibrosis (134). Lipid 
accumulation can cause damage and inflammation in the liver which can develop from 
fibrosis to NASH (125).   
Sex hormones play a significant role in the protective mechanism for developing liver 
diseases as the incidence of steatohepatitis in premenopausal women is lower than in 
postmenopausal women and men (135). However, despite the evidence of positive effects of 
estrogens in the liver in animal studies (31, 136) treatment in humans based on hormone 
therapy has not yet been established (125).  In a study using a computational model has shown 
that the liver is a highly sexual dimorphic metabolic organ by identifying key regulatory 
factors that control pathways in lipid metabolism and contribute to the initial steps of NAFLD 
in a sex-dependent manner such as PGC1α, PPARα, FXR and LXR (137). These results stress 
the importance of investigating deeper into the sex differences to develop drugs and 
interventions to tackle NAFLD. In conclusion, obese women, at least before menopause are 
less prone to develop hepatic steatosis and have a better capacity to retain their hepatic insulin 
sensitivity compared to men. However, the underlying explanation to the sexual dimorphic 
response in obesity regarding liver disease is not yet fully elucidated.   
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1.6 MATERNAL OBESITY  
 
The prevalence of obesity among women of childbearing age has increased radically over the 
past decades worldwide (1). Besides the immediate implications that obesity might cause 
during pregnancy, there is increasing evidence on both human and animal studies indicating 
that maternal obesity during gestation and lactation predisposes offspring to obesity and 
metabolic diseases later in life (138-141). More importantly, offspring exposed to obesogenic 
environments are more vulnerable to post-weaning obesogenic diets and have a higher risk 
to develop metabolic complications later in life (140). Obese or overweight children are more 
prone to develop obesity later in life, which increases the risk for developing metabolic 
complications and chronic diseases (142, 143). During the early life development, the fetus 
adapts and develops according to the environment that is exposed to intrauterine, possibly 
presenting resistance to similar exposures postnatally. It has been proposed that when the 
environmental exposure intrauterine is different than the environment experienced 
postnatally, mechanisms might arise to be able to adapt to these changes. These changes 
might be maladaptive and create issues in the long-term (144). Subsequently, this might 
develop into a circle of consequences where the incidence of obesity and metabolic 
complications are reinforced in the future generations (Figure 5). Even though the correlation 
of maternal obesity and offspring metabolism is well established, the underlying mechanisms 
are yet not fully understood. 

Figure 5. Metabolic outcomes of maternal obesity during pregnancy and lactation on offspring later in life. Created with 
BioRender.com 
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The mechanisms explaining the correlation between maternal obesity and offspring health 
outcomes is still unclear. It is suggested that fetal overnutrition results from increased uptake 
of nutrients through the placenta from obese mothers and might consequently affect the fat 
disposition and the development of hypothalamic-endocrine system that regulates the 
appetite and energy homeostasis of the fetus (145). Developmental programming refers to 
the mechanism that results in molecular, cellular, metabolic, and physiological changes by 
the in-utero environment. Changes in the expression of imprinted genes during pregnancy 
may affect the fetal phenotype (146). Epigenetic gene modifications in the fetus during 
development such as DNA methylation, histone modification and non-coding RNAs 
variations may contribute to the development of metabolic disorders later in life (146, 147). 
The combination and interaction of nutritional, environmental and epigenetic elements can 
cause alterations that pass through generations and cause long-term consequences on 
offspring metabolism and health (147).   
While the incidence of obesity is increasing among women of child-bearing age, more infants 
are exposed to obese intrauterine environment caused by maternal overnutrition during 
critical periods of fetal development (148, 149). There is a need to better understand the effect 
on offspring and translate the knowledge to clinical application to improve the health for 
future generations.  

1.6.1 Sex-dependent response to maternal obesity 
 
Historically, the effects of in utero exposure to malnutrition were observed in individuals 
who were exposed to in utero environment during the famine under the Dutch Hunger 
Winter. The results from this study were first published back in 1976, even though this was 
an unfortunate event, it provides precious information about intrauterine undernutrition and 
health outcomes in humans (150). The sex, and the time of exposure to the famine, were 
factors determining the range of disease phenotypes. Females, but not males that experienced 
in utero undernutrition, presented high BMI and increased adiposity (150). Today, there is 
convincing evidence that the effect of maternal health status on offspring risk for developing 
metabolic complications is strongly sex-dependent (151). Interestingly, a recent study has 
shown that female embryos from underweight mothers develop morphologically faster than 
female embryos from obese mothers and these observations were not seen in male embryos 
(152). These results indicate that sex-differences exists in fetal development in both early and 
later life stages. Nevertheless, the sex-dependent effect of maternal obesity in human 
offspring has not been extensively researched. Rodent models of obesogenic diet-induced 
obesity throughout pregnancy and lactation, can resemble the human condition which makes 
them a useful model to study the metabolic disease outcome on offspring from maternal 
obesity. In a diet-induced obese mouse model, a study showed that even though maternal 
obesity causes obesity and increased adiposity and insulin resistance in both sexes at 3 
months of age, females are less prone to develop T2D at 6 months of age (153).  In line with 
these findings, it has been shown that pancreatic islets in females have a better capacity to 
handle diet-induced postnatal environmental challenges and present a protective mechanism 
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against adiposity and insulin resistance, possibly through mitochondria respiration (154). 
Indeed, these results support the fact that generally males are more often diagnosed with T2D 
and at an earlier stage in life than females (19, 78).  An investigation on the impact of 
maternal obesity on cardiac and serum lipidome in fetus shows that there is a strong sex-
dependent effect of maternal obesity in fetus regarding lipidome in heart, with females being 
more sensitive to changes by maternal obesity than males. It is very remarkable how striking 
the sex-differences are given that fetuses are exposed to the same in utero environments 
(155). The sex-dependent response to maternal obesity might explain the sexual dimorphism 
observed in offspring and the ability of females to cope with environmental changes and 
protect themselves from long-term adverse effects (155).  

1.6.1.1 Adipose tissue  
 
The function of adipose tissue and adipogenesis are affected significantly by 
microenvironmental factors that can be disrupted by influences such as maternal obesity and 
cause adipose tissue dysfunction (156). Females from obese dams show higher WAT 
accumulation than males with an increase in inflammatory response. However, females show 
a better capacity of recovering from adipocyte hypertrophy and inflammation than males later 
in life (157). These findings show that there is a sex-dependent metabolic reprograming of 
WAT from obese mothers (157). Additionally, a study on non-human primates showed that 
females had higher total cholesterol, LDL and increased SAT compared to males exposed to 
intrauterine growth restriction (158). In males, maternal obesity increases BAT mass, glucose 
and serum levels compared to males coming from control diet (CD) fed mothers, while no 
differences were noted in females (159). Maternal HFD did not show any markers of 
thermogenesis in BAT in male offspring, but in contrast an increase in UCP1 levels were 
noted in female offspring (160). Interestingly the same study showed higher expression of 
ERβ in females and higher expression of ERα males BAT indicating a high sensitivity of 
estrogens in BAT (160).  

1.6.1.2 Liver  
 
Maternal obesity is a risk factor for developing liver diseases including NAFLD. Several 
studies have shown that maternal obesity predisposes offspring to fatty liver disease in 
several species including humans, non-human primates (161, 162) and rodents (163), but 
very little is known about the sex-dependent response to maternal obesity.  Maternal HFD, 
induced body weight gain in both female and male rats, while it increased the risk of 
developing liver disease in male compared to female offspring (159). A recent study in mice 
showed that female offspring born from obese mothers are more prone to develop NAFLD, 
however, the risk for developing fibrosis is higher in male offspring coming from obese 
mothers. The same study observed the opposite response to maternal obesity by the two 
sexes, in pathways including cell cycle, immune system and cholesterol pathways in the liver 
(164). Furthermore, in rodents, maternal obesity causes changes in liver gene expression 
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towards insulin resistance and liver dysfunction in a sex-dependent manner with males 
having more pronounced gene changes correlated to NAFLD and steatosis than female 
offspring (165). Another study shows that males coming from obese mothers present induced 
DNL, lipid oxidation and anti-inflammatory responses whereas females show a gene 
expression supporting hepatic insulin resistance. Interestingly, the adverse effects of maternal 
obesity were irreversible even when offspring switched to chow diet (166).   
 
These results indicate that maternal obesity reprograms offspring liver and adipose tissue in 
a sex-dependent manner. The underlying mechanisms behind how maternal obesity can 
reprogram in utero the metabolic profile in female offspring in a more beneficial way than 
male offspring remains unclear. However, limited studies explored the sex-dependent effect 
of maternal obesity on adipose tissue and liver reprograming in offspring therefore, the sexual 
dimorphic interchanges in programmed outcomes should be further investigated.  
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2 RESEARCH AIMS 
 
The overall aim of this thesis was to broaden the knowledge of sex differences in the context 
of obesity and its metabolic complications with emphasis on liver and adipose tissue. This 
thesis has a specific focus on the investigation of maternal obesity and the sex-dependent 
metabolic effects observed in offspring using both in vivo and ex vivo techniques in mice.  
The titles and aims of each study were:  
 
PAPER I Title: Sex-specific lipid molecular signatures in obesity-associated metabolic 

dysfunctions revealed by lipidomic characterization in ob/ob mouse. 
Aim: To investigate distinctive molecular markers between sexes and 
characterize the sex specific lipid species in liver, perigonadal and inguinal 
adipose tissue that correlate with the pathophysiological, using ob/ob mice.  
 

PAPER II Title: Obese mother offspring have hepatic lipidic modulation that contributes 
to sex-dependent metabolic adaptation later in life.    
Aim: To investigate the transgenerational inheritance between maternal diet and 
metabolic outcomes in offspring, with a special focus on liver and sex 
differences using a combination of in vivo and ex vivo approaches.  
 

PAPER III  Title: Maternal high-fat diet programs white and brown adipose tissue 
transcriptome and lipidome in offspring in a sex-dependent manner in mice  
Aim: To explore the effect of maternal obesity on the metabolic adaptation and 
gene programming regulation in visceral, subcutaneous, and brown adipose 
tissue in obese offspring.  
 

PAPER IV  Title: Sex-specific in utero molecular programming modulates hepatic lipid 
metabolism and adult metabolic risk in obese mother offspring. 
Aim: A follow-up study of the PAPER III, to investigate the sex-dependent 
metabolic response in liver of obese offspring.  
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3 MATERIALS AND METHODS 
 
The aim of this section is to briefly describe and highlight the important points of the material 
and methods used for the research work in the current thesis. A more detailed description of 
the materials and methods is provided in the constituent papers. 

3.1 ETHICAL CONSIDERATIONS 
 
All experimental procedures for all papers were approved by the local Ethical Committee of 
the Swedish National Board of Animal Research under the permit number N230/15. In our 
studies we used laboratory mice, in the regulated setting of a scientific animal house to 
answer our scientific hypotheses. We conducted in vivo and ex vivo experiments to 
understand how diet and fetal environment influence genetic factors and physiology, which 
in turn will promote the development of metabolic diseases. One can argue that the translation 
of findings from animal models into humans might be debatable since there are differences 
between the two species. However, it is undoubtedly that mouse models share significant 
similarities with humans, such as genetic and physiological characteristics. To deepen the 
knowledge in biology and better understand the mechanisms behind molecular pathways in 
disease and animal experimentations are crucial. Nevertheless, all experimentation included 
in this thesis were conducted with respect and according to the legislation and 
recommendations and the principle of 3R (Replace, Reduce, Refine). 

3.2 MICE 

3.2.1 The ob/ob model  
 
The ob/ob mouse is a monogenic model of obesity that lacks leptin. Its characterized by 
hyperphagia, obesity, hyperglycemia and insulin resistance, and therefore is a suitable model 
to study obesity and related metabolic diseases (167).  For PAPER I, 7–8-week-old ob/ob 
(B6.V-Lepob/J) mouse models from both sexes were used to identify sex-differences in lipid 
metabolism and study distinctive sex-specific lipid signatures in liver and adipose tissue. The 
ob/ob mice allowed the possibility to induce obesity on a chow diet due to overeating. In this 
way we could trace the lipid synthesis pathway in the liver independently of lipid deriving 
from diet since most of the lipid species found by lipidomic analysis will have been created 
by DNL. Nevertheless, we cannot eliminate the fact that the leptin deficiency in ob/ob mice 
could be a limitation in the study of sex differences within the lipid metabolism in obesity 
and the translation of the findings to humans.   
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3.2.2 The offspring model  
 
The design of the studies and the experimental set-up for PAPERS II-IV are illustrated in 
figure 6. For PAPERS II-IV, 4-week-old C57Bl6/J dams were either on CD or a HFD for 6 
weeks before mating, during pregnancy and during lactation. The sires were on the CD until 
the end of the study (Figure 6). The F1 offspring were weaned at postnatal day 21 and later 
separated by sex 3-5 animals per cage. In PAPER II, F1 offspring were fed the CD (Figure 
6A), and in PAPER III and IV all offspring were fed the HFD until sacrifice (Figure 6B). 
Body weight and food intake was monitored, and offspring metabolic profile was 
investigated in vivo at two timepoints: i) mid-term (3 months) and ii) end-term (6 months). 
The rationale behind the two time points was to evaluate the effect of maternal obesity on 
offspring at early and late life stages.  
 

Figure 6. Study design of PAPER II (A) and PAPER III and IV (B). Adapted and modified from Savva et al. 
Communications Biology (2021) and Savva et al. International Journal of Obesity (2022) Under the Creative Commons 
Attribution 4.0 International License (http://creativecommons.org/licenses/by/4.0/). Some of the illustrations are obtained 
from Servier Medical Art (http://smart.servier.com/) under the Creative Common Attribution 3.0 Generic License 
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3.3 ORAL GLUCOSE AND INSULIN TOLERANCE TESTS (OGTT AND ITT) 
 
Glucose tolerance test (GTT) and insulin tolerance test (ITT) are one of the most widely used 
tests for evaluating the metabolic status of mice (168). During a GTT mice are fasted for 6h 
and a bolus of glucose is administered either through intraperitoneal injection or by oral 
gavage (OGTT). A sequence of blood samples was collected from the tail at 0’,15’,30’,60 
and 120’ minutes to measure the glucose levels (with a glucometer) and insulin secretion (by 
ELISA). The purpose of GTT is to assess both glucose tolerance and insulin secretory 
response. The bigger the glucose excursion, the higher the glucose intolerance. However, the 
way of administration affects the results of the experiment since giving the glucose orally 
activates the incretin system which in turn activates insulin secretion. This can be used to 
evaluate both beta cell function and insulin sensitivity. Intraperitoneal injections on the other 
hand are used only to assess insulin sensitivity. The intraperitoneal injection of glucose is not 
a physiological way to administer glucose since it bypasses the gastrointestinal tract and the 
liver, which is a key organ in glucose metabolism. This can give different information about 
the whole-body handling of glucose than the oral way of administration (169).  
During an ITT, mice are fasted for 4h and insulin is injected through intraperitoneal injection. 
Blood glucose levels are measured at several timepoints (0’,15’,30’,60’ and 120’) as in the 
OGTT with a glucometer. The purpose of an ITT is to evaluate the insulin sensitivity of the 
mice by the degree to which blood glucose decreases through time after insulin is injected in 
the body. The lower the blood glucose decrease, the more insulin insensitive the mice are. 
ITT is a complementary analysis to the OGTT results for the measurement of insulin 
resistance but more specifically it determines the insulin sensitivity in peripheral tissues 
(170).  

3.4 MAGNETIC RESONANCE IMAGING (MRI) 
 
MRI is a powerful non-invasive medical imaging tool for localizing, differentiating and 
quantifying fat tissue. Fat amounts can be measured in selected tissues or areas of the body 
but also quantified in the entire animal. Because fat and water have protons that differ in their 
magnetic resonance properties, fat can be distinguished by an atypical contrast by MRI. The 
MRI technique can also distinguish the WAT from the BAT. The fat accumulation and most 
importantly the fat distribution in the body, play a key role in the development of severe 
metabolic complications in obesity such as fatty liver diseases, insulin resistance and T2D. 
Additionally, fat-depots are highly sexually dimorphic and are important parameters when 
investigating the sex-differences. Thus, investigating the fat accumulation and distribution in 
vivo can give valuable information for the prediction of fatty liver diseases and other 
metabolic complications in obesity (171). MRI was one of the main methods used in 
PAPERS II-IV to quantify total fat, SAT, VAT and BAT in offspring in vivo at two time 
points, using the mouse as its own control. Further details about the method can be found in 
the PAPERS II-IV. 
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3.5 PROTON MAGNETIC RESONANCE SPECTROSCOPY (1H MRS)  
 
The composition of FA plays a critical role in the metabolic profile and on the development 
of metabolic complications in the body such as cardiovascular diseases and liver dysfunction. 
FA in TG are considered as lipid species that function as signaling molecules, and therefore 
are key regulators of biological pathways (171).The 1H MRS is considered one of the most 
comprehensive techniques to get information about lipid composition in vivo in different 
tissues (172). Basically, the 1H MRS and MRI are based on similar concepts and experimental 
setup. We used 1H MRS to investigate the sex-dependent TG profile in offspring in the liver 
in PAPERS II and IV, and in SAT and VAT in PAPERS II and III. Further details about 
the method can be found in the PAPERS II-IV. An illustration of the general workflow for 
MRI and MRS is presented in figure 7. 
MRI and 1H MRS are considered standard methods for the investigation of lipid dysfunctions 
in vivo. An important advantage of being non-invasive techniques, is that it induces very little 
stress in animals, avoiding the negative effects of stress in our results. Additionally, it allows 
the possibility to conduct longitudinal studies using the mouse as its own control, and 
therefore reduces the number of animals used and increases the power analysis of the study. 
A limitation with these techniques is that they are expensive and time-consuming methods 
and require highly specialized people to use them and analyze the results. 
 

 
 
Figure 7. Basic presentation of MRI and MRS methodology in vivo. Adapted from “MRI Experiment Setup for Mice”, by 
BioRender.com (2022). Retrieved and modified from https://app.biorender.com/biorender-templates. The images in in the 
computer are reprinted with permission by Korach-Andre M. Methods in Molecular Biology (2020) (171)  
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3.6 ENZYME-LINKED IMMUNOSORBANT ASSAY (ELISA) 
 
Insulin was quantified in plasma using a commercial ELISA kit (Millipore). This sandwich 
ELISA assay was used to measure the insulin concentration from samples collected at the 
specific timepoints during OGTT. Insulin molecules are captured from the plasma to the 
wells of the plate by its coating of monoclonal insulin antibodies. Then biotinylated 
polyclonal antibodies are bound to the captured insulin. Horseradish peroxidases (HRP) then 
bind to the immobilized biotinylated antibodies. Since the amount of bound HRP will be 
directly proportional to the initially bound insulin, the amounts of insulin in the different 
samples can be assessed spectrophotometrically by measuring how fast the bound HRP will 
process a substrate into a detectable form.  

3.7 HEMATOXYLIN AND EOSIN (H&E) STAINING  
 
The H&E staining allows the demonstration of nucleus and the cytoplasmic inclusions 
providing a comprehensive visualization of the morphology of the tissue. However, the 
staining results are affected strongly by the specimen processing and preservation and the 
sectioning of the tissue which can be challenging. Liver and WAT specimens were sectioned 
and stained with H&E according to standard procedures to evaluate the morphology and lipid 
accumulation in the tissue. 

3.8 RNA ISOLATION AND COMPLEMENTARY DNA (CDNA) SYNTHESIS 
 
Total RNA was isolated using the QIAGEN miRNeasy Mini Kit (Qiagen). During the RNA 
extraction procedure, RNA was treated with DNase for efficient digestion of traces of DNA. 
The concentration and purity of RNA was measured by nanodrop spectrophotometer. cDNA 
was synthesized using the iScript cDNA Synthesis Kit (BioRad) according to manufacturer’s 
instructions and consequently used for qPCR. 

3.9 QUANTITATIVE POLYMERASE CHAIN REACTION (QPCR) 
 
A qPCR is a powerful method that has been used extensively to detect the amount of mRNA 
of a specific gene of interest. The principle behind qPCR is that it is monitoring the 
amplification of the target sequence in real-time, meaning while it is in the process of 
synthesis. To quantify the PCR product, we used SYBR Green, a fluorescent dye that binds 
to double stranded DNA, and after each cycle, the detector measures the intensity of the 
fluorescence emitted. The amount of DNA that has been amplified can be determined by the 
amount of fluorescence emitted in each cycle. The mRNA expression levels for each sample 
are normalized to multiple housekeeping genes, whose expression is unchanged between 
samples and unaffected by any conditions.  
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3.10 RNA SEQUENCING (RNA-SEQ)  
 
RNA sequencing (RNA-seq) has become a primary technique in molecular biology and 
specifically for transcriptome-wide analysis of differential gene expression (173). Compared 
to the classic microarray transcriptome analysis, RNA-seq offers a higher degree of 
resolution and range of detection and also lower technical variability. Even though RNA-seq 
is considered the golden standard for transcriptomic analysis, the methods and tools that are 
used to analyze huge amount of data can be challenging.   
RNA-seq begins by extracting total RNA out of tissue samples. The quality and concentration 
of the extracted RNA are checked with the Bioanalyzer system (Agilent), which is based on 
traditional gel electrophoresis principles and designed for sizing, quantification and quality 
control of RNA, DNA, and protein molecules. The RNA Integrity Number (RIN) obtained 
from the Bioanalyzer assay, provides information about the quality of the RNA where the 
maximum number is 10. Additionally, the RNA and DNA concentrations are accurately 
measured by Qubit fluorometer, which quantifies the target molecule in a sample using dye 
that emits a fluorescent signal when binding to the molecule of interest.  
The next step for RNA-seq is the mRNA enrichment or ribosomal RNA depletion. Later, 
cDNA synthesis and the preparation of libraries (fragmentation, adapter ligation and PCR 
amplification) follow. The libraries which pass quality control can be sequenced on a high-
throughput sequencer (e.g., Illumina platform). Finally, computational analysis and 
visualization of differential gene expression between the samples, and other in-depth 
customization can be performed as described further under “Computational analysis”  below 
to answer underlying biological or medical questions (173). The workflow of RNA-seq is 
presented in figure 8. 

 
 
Figure 8. Workflow for bulk RNA sequencing in liver, white and brown adipose tissue followed by data analysis. Created 
with BioRender.com 
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3.10.1 Smart-Seq2  
 
Smart-Seq2 is a protocol developed mainly for single cell-sequencing and to generate 
quantitative and reproducible data from small amounts of RNA, but it works on bulk RNA 
as well. Smart-Seq2 allows a high degree of multiplexing with the possibility to pool many 
samples to be sequenced in a single lane. However, one of the disadvantages of this method 
is the selectivity only for polyadenylated RNA.(174) 
In PAPERS III and IV, we implemented the Smart-Seq2 method to obtain the differentially 
expressed genes (DEG) between female and male offspring born from either obese or lean 
mouse mothers to further investigate the in-utero transcriptomic changes between sexes. For 
the Smart-Seq2 experiments, we used RNA samples from VAT, SAT, BAT, and liver tissues 
at the endpoint from both female and male offspring. The flowchart of the protocol is 
presented in figure 9 and more details about the protocol can be found in PAPERS III and 
IV and from the publication by Picelli et al, 2014 (174).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9. Flowchart of library preparation protocol for Smart-Seq2 procedure using tissue lysate. Modified with permission 
from Picelli et al. Nature Protocols (2014) (174). 
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3.10.2 Computational analysis  
 
The RNA-seq analysis is one of the standard procedures to explore gene expression for 
further mechanistic questions of pathophysiological events in tissues or cells. For the 
PAPERS III-IV, the computational analysis was done in close collaboration and supervision 
by Dr. Xidan Li.  
The steps for computational analysis of RNA-seq data mainly include: the sequencing reads 
mapped to the reference genome, the quantification and identification of the significant DEG 
and the following downstream analysis such as the pathway analysis and Gene Ontology 
(GO) analysis (175). On the step of the sequencing mapping, once the samples are sequenced, 
the raw data with the FASTQ format is collected for further analysis. A quality control (QC) 
process of the sequenced data is then performed by checking the sequencing quality scores 
per base, GC content per base, sequencing length distribution, and overrepresented sequences 
etc. Next a computational process called “alignment” is used to map the raw sequence reads 
to the reference genome e.g., the mouse genome (mm10).  The number of reads mapped to 
each gene were counted and then normalized with reads per kilobase per million 
reads (RPKM) values. 
For quantification and identification of DEG, the R package DESeq2 (176) was used to 
perform the analysis. The raw counts from reads of individual genes were used as an input to 
identify the significant DEG between e.g., the female and male offspring samples from lean 
and obese mothers. The adjusted p-value for multiple testing was calculated by using 
the Benjamini–Hochberg correction method with false discovery rate (FDR) values. The 
significant FDR values are setup as 0.1 for DEG in the studies of this thesis.  
Further downstream analysis of the RNA-seq data, the pathway analysis, is based on the 
database Kyoto Encyclopedia of Genes and Genomes (KEGG). The maximum estimated 
score (MES) was calculated using Brownian Bridge algorithm and was used to indicate the 
enrichment level of the query pathway.  The pathway is considered upregulated or 
downregulated when the MES value is above or below 0 respectively. The p-values of the 
enrichment were obtained using a permutation test and the corresponding FDR values below 
0.1 were considered as the statistical significance. The GO analysis was done by giving a list 
of query genes. It will analyze the enrichment level of the biological annotation terms 
(biological processes, molecular functions, and cellular components) of the query genes 
(177). The enrichment test could be achieved using a Fisher test, Chi-square test and Negative 
Binomial test with Bonferroni corrected p-values ≤ 0.05. 

3.11 LIPIDOMICS 
 
Lipidomics is the study of the lipidome (lipid composition in a cell), and it is considered a 
powerful tool for the development and research of lipid biomarkers. It allows scientists to 
study cellular metabolism and quantify individual lipid molecular species, lipid classes and 
subclasses (52). Lipids are important metabolites that play a key role in metabolic pathways. 
They are structural components of the cellular membrane and obtaining more information 
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about the changes in lipid levels can help us better define the metabolic profile of a tissue or 
organism (178). Empowering the role of lipid analysis in research will progress our 
knowledge and understanding of the relationship between lipid molecular species and the 
development of metabolic disease including a better understanding of the sexual dimorphism 
in metabolic homeostasis. However, the analysis of lipidomics and the data interpretation is 
demanding and achieving a comprehensive analysis can be challenging. The lipidomic 
analysis is an important asset for the projects presented in the current thesis. For PAPER I 
the TG content in VAT and SAT was quantified with a colorimetric kit, and in the liver, by 
enzymatic assay kit from total lipid extracts. The TG fractions were recovered by solid phase 
extraction from total lipid extracts and further analyzed in electrospray ionization mass 
spectrometry (ESI-MS) and MS/MS. In the liver, PL molecular species were identified by 
liquid gas chromatography and mass spectrometry (LC-MS) analysis. The saturation degree 
of FA was controlled by the analysis of FA methyl esters obtained by the transmethylation 
of total lipid extract using gas chromatography with flame ionization detector (GC-FID).    
For PAPERS II-IV, total lipid extracts were obtained from tissue using the Bligh and Dyer 
method (179). Phospholipid classes were separated by solid phase separation (Thin layer 
chromatography: TLC); Total FA were transmethylated, and thereafter analyzed using gas 
chromatography-mass spectrometry (GC-MS). For TG and PL analysis by LC-MS, the total 
lipid extracts were separated by high-performance liquid chromatography (HPLC) then 
subjected to MS/MS to separate the different lipid molecular species. A more detailed 
description of the method and the procedure is presented in the papers.  

3.12 STATISTICAL ANALYSIS  
 
All details about the experimental design and statistical analysis performed for each study 
are presented in the respective papers. For PAPER I multiple t tests corrected for multiple 
comparison was used to determine significant differences between the groups using the 
Holm-Sidak method with alpha = 5.000% in GraphPad software. For PAPERS II-IV 
statistical analysis was performed using two-way ANOVA in GraphPad software to 
determine significant differences between sexes and diet groups and taking into consideration 
diet and sex as independent variables, and Tukey’s multiple comparison post hoc test when 
p< 0.05. Differences between the two groups were defined by unpaired two-tailed Student’s 
t-test corrected for multiple comparisons using the Holm–Sidak method. Values are 
presented as mean ± standard error of mean (SEM). 
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4 RESULTS AND DISCUSSION 

4.1 PAPER I 
Sex-specific lipid molecular signatures in obesity associated metabolic dysfunctions 
revealed by lipidomic characterization in ob/ob mouse 
 
The response to obesity and the metabolic syndrome is sex dependent. Even though several 
metabolic studies have been researched extensively obesity and its outcomes, sex differences 
in the context of obesity have been poorly investigated. In this study, we combined a 
lipidomic approach and in vivo techniques to characterize the sex-dependent regulation of 
lipid species in liver, visceral and subcutaneous adipose depots in female and male ob/ob 
mice. We additionally used the following mice: C57Bl/6J WT (female and male); ERαKO 
and ERβKO (female) on chow diet; C57Bl/6J WT (females and males) on HFD, where half 
of the C57Bl/6J WT males were treated with E2, to investigate the potential role of estrogens 
on gene regulation in FA pathways.  
 
In this study we confirmed that the response to weight gain and fat accumulation is sex 
dependent. Even though we did not observe significant differences on body weight or food 
intake between sexes, females presented higher fat mass compared to males. However, males 
accumulated more VAT and less SAT and in result had a lower ratio of SAT/VAT which is 
correlated to cardiovascular risk and higher prevalence of T2D (180).  
We further assessed the insulin sensitivity in vivo and as expected, females showed higher 
insulin sensitivity and metabolic profile compared to males. Visceral adiposity contributes to 
hepatic fat accumulation which is correlated to T2D (181). Both sexes revealed accumulation 
of lipid droplets in the liver. However, males had higher amounts of lipid accumulation in 
the liver and in the circulation, supported by an increased hepatic expression of DNL genes 
(Srebp1c and Fas), and TG synthesis (Dgat1) compared to females. These results suggest 
that even though females accumulate a higher amount of total fat mass compared to males, 
they present a better metabolic profile.  
 
Obesity and ectopic fat accumulation are tightly correlated with inflammation and increased 
production of inflammatory markers in both liver and adipose tissue (182). Interestingly, even 
though females presented lower fat accumulation in the liver, the gene expression of pro-
inflammatory markers F4/80 and Clec4f were higher compared to males. However, males 
showed higher inflammation in adipose tissue (higher expression of pro-inflammatory genes, 
and crown-like structures), even though females presented similar adipocyte size and higher 
accumulation of total fat mass.  
 
Liver is a key organ regulating FA and TG metabolism. Changes in FA and TG metabolism 
and composition in the liver can contribute to the development of liver dysfunction. Here we 
showed that the synthesis of SFA, MUFA and PUFA in the liver is sex dependent. Females 
prioritized the synthesis of MUFA (C18:1), whereas males synthesized more SFA (C18:0) 
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and long-chain PUFA (C18:2, C20:4) supported by a higher elongase activity (Elovl3, Elovl4, 
Elovl7) and reduced desaturation (Scd1) in males (Figure 10A).  
 
 
 
 

 

 
Figure 10. Summary of the main findings from PAPER I. (A) Sex-dependent transcriptional regulation of FA synthesis 
pathway (B) PL biosynthesis pathways and the transcriptional regulation between sexes in liver. Sex-dependent 
transcriptional regulation of FA biosynthesis pathways in (C) VAT and (D) SAT. Blue indicates higher expression in males 
and pink in females. Choline kinase (Ck), choline transferase (Ct), ethanolamine kinase (Ek), ethanolamine transferase (Et), 
Lipoprotein associated phospholipase A2 (Lp-Pla2). Reprinted and modified from González-Granillo et al. Biology of sex 
differences (2019). Under the Creative Commons Attribution 4.0 International License 
(http://creativecommons.org/licenses/by/4.0/) 
 
 
To further investigate potential sex differences in lipid molecular species, we analyzed the 
PL profile in the liver of female and male ob/ob mice. Our data showed a clear sex-specific 
PL composition heterogeneity in the liver, implying a different regulation of PL synthesis 
between females and males. Therefore, we examined the sex-dependent gene expression that 
drives the biosynthesis of PL pathways in the liver as shown in figure 10B. Our findings 
showed that the PC biosynthesis was higher in females and the biosynthesis of PE and LPE 
was higher in males. This PC/PE ratio is critical for the cell membrane integrity, and reduced 
PC/PE ratio is correlated with liver dysfunction (56). The decreased ratio of PC/PE together 
with increase lipid accumulation in the males’ liver, imply liver dysfunction compared to 
females during obesity. Given that part of the mechanisms behind sexual dimorphism in 
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obesity is due to sex hormones and sex hormone receptors, we further investigated the role 
of estrogens on gene expression in FA pathways in the liver. Our results revealed that ob/ob 
and WT males and ERβKO females, showed less expression of Pemt, and higher expression 
of Lp-Pla2 in the liver, compared to WT and ob/ob female mice.  In mice on HFD, where the 
main source of FA derives from diet and circulation, the genes in PL pathway were induced 
in males compared to females and the E2 treatment reduced most of the expressions to the 
same level of females (Figure 10B).  
 
Further we aimed to characterize the lipid profile in adipose tissue. In VAT, females showed 
higher abundance of C16:1 FA and higher expression of Srebp1c, Scd1 and Elovl5, while in 
males Elovl7 was higher expressed than in females (Figure 10C). However, we found the 
opposite effect in SAT, with higher expression of Srebp1c and Elovl5 together with higher 
abundance of LCFA in males compared to females which is linked to inflammation (Figure 
10D). Our data implies that there is a sex-dependent response to inflammation under obesity 
that is also tissue-specific. Additionally, we showed that sex hormones might play a 
significant role in the regulation of key genes in the lipid metabolic pathways that contribute 
to the observed sexual dimorphism in obesity. The summary of the findings from PAPER I 
is presented in figure 10. 
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4.2 PAPER II 
Obese mother offspring have hepatic lipidic modulation that contributes to sex-
dependent metabolic adaptation later in life 
 
Maternal obesity is considered a risk factor for predisposing offspring to metabolic 
complications including liver diseases. Given that the prevalence of obesity among women 
of reproductive age is increasing drastically over the past years, there is a need to better 
understand the impact of this on fetus health. The susceptibility to metabolic complications 
is highly sex-dependent, however, the sex-dependent effect of maternal status on offspring 
metabolism is poorly investigated.  
 
In the current study, we explored the effect of pre-gestational and lactational obesity on 
offspring metabolic profile with focus on hepatic lipid metabolism. We combined in-vivo 
non-invasive magnetic resonance techniques together with lipidomic analysis at different 
time points to investigate the maternal effects in offspring on short-term (MID, 3 months) 
and long-term (END, 6 months). Female C57Bl/6J dams received either a CD or a HFD for 
six weeks before mating, during pregnancy and lactation. After weaning, all pups were fed 
the CD until the end of the study. The study design is presented in figure 6A.  
Here we showed that the physiological response to maternal obesity is sex dependent. Even 
though all offspring were on the same CD, males but not females coming from obese mothers 
significantly increased their body weight compared to their controls without altering their 
food intake. Our in vivo observations showed that, while maternal obesity had no effect on 
female offspring fat distribution, males from obese mothers showed increased total fat at 
short-term compared to their controls, but these differences disappeared on long-term. 
However, males coming from obese mothers showed a propensity to store more VAT and 
less SAT, a more dysfunctional fat distribution correlated with cardiometabolic risks. We 
further investigated in vivo the glucose and insulin sensitivity in offspring. Maternal obesity 
caused impairment in whole body insulin sensitivity in males compared to females and 
compared to males born from lean mothers. The post-weaning CD improved the insulin 
sensitivity but not the peripheral insulin sensitivity in males in the long-term compared to 
short-term. These findings were supported by the transcriptional activity of genes involved 
in insulin and glucose pathway.  
 
We further investigated the sex-dependent lipid content in offspring coming from obese and 
lean mothers using in vivo 1H-MRS. We showed that maternal obesity altered the hepatic TG 
composition in a sex dependent manner in offspring, by increasing the fraction of saturated 
lipids (fSL) in females and reducing it in males, while increasing the fraction of 
polyunsaturated lipids (fPUL) in males and reducing it in females. Moreover, females had 
higher fraction of monounsaturated lipids (fMUL) compared to males in both maternal diet 
groups in long-term. The hepatic TG composition in offspring was clearly sex- and maternal 
diet- dependent. We further investigated the TG molecular species in the liver using 
lipidomics and found that maternal obesity caused a strong remodeling of TG species and 
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their saturation in females only. We found a higher content of short-chain TG in female livers 
and higher very-long chain TG in male livers, coming from obese mothers.  Furthermore, 
female livers coming from obese mothers synthesized more MUFA compared to males that 
synthesized more SFA and PUFA. In line with these findings, we showed that the in utero 
transcriptional regulation of FA, TG and inflammatory pathways was sex specific. For 
instance, maternal obesity induced the elongase (Elovl3) and suppressed the desaturase 
transcriptional activity (Scd1/2 and Fads1/2) in males but increased the expression of DNL 
genes (Srebp1c, Fas, Acc1) in females (Figure 11A).  
Abnormal cellular lipid composition might lead to several adverse events such as toxic lipid 
accumulation, inflammation, cell injury that could lead to liver dysfunction (183). For 
example, the accumulation of ceramides is correlated to insulin resistance, inflammation and 
the progression of NAFLD (184, 185), while CL and plasmalogens are correlated to 
beneficial effects in the liver, protecting the cell from oxidative stress and essential for the 
mitochondria function and in turn, preventing liver from steatosis or steatohepatitis (186, 
187). Here we showed that maternal obesity altered lipid species in female livers towards 
more CL and plasmalogen synthesis, leading to a beneficial protective mechanism against 
the in utero obesogenic exposure. In contrast, males coming from obese mothers had more 
ceramides, PI and less PG compared to females, correlated to liver malfunction (Figure 11B). 
The summary of the results from PAPER II is presented in figure 11. 

 
 
 
 
 
 

 
 

 
Figure 11. Summary of the main findings from PAPER II. (A) Overview of the maternal obesity effect in hepatic FA, PL, 
and sphingolipid synthesis pathways in female (pink) and male (light blue) compared to control mothers. (B) Schematic 
representation of the metabolic effects of maternal obesity in female (left) and male (right) offspring compared to control 
mothers. Reprinted and modified from Savva et al. Communications Biology (2021) 
http://creativecommons.org/licenses/by/4.0/. Some of the illustrations are obtained from Servier Medical Art 
(http://smart.servier.com/) under the Creative Common Attribution 3.0 Generic License. 
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4.3 PAPER III 
Maternal high-fat diet programs white and brown adipose tissue lipidome and 
transcriptome in offspring in a sex- and tissue-dependent manner in mice 
 
Adipose tissue is a key organ regulating metabolic homeostasis. Its development occurs 
during prenatal and postnatal periods and maternal obesity might have a great impact on 
offspring adipose tissue reprogramming (188). It has been shown that maternal obesity is 
correlated with offspring predisposition to obesity and increased adiposity later in life (189). 
Nevertheless, the sex-dependent effect of maternal obesity in adipose tissue programming 
has been poorly investigated.  
In this study, we examined how maternal obesity before mating, during pregnancy and 
lactation affects the susceptibility of WAT and BAT to metabolic dysfunctions in female and 
male offspring fed an obesogenic diet. We characterized the metabolic adaptation to maternal 
obesity in offspring in vivo at two time points, short-term (MID, 3 months) and long-term 
(END, 6 months). We additionally investigated the lipidome and transcriptome profile in the 
three different adipose depots (VAT, SAT, and BAT) regarding the sex-specific response to 
maternal obesity. Female C57Bl/6J dams were either on a CD or HFD for six weeks before 
mating, during pregnancy and lactation while all offspring received the HFD post-weaning. 
The study design is presented in figure 6B 
 
In the current study we showed that offspring body weight was both sex- and maternal diet-
dependent at early stages during weaning, but later in the long-term, maternal obesity 
increased the body weight in males compared to females. Interestingly, male offspring on 
obesogenic diet from obese mothers had lower body weights at early life stages but showed 
a spontaneous acceleration in weight gain later in life. This “catching-up” growth effect is 
associated with obesity and insulin resistance (190). Here in this study, possibly the lipid 
uptake from the obesogenic diet might counteract the exposure to lipid uptake in utero from 
maternal HFD.  
Over access of lipids might cause a reduced capacity of SAT storage resulting in ectopic fat 
accumulation in VAT and BAT. MRI analysis showed that, at short-term, males from obese 
mothers had less total fat accumulation compared to males from lean mothers, but in the long-
term these differences disappeared. Only at short-term sex-differences in the fat distribution 
were observed, where males accumulated more VAT and less SAT compared to females, 
irrespective of the mother’s diet. However, these differences disappeared at long-term.  
Remodeling of adipose tissue, including adipocyte size and number might lead to tissue 
dysfunction (191). We further analyzed the adipose tissue morphology and showed that 
maternal obesity caused hyperplasia in males VAT, while no effects were observed in adipose 
tissue morphology in females. These results were supported by the higher expression of Plin1 
(coating lipid droplets) and Arxes1 (associated with adipogenesis), in males VAT coming 
from obese mothers. The in vivo 1H-MRS analysis in WAT, showed that maternal obesity 
caused a sex-dependent TG remodeling in both adipose depots on short-term. On long-term, 
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a remodeling of TG only in SAT was observed, with females increasing the fSL and reducing 
the fPUL whereas males increased the mean chain length (MCL). 
To further investigate the transcriptome modifications by maternal obesity in offspring and 
better understand the physiological remarks, we performed RNA-seq in the three adipose 
depots in female and male offspring. Principal Component Analysis (PCA) plots showed a 
clear separation between the three depots indicating a heterogeneity in the transcriptome 
profile between them (Figure 12A). Remarkably, in all three depots the gene expression was 
clustered depending on sex (Figure 12B-D), but the maternal diet effect was more obvious 
in males in SAT and VAT (Figure 12B-C). Indeed, maternal obesity altered the 
transcriptional activity to higher extent in males VAT (DEG: 172 males vs 133 females) and 
especially in SAT (DEG: 521 males vs 19 females) compared to females. 

 
Figure 12. PCA analysis of RNA-seq data from female and male offspring coming from obese mothers (F-moHF,M-moHF) 
and lean mothers (F-moC, M-moC) in (A) all three adipose depots, (B) SAT, (C) VAT and (D) BAT. Reprinted from Savva 
et al. International Journal of Obesity (2022) under a Creative Commons Attribution 4.0 International License 
(http://creativecommons.org/licenses/by/4.0/). 
 

Pathway analysis of the gene expression data showed that in VAT maternal obesity induced 
lipolysis and reduced FA synthesis and oxidative phosphorylation pathways in females. In 
males’ maternal obesity caused upregulation of inflammatory pathways and downregulation 
of oxidative phosphorylation in both SAT and VAT and decreased lipid biosynthesis in SAT. 
Together our results showed that maternal obesity modified the metabolic and TG profile in 
adipose tissue differently in female and male offspring together with sex-dependent 
transcriptional reprogramming. 
In females no changes were observed in body weight and adiposity, even though their food 
intake was increased by maternal obesity. Given that BAT is a key organ balancing energy 
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expenditure and FA oxidation, we further explored the maternal effect in offspring BAT. 
MRI analysis of BAT revealed that males had significantly larger BAT compared to females. 
These observations were supported by the higher lipid content and expression of lipid 
uptake/synthesis while a lower expression of lipolysis pathways in males coming from obese 
mothers. Lipidomic analysis in BAT showed that maternal obesity modified the TG 
saturation and classes mainly in females. Additionally, males presented higher ratio of ω-
6/ω-3 in BAT, which is an indicator for impaired metabolic profile (192). Females from obese 
mothers presented higher expression of genes indicating higher thermogenic activity (Ucp1, 
Adrb3) and brown adipocyte differentiation capacity (Cebpb) in the BAT.  
 
To further elucidate the underlying mechanisms behind the sexual dimorphic response to 
maternal obesity in adipose tissue regulation, we investigated the expression of X- and Y- 
linked specific genes in offspring adipose tissue. The analysis of the sex-chromosome bound 
genes in adipose tissue, showed a higher expression of genes correlated to adiposity 
regulation such as Eif2s3x, Ddx3x, Kdm5c and Kdm6a in females, while in males we found 
higher expression of Y-linked genes including Eif2s3y and Ddx3y, linked to embryonic 
development. These results could suggest a possible contribution of the sexual dimorphism 
observed in adipose tissue between female and male offspring. In sum, we show that maternal 
obesity reprograms the adipose tissue in offspring in a sex- and adipose depot manner. The 
summary of the findings is presented in figure 13.  

 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 13. Overview of the main findings from PAPER III. Maternal obesity effects on adipose tissue metabolism in obese 
female (above) and male (below) offspring. Reprinted from Savva et al. International Journal of Obesity (2022) under a 
Creative Commons Attribution 4.0 International License (http://creativecommons.org/licenses/by/4.0/). 
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4.4 PAPER IV 
Sex-specific in utero molecular programming modulates hepatic lipid metabolism and 
adult metabolic risk in obese mother offspring.  
 
The PAPER IV is a follow-up of the study in PAPER III, where we investigated the sex-
dependent response to maternal obesity in liver of offspring fed the HFD. The study design 
is presented in figure 6B.  
 
In this study, we investigated i) the sex differences in the metabolic adaptation to obesogenic 
diet in obese offspring; ii) whether maternal obesity alters differently the lipidome and 
transcriptome in male and female offspring livers; iii) if maternal obesity together with post-
weaning obesogenic diet might affect the adiposity and the progression of liver diseases in 
offspring at short-term (MID, 3 months) and long-term (END, 6 months).  
 
Here in this study, we showed that males with obese mothers had higher body weight and 
presented less SAT and SAT:VAT ratio compared to females in long-term. The body weight 
and adiposity were not affected by maternal obesity in females. Maternal obesity impaired 
hepatic insulin sensitivity in females only, according to the OGTT. However, males showed 
impaired insulin sensitivity and reduced glucose tolerance compared to females 
independently of the mother diet. These findings were supported by the increased 
transcriptional activity of genes enriched in T2D pathway in males coming from obese 
mothers. Moreover, males showed higher circulating plasminogen activator inhibitor -1 
(PAI-1) compared to females, a cytokine marker correlated to T2D and the metabolic 
syndrome (193). In contrast in females, maternal obesity increased ghrelin, resistin and 
glucose-dependent insulinotropic polypeptide (GIP) in the circulation, markers correlated 
with insulin sensitivity and glucose homeostasis (194, 195). In line with these results, females 
showed reduced transcriptional activity of T2D pathway, while males showed lower 
expression of genes involved in insulin sensitivity (Pdk1, Prlr) in the liver. 
 
We further analyzed the PL, TG and FA hepatic lipid species in offspring through lipidomic 
analysis.  In the livers from male offspring coming from obese mothers, we found increased 
levels of toxic PL (LPE, PI and Glucosylceramides) compared to females.  Females on the 
other hand, had more CL and reduced PI, glucosylceramides lysoPL and sphingolipids, 
implying a better metabolic profile compared to males. As in our previous study (PAPER 
II), we confirmed the findings that maternal obesity altered the hepatic TG species mainly in 
female rather than male offspring. In females, maternal obesity reduced the short chain TG 
and increased the long chain TG and modified the saturation profile of hepatic TG between 
sexes by reducing the amount of TG-containing 3- and 4- double in males and the amount of 
TG-containing 2-double bonds in females. Additionally, females from obese mothers showed 
lower lipid accumulation, reduced lipogenesis (Fas, Acc1) and reduced cell proliferation in 
the liver together with lower expression of inflammatory pathways compared to females from 
lean mothers. On the contrary, males showed a higher accumulation of lipids in the liver 
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supported by upregulation of FA biosynthesis and NAFLD pathways.  Together our results 
showed that maternal obesity influenced the lipid metabolism in offspring liver, through 
alteration of gene regulation involved in pathways such as insulin signaling, liver steatosis, 
carcinoma, inflammation, and fibrosis in a sex-dependent manner. Females developed 
protective mechanisms against liver diseases and can possibly cope with the adverse effects 
of maternal obesity as opposed to males. A summary of the results is presented in figure 14. 
 

 
Figure 14. Schematic overview of the main findings from PAPER IV. Maternal obesity effects on hepatic metabolism in 
female offspring (left) and males (right) compared to control fed mothers. Some of the illustrations are obtained from Servier 
Medical Art (http://smart.servier.com/) under the Creative Common Attribution 3.0 Generic License.  
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5 CONCLUSION AND FUTURE PERSPECTIVES 
 
As the prevalence of obesity continues to increase dramatically through the years, it becomes 
a matter of concern for the global public health. Together with obesity, metabolic 
complications arise, which negatively impacts the quality of life, productivity and in turn 
impacts the global economy. More importantly, the high prevalence of obesity among fertile 
women has created the need to understand the impact on offspring health. The overall aim of 
the current thesis was to explore the sex-specific response to obesity and how maternal 
metabolic status can predispose differently female and male offspring to metabolic diseases 
on short- and long-term time periods.  
 
In PAPER I, we demonstrate that there are distinctive sexual dimorphic characteristics in 
the physiologic response to over-eating/obesity and identified sex-specific characteristics in 
lipid profile that could explain the different susceptibility to metabolic complications 
between female and male ob/ob mice. Our results show that even if females accumulate more 
fat mass compared to males, they have a better insulin sensitivity and generally a better 
metabolic balance than males. Although females have a higher expression of inflammatory 
genes in the liver, males are more prone to develop liver steatosis and liver dysfunction. 
However, males present a higher degree of inflammation in adipose tissue despite the lower 
proportion of fat mass compared to females. We show that females and males exhibit 
different TG and FA profile in both adipose tissue depots and the hepatic phospholipid profile 
is highly sex-dependent with males having more lipotoxic FAs compared to females. 
Therefore, our data show that females and males respond differently to high food intake and 
females seem to develop a protective mechanism that we do not observe in males. We 
propose that there is a tight regulation between sex hormones, sex hormone receptors and the 
expression of genes involved in lipid metabolic pathways that could contribute to the 
observed sexual dimorphism in obesity. Estrogens are key regulators of the hepatic lipid 
metabolism and many genes involved in TG metabolism and FA oxidation are regulated by 
the action of estrogens such as Acc, Cpt1 and Fas (196). However, more research is needed 
to clarify the direct impact of sex hormones and sex hormone receptors in metabolism 
between sexes.  
 
Obesity is a complex disease, not all individuals develop metabolic complications the same 
way, some individuals might present protective mechanisms against metabolic complications 
during obesity. Additionally, as shown in PAPER I, sex is an important factor in the 
development of metabolic complications during obesity.  
Exposure to environmental factors such as HFD in early life stages appear to also affect an 
individual’s predisposition to obesity later in life. Several mechanisms are involved in the 
development of the fetus that are significant for offspring metabolic profile and phenotype 
later in life. Some of these mechanisms occur even before pregnancy, as it has been shown 
that pre-conceptional obesity can have unwanted outcomes on offspring metabolism later in 
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life (197). Part of the mechanisms occur during pregnancy and lactation, when the fetus is 
dependent on the nutrient intake from its mother (198). Therefore, in our studies (PAPERS 
II-IV) we examined the sex-dependent effect of maternal HFD intake on offspring during 
these critical stages; pre-conception, during pregnancy and lactation when fetus devolvement 
is vulnerable.  
 
We show that maternal obesity leads to a sex-dependent reprogramming of lipid composition 
and gene regulation in the liver even when offspring are fed the CD or the HFD post-weaning 
(PAPERS II vs III and IV).  We show that there is a sex-dependent effect on weight gain in 
offspring with males being more affected by their mother’s diet. Even when all offspring 
receive the CD, males from obese mothers gain more weight compared to males from lean 
mothers, without any changes in food intake (PAPER II), while no body weight changes are 
observed in females from obese mothers (PAPERS II-IV). Obese male offspring from obese 
mothers show impaired insulin sensitivity and glucose tolerance at early life sages, and 
obesogenic diet did not change the adverse metabolic effects on the long term (PAPER IV), 
while post-weaning CD improves the insulin sensitivity in males on long-term (PAPER II). 
Overall, in PAPER II we demonstrate that maternal obesity alters the lipid profile in liver, 
differently in female and male offspring, with females synthesizing more beneficial PL that 
should facilitate mitochondrial function and reduce reactive oxygen species. Males on the 
other hand, are more negatively affected by maternal obesity, synthesizing lipids that might 
contribute to the development of insulin resistance and liver dysfunction. We also show that 
these sex-differences on the adaptation to maternal obesity are due to changes at the 
transcriptional level of genes involved in FA, TG and PL pathways. These effects cannot be 
reversed completely by post-weaning CD. In PAPER III, we explored how maternal obesity 
modifies white and BAT and predisposes it to metabolic complications in offspring fed the 
HFD. Female offspring from obese mothers modify the adipose tissue and maintain a better 
metabolic profile against maternal obesity outcomes compared to males. Maternal obesity 
causes TG remodeling in female SAT and BAT, triggers the thermogenic activity, and 
induces brown adipocyte differentiation in BAT. Contrary, male offspring from obese 
mothers show hyperplasia in VAT together with higher transcriptional activity of 
inflammatory pathways in both VAT and SAT. Additionally maternal obesity negatively 
affects the BAT morphology in male offspring by causing whitening and increases TG 
accumulation in BAT, predisposing males to impaired metabolic profile. In summary, we 
observe a sex- and maternal diet-dependent effect in lipid metabolism and gene regulation in 
the different adipose depots (VAT, SAT, and BAT) that could be fundamental key points 
explaining the sex-specific offspring adaption to maternal obesity later in life.  
 
In PAPER IV we demonstrate that maternal obesity causes sex-dependent alterations in 
hepatic lipid metabolism by influencing the expression of genes involved in insulin signaling 
pathway, liver steatosis, inflammation, and HCC, in offspring receiving obesogenic diet after 
weaning. We show that while maternal obesity causes negative outcomes on male liver lipid 
metabolism (higher TG accumulation and inflammation and reduced insulin sensitivity and 
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mitochondria activity), it gives a protective reprogramming mechanism against liver steatosis 
in females and stimulates the synthesis of beneficial PL in the liver. As in PAPER II, we 
also show in PAPER IV that maternal obesity causes a stronger TG remodeling and 
alteration in transcriptional activity in the liver of females compared to males.   
 
To the best of our knowledge, our studies are one of the few longitudinal studies to examine 
the effect of maternal obesity in offspring metabolism in vivo at two time points that allow 
for using each animal as its own control. We have provided interesting observations on the 
short-term time points of our studies, where maternal obesity causes alterations in the 
metabolic profile. Though the non-invasive technologies in vivo we used to characterize the 
phenotype and analyze the lipid species in the metabolic organs are highly powerful and 
informative. It would be very instructive and interesting to also have the same information 
we obtain at end-term (long term), for example lipidomic analysis and transcriptomic gene 
expression in the tissues from the offspring at mid-term (short term). However, this idea 
would require the use of more animals and limit the possibility to use the animal as its own 
control, as we had the ability to do in the PAPERS II-IV.  

Women are more often targeted when it comes to the metabolic impact on fetus life, since 
most critical phases of its development happen when the fetus is dependent on its mother. 
However, the paternal contribution can be equally important for the health outcomes in 
offspring. Evidence showed that the paternal lifestyle and health status at the time of 
conception may cause alteration in the fetus developmental programming, by alterations in 
sperm quality (199). For example, it has been shown that paternal obesity in rats alters the 
epigenetic signature of spermatozoa and in turn causes sex-specific metabolic alterations in 
offspring two generations ahead, and more specifically a decrease of glucose tolerance in 
adult female offspring when challenged a HFD (200). Similarly, maternal obesity modifies 
the expression of imprinted genes epigenetically in utero and influences the phenotype of the 
fetus and its susceptibility to metabolic complications. When the fetus is in the process of 
development, influences on the gene expression may occur by epigenetic alterations that can 
lead to permanent effects on various physiological processes. The epigenetic effects during 
the fetal development may have consequences in the long-term due transgenerational 
inheritance. Although the topic of epigenetics is not studied and discussed in this thesis, a 
reasonable future perspective would be to study the tissue and sex specific epigenetic 
alterations that contribute to the sexual dimorphism observed in female and male offspring 
exposed to the same in utero environment. Recent development of the single-cell RNA-seq 
technology can provide accurate information about the cell type populations and 
transcriptional changes within each cell type between samples. Single cell RNA-seq could 
be used to define further how maternal obesity causes changes on the transcriptional activity 
of different cell populations in metabolic organs of female and male offspring exposed to 
identical in utero environments.  
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Furthermore, sex hormones and their receptors are key players in the sex-dependent 
susceptibility to metabolic diseases. More importantly, ERα and ERβ have a diverse 
expression in tissues and cell types and can alter the epigenetic regulation in adipocytes (201-
203). Further research into estrogen-mediated epigenetic modifications could help identify 
new drivers of sexual dimorphic metabolic pathways in offspring adipose depots and liver. 
Identifying new tissue and sex-dependent lipid markers that are driven by sex hormones using 
appropriate mouse models and technologies could help identify new mechanisms explaining 
the sex-dependent susceptibility to obesity and metabolic diseases. Future research could be 
of interest to address the potential interactions between both maternal and paternal 
environmental changes and sex hormones on the metabolic profile of female and male 
offspring.   

Finally, despite the progression in research regarding the effects of maternal obesity on the 
offspring, today we still do not fully understand the underlying mechanisms behind it; many 
gaps in our knowledge remain to be filled. The novel conclusions of this thesis might provide 
distinctive and important information for the development of more tailored and precise 
therapeutic strategies and establish better interventions to tackle obesity and metabolic 
diseases in the future. Hopefully, this thesis has provided a new knowledge base and ideas 
for future research concerning sex differences in lipid metabolism and obesity.  
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