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BACKGROUND AND AIMS: Obesity is a worldwide health concern in which 60-90% of 

patients will develop non-alcoholic fatty liver disease (NAFLD), the primary hepatic 

manifestation of metabolic syndrome. The adipose tissue dysfunction results in a 

limited capacity for expansion, and the free fatty acids flux is redirected into the liver 

which leads to ectopic fat accumulation. The excessive accumulation of hepatic 

saturated fatty acids and cholesterol can promote endoplasmic reticulum stress and 

mitochondrial dysfunction, which in turn generate an inflammatory and oxidative 

stress environment leading to non-alcoholic steatohepatitis (NASH). At present, no 

drugs have been approved for long-term treatment of NAFLD. Therefore, lifestyle 

interventions are the first-line treatment for this metabolic disorder. Herein, we study 

the lipid metabolism alterations produced in NASH development to identify potential 

pharmacological targets. Additionally, we test metformin as a drug for NASH 

prevention or remission combined with dietary interventions. 

METHODS: In Study I, 5-week-old C57BL/6J male mice were fed on a standard chow 

diet (CD), high-fat diet (HFD), or high-fat high-sucrose diet (HFHSD) for 20 weeks to 

develop a phenotype associated with the diagnosis of NASH. In Study II, 5-week-old 

C57BL/6J male mice were fed on a CD or HFHSD for 20 or 40 weeks to study the ageing 

effects as well as to evaluate the metformin effectiveness in the prevention of NASH. 

Additionally, halfway study, some C57BL/6J male mice fed on an HFHSD were switched 

to CD to mimic the caloric restriction. 

RESULTS: After 20 weeks of dietary treatment, HFHSD-fed mice develop a phenotype 

associated with the diagnosis of NASH. Thus, mice fed on an HFHSD showed more 

hepatic macrovascular steatosis than HFD-fed mice, as well as higher levels of markers 

related to oxidative stress and inflammation such as 4-hydroxy-nonenal, CD11b, CCL2, 

and the activation of the JNK pathway. Additionally, this metabolic context was related 

to alterations in the autophagy-associated proteins and the activation of hepatic de 

novo lipogenesis. Given that hepatic de novo lipogenesis is one of the strongest 

pathways activated in our model, we considered testing the efficacy of metformin as a 

lipogenesis inhibitor for the prevention of NASH. After 20 and 40 weeks of treatment, 

we observed that HFHSD-fed and the HFHSD-fed + metformin mice showed higher 

scores of hepatic steatosis, lobular inflammation, and ballooning than the CD-fed mice. 

Thus, the phenotype developed was associated with the diagnosis of NASH. Moreover, 
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HFHSD-fed mice showed higher concentrations of glucose, cholesterol, and total 

lipoproteins as well as higher alanine aminotransferase activities than the CD-fed mice 

and independently of metformin administration. Our lipidomic data showed an 

accumulation of hepatic cholesterol esters and a decrease in phosphatidylcholines in 

mice fed HFHSD and HFHSD + metformin. Moreover, we observed changes in the fatty 

acid composition of hepatic triglycerides and diglycerides characterized by the 

decrease in the polyunsaturated fatty acid content. Age-associated effects were 

observed mainly in the visceral and subcutaneous adipocytes. In addition, we observed 

that 45-week-old mice exhibited higher levels of triglycerides and diglycerides, 

whereas the levels of phospholipids decreased compared to 25-week-old mice 

independently of dietary treatment. Finally, we observed that mice receiving caloric 

restriction showed a reduction in body weight as well as a decrease in glucose, 

cholesterol, and total lipoprotein concentration, resulting in lower hepatic steatosis 

scores than those mice that did not receive caloric restriction. Of note, the 

combination of caloric restriction with metformin resulted in higher body weight 

reduction and better outcomes in hepatic steatosis resolution than caloric restriction 

alone. 

CONCLUSION: Our studies show that HFHSD-fed mice develop NASH after 20 weeks of 

dietary treatment, and they can be a good mouse model to recapitulate the metabolic 

disorders observed in patients with NASH. We also found that metformin should not 

be used as a preventive strategy for NASH. However, this pharmaceutical compound 

could be useful to potentiate the metabolic effects of caloric restriction. 
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Obesity is a metabolic disease that increases the risk of developing cardiovascular 

disease, type 2 diabetes, fatty liver, musculoskeletal disorders, and several cancers. In 

the last decades, the prevalence of obesity worldwide has increased from 4.7% to 13.1% 

(1975 – 2016). In parallel, the prevalence of non-alcoholic fatty liver disease (NAFLD) has 

substantially grown, affecting now up to 24% of the worldwide population. NAFLD is a 

complex disease that worsens over time and spans from simple steatosis (NAFL) to 

steatohepatitis (NASH) and fibrosis, and in the long term, a significant number of patients 

develop cirrhosis or hepatocellular carcinoma, requiring liver transplantation. 

The degree of hepatic steatosis is largely determined by the flux of lipids entering the 

hepatocyte.  The lipid flux is dependent on the synthesis (de novo lipogenesis) or uptake 

of lipids (lipoproteins and fatty acids) contributing to lipid input into the hepatocyte, 

whereas lipoprotein export and lipid oxidation determine lipid output. As a result of 

alterations in any of these processes, intracellular fat accumulates within the liver, 

causing steatosis. 

In this context, white adipose tissue (AT) has been demonstrated to have a crucial role 

in managing lipid flux into the liver. When there is an abundant nutrient supply, the AT 

adapts physiologically and enlarges by hyperplasia and hypertrophy, safely storing the 

surplus of energy in the form of triglycerides. However, when the nutrients exceed the 

capacity of AT to expand, the lipid fluxes are redirected to the liver (1). Briefly, when 

reaching the liver, the free fatty acids are esterified into cholesterol esters and 

triglycerides by acyl-CoA cholesterol acyltransferases (ACATs) and diacylglycerol-O-

acyltransferases (DGATs) respectively and incorporated into the hepatic lipid droplets 

(LDs). The synthesis of glycerophospholipids (GPs) by the endoplasmic reticulum (ER) 

supports the biogenesis of lipid droplets, the membranes of which are mainly composed 

of phosphatidylcholines (PC) (50%) and phosphatidylethanolamines (PE) (~25%). 

Qualitative changes in the composition of LDs surface can compromise the LDs stability, 

favouring/impairing the fusion of LDs. For example, the decrease in the PC:PE ratio or PC 

deficiency results in large LDs. Moreover, the alteration of the glycerophospholipid 

composition affects the synthesis of very-low-density lipoprotein particles (VLDL-p), and 

as a result, these VLDL are less stable and susceptible to being degraded within the liver 

leading to the accumulation of hepatic fat (2).  
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GPs biosynthesis is tightly regulated by the Kennedy pathway (de novo biosynthesis) 

when the GPs requirements are high. GPs composition and diversity are maintained 

through a remodelling process of de-acylation and re-acylation by the Land’s cycle that 

compromised the coordinated action of several enzymes such as Phospholipase A2 that 

catalyse the phospholipid de-acylation of fatty acid linked to the sn-2 position, 

lysophospholipid acyltransferases (LPLAT) that re-acylates the lysophospholipid at the 

sn-2 position and acyl-CoA synthetase (ACLs) that activate polyunsaturated fatty acids 

by the covalent union to CoA to be used by LPLATs. Interestingly, several clinical studies 

have provided evidence that the serum and hepatic lipidome of NASH patients is altered, 

suggesting that disturbances in either the biosynthetic and/or remodelling pathways of 

GPs could be important contributors to the natural course of NAFLD (3,4). Nevertheless, 

little is known about what those changes are when changes take place during the natural 

course of the disease and how those changes contribute (if so) to the pathophysiology 

of this metabolic disorder.   

 

Thus, to characterise an accurate and robust profiling of the lipidome during the different 

stages of NAFLD progression may contribute to the understanding of how the different 

stages relate at the molecular level providing not only prognostic but also therapeutical 

value. On the other side, the use of mice under different nutritional and environmental 

challenges to recapitulate the “human disease” has enabled the dissection and discovery 

at the molecular level of key metabolic aspects of NAFLD and facilitates the integrative 

approach when considering the crosstalk and relevance of different organs to the liver 

disease that otherwise would not have been obtained from human samples for ethical 

reasons. 

 

Considering the importance of lipid metabolism and adipose tissue function for the 

development of metabolic disorders, in the present thesis, we aimed to elucidating the 

contribution of lipids to NASH development, characterizing the hepatic and adipose 

tissue lipidome in the context of obesity and diabetes as well as identifying the drivers 

involved in the NASH resolution under caloric restriction combined with metformin. 

Thus, we developed a NASH mouse model using C57BL/6J male mice under a high-fat 

high sucrose diet (HFHSD) that recapitulates a typical American/European diet. For the 
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NASH resolution, we used NASH-established mice that were then switched to a standard 

chow diet (CD). Using this swap from HFHSD to CD in mice treated or not with metformin, 

we identified the synergic effects between caloric restriction and metformin and which 

lipid changes were involved during the resolution. In this thesis, hepatic and adipose 

tissue lipids have been analysed by state-of-the-art lipidomic methods (EURECAT 

facility), which allow the quantification of thousands of lipid species. In addition, the 

investigation of oxidative stress and inflammatory markers, as well as tissue histology, 

biochemical and lipoprotein analyses, were also done. 
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Chapter 1. Obesity 

The pathophysiology of obesity is multidimensional and involves environmental, genetic, 

and psychosocial factors (5). However, ultimately body weight gain arises from 

disruptions in energy balance. In this context, hypertrophy and hyperplasia mechanisms 

lead to enlarge adipose tissue and becoming obese when body fat exceeds >25% in men 

and >35% in women (6).  

 

1.1. Prevalence 

The prevalence of obesity has nearly tripled since 1975. Thus, in 2016 over 650 million 

people globally were obese (15 % of women and 11% of men). The overall obesity 

prevalence increased in all world regions, although with variations among world 

economies. The World Bank assigns the countries’ economies to four income groups -

low, lower-middle, upper-middle, and high-income countries (7). Thus, as a country’s per 

capita income increases also increases the burden of obesity, showing that obesity 

remains a serious health concern in high-income countries (Fig.1.). 

Women’s prevalence of obesity exceeds that of men’s as a country’s capita income 

decreases (9.9% of women and 3.6% of men in low-income countries), whereas sex 

differences disappear (24.7% of women and 24.1% of men) in high-income countries. 

This suggests that intrinsic-country drivers (food, social and cultural environments) of 

women’s and men’s may not be the same (Fig.1.). 

 

 

Fig.1. (A) Women and (B) men prevalence in obesity according to four income groups- low, lower-middle, 

upper-middle, and high-income countries. Red, dark-grey, and sky-grey lines show global, upper/high 
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income, and lower-low-income countries obesity prevalence, respectively, in women and men. Data 

collection from World Health Organization (8). 

 

1.2 Body fat distribution 

The main function of adipocytes from white adipose tissue is to store energy in the form 

of triglycerides and release free fatty acids according to energy-balance needs. 

Adipocytes are large spherical cells that store triglycerides in the form of a unilocular 

droplet that occupies 90% of the cell volume. White adipose tissue is in two anatomical 

regions of the body: visceral (omental and mesenteric) and subcutaneous (abdominal 

and gluteo-femoral). The functional differences in adipose tissue are observed not only 

between regional depots but also according to their localisation (9,10). Transcriptional 

profiling reveals that omental visceral (OVAT) and abdominal subcutaneous adipose 

tissue (ASAT) display a similar gene expression signature and are different from gluteo-

femoral subcutaneous adipose tissue (GSAT), suggesting different roles in upper and 

lower body depots (11,12). Indeed, human studies have demonstrated that the release 

of nonesterified fatty acids in the overnight fasted state, as well as the triglycerides 

turnover, is higher in the upper body than in lower body depots. Moreover, a study 

published in 2010 demonstrated that lower-body depots have a preference for 

hydrolysis of fatty acids from very low-density lipoproteins versus chylomicrons 

compared to upper-body depots (13). This suggests that upper body fat is the primary 

site for the immediate storage of diet-derived fat (VAT and ASAT), whereas GSAT (lower 

body depot) is a site for long-term storage. Indeed, the enlargement mechanisms of 

adipose tissue also differ among depot sites. In this sense, upper body fat has a 

preference for hypertrophy growth (adipocyte size), while lower body fat shows 

evidence of hyperplasia (adipocyte number).   

 

During the development of obesity, not all fat accumulation contributes to metabolic 

complications. Thus, obese people with an upper-body fat distribution pattern tend to 

have an increase in the likelihood of insulin resistance (IR) by 80%, whereas a preference 

for fat accumulation in GSAT decreases the likelihood of IR by 48%. Therefore, the 

preferential enlargement of upper body fat correlates with cardiometabolic risk (14) and 

NAFLD progression (15). 
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1.2. Adipose tissue as a secretory organ 

In addition to the importance of white adipose tissue to store the excess energy supply 

in the form of triglycerides, it also acts as an endocrine organ that secretes a wide range 

of bioactive proteins. These molecules collectively termed adipokines, include the 

following: cytokines and related proteins [leptin, tumour necrosis factor-alpha, TNF--a, 

interleukin-6, IL-6, and chemokine (C-C motif) ligand 2, CCL2]; proteins of the fibrinolytic 

cascade (plasminogen activator inhibitor- 1, PAI1); complement-related proteins such as 

adiponectin, and other biologically active peptides such as omentin, retinol-binding 

protein 4 (RBP4) and vaspin (10,16). The secreted adipokine profile is not only affected 

by the degree of adiposity but also by body fat distribution. Therefore, people with 

gynoid fat distribution (lower body fat accumulation) display an adipokine profile 

characterised by insulin-sensitiser and anti-inflammatory properties, which in turn are 

associated with metabolically healthy obesity. On the other side, preferences in android 

distribution (upper-body fat accumulation) display adipokines profiles related to insulin 

resistance and pro-inflammatory response, contributing to metabolically unhealthy 

obesity 

 

For example, in GSAT the secreted levels of leptin and adiponectin are higher than in 

upper-body fat, which is associated with insulin sensitivity. However, adipokines such as 

RBP4 and PAI1 are primarily secreted by the upper body fat and increase insulin 

resistance and the risk of thrombotic disorders, respectively (Table 1). 

   Table 1. Sources and functions of key adipokines. 

Adipokine Primary source(s) Depot region Changes in 
MUHO 

Function 

Adiponectin Adipocytes Lower body Low Insulin sensitizer, anti-
inflammatory 

CCL2 
Preadipocytes, 
macrophages Upper body High Monocyte recruitment 

IL-6 
Preadipocytes, 
macrophages, 

adipocytes 
Upper body High Insulin resistance 

Leptin Adipocytes Lower body High Appetite control 

Omentin Stromal vascular cells Upper body Low Insulin sensitizer, anti-
inflammatory 
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PAI1 Preadipocytes Upper body High Insulin resistance, pro-
thrombotic 

RBP4 
Preadipocytes, 

adipocytes 
Upper body High Implicated in systemic 

insulin resistance 

TNF-a 
Preadipocytes, 

macrophages, and 
adipocytes 

Upper body High 
Inflammation, 

antagonism of insulins 
signalling 

Vaspin Adipocytes Upper body High Insulin sensitizer 
   CCL2: chemokine (C-C motif) ligand 2; IL: interleukin; PAI-1: plasminogen activator inhibitor- 1; 

MUHO: metabolically unhealthy obesity; RBP4: retinol-binding protein 4; TNF: tumour necrosis 
factor. 

 

1.3. Obesity associated complications 

As discussed above, the white adipose tissue is the primary organ for lipid storage and 

can enlarge as a response to an abundant nutrient supply. The expansion of adipose 

tissue is a process that involves the mechanisms of hyperplasia and hypertrophy. Thus, 

during adipogenesis (hyperplasia), new adipocytes are recruited by differentiation from 

preadipocytes, providing the adipose tissue with more capacity to uptake the excess 

lipids, while hypertrophy increases the lipid storage into existing adipocytes. However, 

the adipogenesis process in upper body fat is limited and therefore depends on 

hypertrophy, which has a finite storage capacity. During adipose tissue expansion, the 

extracellular matrix is remodelled to guarantee safe expansion; however, in the long 

term the adipose tissue becomes dysfunctional, generating an environment with insulin 

resistance and higher rates of lipolysis (17). Thus, dysfunctional adipocytes produce a 

wide range of NFkB-dependent cytokines that enhance the inflammatory response (18–

20). The increase of pro-inflammatory cytokines such as TNF-a results in the increase of 

lipolysis, which drives the free fatty acids fluxes to the bloodstream and the liver (21). 

Additionally, the uptake of diet-derived lipids (chylomicrons) by the adipose tissue is 

impaired, forming a vicious positive feedback loop of lipid fluxes to peripheral tissues 

(22,23).  Moreover, the increase of upper-body fat mass results in changes in adipokines 

profile secretion, such as the reduction of adiponectin. Indeed, it has been reported that 

adiponectin is able to inhibit the hepatic de novo lipogenesis, stimulates the oxidation of 

free fatty acids as well as ameliorates insulin sensitivity (23). Therefore, dysfunctional 

adipose tissue potentiates adverse metabolic outcomes, which can lead to the risk of 

suffering dyslipidaemia, type 2 diabetes, and NAFLD. 
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Chapter 2. Non-alcoholic fatty liver disease 

Fatty liver disease was first described in 1836 by the English physician and scientist 

Thomas Addison, although he reported cases of fatty liver related to excessive alcohol 

intake. In 1860, Friedrich von Frerichs, a German physician, and pathologist, described 

the link between dietary habits and fatty liver, and Ludwig J. et.a.l described the term 

non-alcoholic steatohepatitis as a progressive form of fatty liver disease in 1980 (24,25). 

 

2.1 Non-alcoholic fatty liver disease spectrum 

NAFLD encompasses a spectrum of diseases that starts with non-alcoholic fatty liver 

(NAFL), which is defined as the presence of >5% lipid accumulation within hepatocytes 

and affects over 25% worldwide population. If the lipid accumulation is chronic in time 

results in the accumulation of toxic lipid species. This type of lipid species might produce 

endoplasmic stress, oxidative stress, and mitochondrial dysfunction, resulting in 

inflammation and hepatocyte degeneration (ballooning), which are characteristic of non-

alcoholic steatohepatitis (NASH) (26). The prevalence of NASH is estimated at 60% 

among biopsied NAFLD patients, and over time 41% of patients with NASH develop 

fibrosis, 22% of patients with advanced fibrosis progress to cirrhosis, and over 2% of 

patients with cirrhosis develop hepatocellular carcinoma within three years (26,27) 

(Fig.2.). 

 

 
 

Fig.2. NAFLD disease spectrum. 

HCC, hepatocellular carcinoma; NAFL: non-alcoholic fatty liver; NASH: non-alcoholic steatohepatitis. 

Illustration adapted from Ferguson D et.al (26). 

 

UNIVERSITAT ROVIRA I VIRGILI 
EXPLORING LIVER AND ADIPOSE TISSUE ALTERATIONS IN THE NATURAL COURSE OF NON-ALCOHOLIC FATTY LIVER DISEASE: A LIPIDOMIC APPROACH 
Gerard Baiges Gaya 



 42 

 

2.1 The pathophysiology of non-alcoholic fatty liver disease 

Lipidomic studies show that the initial hepatic lipid accumulation occurs when the liver’s 

capacity to use, store, and export lipids are overwhelmed by the increase of free fatty 

acids fluxes from adipose tissue and, therefore, lipids are stored in the form of 

triglycerides that are considered inert by hepatic cells. However, as liver disease 

advances from simple steatosis (NAFL) to NASH, it results in the accumulation of toxic 

lipid species. This includes diglycerides (28), saturated fatty acids (29), ceramides (30), 

and free cholesterol (31). Moreover, these disorders have been associated with the 

deficiency of essential lipid species for cell viability, such as phospholipids and 

unsaturated fatty acids. Indeed, excessive levels of toxic lipids might promote 

endoplasmic reticulum stress, oxidative stress, and mitochondrial dysfunction. 

Therefore, the profile of lipid accumulation in the liver might be determinant in the 

progression of the disease, which in turn will also depend on the systemic metabolic 

environment, genetic background, dietary pattern, and exercise.   

 

In this sense, subjects with obesity overfeeding with saturated fatty acids and 

carbohydrates tend to have increased hepatic lipid deposition compared to subjects 

feeding with unsaturated fat. Additionally, the saturated fatty acid overfeeding increases 

the toxic lipid species such as ceramides, which were associated with increased insulin 

resistance (29). Therefore, saturated dietary-enriched patterns might interact with 

hepatic lipidome increasing the risk of suffering NAFLD and type 2 diabetes, whereas 

preferences in monounsaturated and polyunsaturated fatty acids can help in the 

prevention of these metabolic disorders (32). 

 

Indeed, subjects with NASH have alterations in elongase and desaturase enzymes 

involved in the synthesis of long-chain and very-long-chain fatty acids, resulting in the 

increase of saturated and significant decrease in polyunsaturated fatty acids (33). This 

suggests that hepatic lipotoxicity is not only related to the amount of lipids but also to 

the qualitative aspect of lipids. 
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Chapter 3. Lipotoxicity 

The excessive accumulation of toxic lipids may alter the normal function of intracellular 

organelles, such as the endoplasmic reticulum (ER) and mitochondria (34).  

 

3.1. Endoplasmic reticulum stress 

Hepatic ER stress occurs under exposure to high levels of saturated fatty acids 

(predominantly palmitic acid and stearic acid). In this context, the chaperone protein 

glucose-regulated protein 78 (GRP78) is released by ER, resulting in the activation of 

inositol-requiring enzyme-1a (IRE1a), PRKR-like endoplasmic reticulum kinase (PERK), 

and activating transcription factor-6 (ATF6) (35). Thus, IRE1 mediates the activation of 

TRAF2, a protein of the TNF receptor superfamily, and Jun-N-terminal kinase1/2 

(JNK1/2), a critical mediator of insulin resistance and hepatic cell death. Additionally, 

PERK and ATF result in the activation of CCAAT-enhancer-binding protein homologous 

protein (CHOP), which is involved in the apoptotic pathway (Fig.3.) (35). 

 

Of note, mice with the deletion of gene encoding stearoyl-CoA desaturase-1 (SCD1), 

which is involved in the conversion of saturated to monounsaturated fatty acids, showed 

an increase in hepatic CHOP levels as a result of the ER stress (36). 

 

 

UNIVERSITAT ROVIRA I VIRGILI 
EXPLORING LIVER AND ADIPOSE TISSUE ALTERATIONS IN THE NATURAL COURSE OF NON-ALCOHOLIC FATTY LIVER DISEASE: A LIPIDOMIC APPROACH 
Gerard Baiges Gaya 



 44 

Fig.3. Endoplasmic reticulum stress signalling.  

ATF: activating transcription factor; CHOP: CCAT-enhancer binding protein homologous protein; ER: 

endoplasmic reticulum; GRP78: chaperone protein glucose-regulated protein 78; IRE1a: inositol-

requiring-enzyme 1a; JNK: Jun-N-terminal kinase; PERK: PRKR-like endoplasmic reticulum kinase. 

 

3.2. Mitochondrial dysfunction 

In normal conditions, free fatty acids are transferred to the mitochondria via carnitine 

palmitoyl transferase 1 (CPT1). Fatty acids are oxidised in the mitochondrial matrix, 

breaking down acyl-CoA to form acetyl-CoA and then being metabolised in the 

tricarboxylic acid cycle (TCA). This catabolic process that involves the electron transport 

chain generates H2O. However, the impairment of the electron transport chain leads to 

a leakage of electrons and a subsequent increase of superoxide (O2
.) and hydrogen 

peroxide (H2O2). Alternatively, the long-chain fatty acids may be oxidised in the 

peroxisomes, but the peroxisomal B-oxidation produces H2O2, which is transformed into 

hydroxyl radical (HO.). Thus, the excessive levels of reactive oxygen species (ROS) result 

in the peroxidation of polyunsaturated fatty acids, which are transformed into 4-

hydroxy-2-nonenal (4-HNE) and malondialdehyde (MDA). Indeed, these highly reactive 

aldehyde compounds increase in patients with NASH compared to patients with simple 

steatosis (37,38). Of note, another feature of NASH is the reduction in the activity of 

antioxidant enzymes such as catalase (39), glutathione peroxidase, and superoxide 

dismutase (40).  

In this context, the oxidative stress environment in the liver leads to the increase of 

dysfunctional mitochondria. The autophagy process is involved in the quality control of 

organelles, eliminating those that are damaged or dysfunctional. However, chronic 

exposure to saturated fatty acids decreases the autophagy process, resulting in 

autophagosomes accumulation and damaged mitochondria (41,42). 

Indeed, the deletion in mice of Atg7 or Atg14 genes involved in the autophagy machinery 

increased the hepatic steatosis and cholesterol content. This suggests that the 

impairment in the autophagy process can promote NAFLD (43). Of note, patients with 

NASH showed an increase in hepatic p62 protein compared to NAFL patients, evidencing 

the importance of autophagy in human disease (44).  
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Chapter 4. Lipoprotein metabolism 

Cholesterol, cholesterol esters, and triglycerides are the main lipids in plasma, and they 

are transported through lipoproteins. These lipoproteins play an important role in the 

transport of dietary lipids, in the transport of lipids from the liver to peripheral tissues, 

and the transport of lipids from peripheral tissues to  the liver (45).  

The apolipoprotein B (ApoB100 and 48) is the main component of all atherogenic 

lipoproteins (chylomicrons, very-low-density lipoproteins, VLDL, intermediate density 

lipoproteins, IDL, and low-density lipoproteins, LDL) (Fig.4.), whereas apo A-I and apo-AII 

are components of high-density lipoproteins (HDL). 

 

Table 2. Lipoprotein classes properties 

Lipoprotein Density (g/mL) Size (nm) Major lipids Major apoproteins 

Chylomicrons <0.930 75-1200 TG Apo-B48, Apo C, Apo E, 
Apo A-1, A-II,  A-IV 

Chylomicron 
remnants 0.930 – 1.006 30-80 TG, Chol Apo B-48, Apo E 

VLDL 0.930 – 1.006 30-80 TG Apo B-100, Apo E, Apo C 
IDL 1.006 – 1.019 25-35 TG,Chol Apo B-100, Apo E, Apo C 
LDL 1.019 – 1.063 18-25 Chol Apo B-100 

HDL 1.063 – 1.210 5-12 Chol Apo A-I, Apo A-II, Apo C, 
Apo E 

Apo: apolipoproteins; Chol: cholesterol; HDL: high density lipoprotein; IDL: intermediate density 
lipoproteins; LDL: low density lipoprotein; TG: triglyceride; VLDL: very low-density lipoprotein. 
 
 

 
Fig.4. Apo-B containing lipoproteins 
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IDL: intermediate density lipoproteins; LDL: low density lipoproteins; VLDL: very low-density 

lipoproteins. Adapted from Holmes. MV et.al (46). 

 

4.1 Chylomicrons 

Dietary fatty acids are transported by chylomicrons via the intestinal lymphatic system 

and enter the bloodstream in the left subclavian vein. During circulation, triglycerides 

are removed in peripheral tissues. After that, chylomicrons are cleared from circulation 

by the liver via apo E receptors (47). 

 

4.2. Very-low density lipoprotein and low-density lipoprotein metabolism  

VLDL particles are syntesized in the liver (ER), where hepatic cholesterol and triglycerides 

are packaged into apoB-containing VLDL particles and then are secreted in the 

bloodstream to supply triglycerides to peripheral tissues such as adipose tissue and 

skeletal muscle (48). The triglyceride hydrolysis from VLDL results in the formation of IDL, 

wich are enriched in cholesterol esters and acquire Apo E from HDL. In this context, the 

liver removes 50% of IDL particles from circulation. The rest of IDL undergoes triglyceride 

hydrolysis by hepatic lipase leading to a decrease in the content of triglycerides, which 

leads to the formation of LDL. After that, LDL particles are cleared via the LDL receptor 

in the liver (49,50). 

 

4.3 High-density lipoprotein metabolism and reverse cholesterol transport 

Peripheral tissues accumulate cholesterol through the uptake of circulating lipoproteins 

and de novo cholesterol synthesis. However, they do not have mechanisms for 

cholesterol metabolization. Thus, the HDL particles play a crucial role in the uptake of 

cholesterol from peripheral tissues. The core of cholesterol esters in HDL particles can 

be transferred to the liver via SR-BI receptors. Alternatively, the cholesteryl ester transfer 

protein (CETP) can transfer cholesterol from HDL particles to Apo-B containing 

lipoproteins, and then they are degraded by the liver via the LDL receptor (51,52). This 

cholesterol can be converted to bile acids, steroid hormones, or esterified in cholesterol 

esters and incorporated into the lipid droplet. 
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Chapter 5. Lipid metabolism 

5.1. Fatty acid synthesis 

Many lipids are synthesised from fatty acids, which can vary in chain length and in 

degrees of unsaturation. Moreover, fatty acids are major components of triglycerides, 

phospholipids, cholesterol esters, and other complex lipids. Hepatic fatty acids derive 

either from exogenous sources or from de novo lipogenesis. The liver is supplied with 

non-esterified fatty acids (NEFAs) from two sources: The major contribution comes from 

adipose tissue (lipolysis), while the diet-derived triglycerides (chylomicrons) represent a 

smaller contribution. Then, NEFAs are transported across the plasma membrane, mainly 

via fatty-acid binding protein (FABP), caveolins, and fatty acid translocase (CD36) to enter 

the hepatocyte. On the other side, hepatic de novo lipogenesis uses Acetyl-CoA (from 

glycolysis) to generate malonyl-CoA and then palmitoyl-CoA by acetyl-CoA carboxylase 

and fatty acid synthase, respectively. The palmitoyl-CoA is then elongated and 

desaturated to produce molecules of various lengths and degrees of saturation (Fig.5.) 

(53).  

 

SCD1 enzyme catalyses the introduction of the first double bond in the cis-delta-9 

position of several saturated fatty acids, mainly palmitoyl-CoA and stearoyl-CoA, to 

generate palmitoleoyl-CoA and oleoyl-CoA, respectively (54). Humans cannot synthesise 

polyunsaturated fatty acids. Thus, linoleic (18:2) and alpha-linolenic (18:3) acids must be 

obtained from the diet. Once absorbed, the essential fatty acids are activated by acyl-

CoA synthetase through the covalent union to CoA to be converted (by desaturase and 

elongase activities) into long-chain polyunsaturated fatty acids such as arachidonic acid 

(20:4) (55). After that, arachidonic acid can be used to increase the degree of 

unsaturation of phospholipids or metabolised in inflammatory mediators (56). 
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Fig.5. Fatty acid synthesis and uptake 

ACC: Acetyl-CoA carboxylase; ACYL: ATP-citrate synthase; CD36: fatty acid translocase; ELOVL: 

elongation of very long chain fatty acids; FABP: fatty acid binding protein; FAD: fatty acid desaturase; 

FASN: fatty acid synthase; MUFAs: monounsaturated fatty acids PUFAs: polyunsaturated fatty acids; 

SCD: stearoyl-CoA desaturase; TCA: tricarboxylic acid. 

 

5.2. Neutral lipids synthesis 

Triglycerides and cholesterol esters are the major lipids that are stored in the hepatic 

lipid droplets or secreted in lipoprotein particles. Thus, hepatic long-chain fatty acids are 

esterified to glycerol-3-P and to free cholesterol to generate triglycerides and cholesterol 

ester, respectively. Different enzymes are involved in each case, all restricted to the ER. 

Triglycerides are the product of diacylglycerol acyltransferases (DGAT1 and DGAT2), 

which catalyse the acylation of a diglyceride, while cholesterol esters are made by acyl-

CoA: cholesterol O-acyltransferases (ACAT1 and ACAT2) (57). Of note, the most 

abundant fatty acids esterified to triglycerides are oleate (C18:1n9), palmitate (C16:0), 

and linoleate (C18:2n6), resulting around 85% of all triglycerides. The next most 

abundant are palmitoleate (C16:1n7), stearate (C18:0), and vacceneate (C18:1n7), which 

in turn account for a further 8% of free fatty acids (58).  
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The lipid droplet is the main storage for neutral lipids, but the number, size, and 

composition can vary according to the metabolic state of the cell (59). Despite varying 

morphologically, all lipid droplets have a similar structural organization. Thus, lipid 

droplets are surrounded by a phospholipid monolayer that encloses triglycerides and 

cholesterol esters mainly. The lipid droplet biogenesis emerges from the ER. Thus, the 

triglycerides and cholesterol esters are deposited between the leaflets of the ER bilayer. 

Then, seipin protein, a membrane protein, and other lipid droplet biogenesis factors are 

recruited to the lens structure and facilitate the growth of the nascent lipid droplet. 

 

After that, the expansion of the neutral lipid lens results in the lipid droplet budding from 

the ER membrane. Indeed, in this step, the composition of the phospholipid monolayer 

is critical for lipid droplet budding, which can lead to membrane instability (59). After 

budding, the lipid droplet expands, which occurs with the fusion of lipid droplets through 

the transfer of neutral lipids from ER membrane to the lipid droplet, or through the 

synthesis of triglycerides on the lipid droplet surface. In this context, new phospholipids 

are recruited to expand the lipid droplets. In parallel, proteins with functions such as 

membrane trafficking and protein degradation are recruited. The lipid-droplet-

associated proteins can be divided into two classes: 1) Proteins that are recruited from 

the ER (Class I proteins), and 2) proteins recruited from the cytosol (Class II proteins). For 

example, ER-associated protein degradation (ERAD) belongs to class I proteins, and is 

involved in recognising, extracting, and ubiquitinate proteins for their clearance (60). On 

the other side, the class II proteins are recruited to the surface of lipid droplets, which 

are involved in recognising and restoring packing defects in the phospholipid monolayer. 

In contrast to bilayers, phospholipids monolayers are prone to exhibit packing defects, 

particularly under high surface tensions (61,62). 

 

The lipid droplets can interact with different organelles such as ER, other lipid droplets, 

mitochondria, lysosomes, and peroxisomes (63): 

 

Lipid droplet-ER contacts:   

Around 85% of lipid droplets in mammalian cells remain in contact with ER but not 

tethered. 
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Lipid droplet-lipid droplet contact:  

As mentioned above, the lipid droplets in mammalian cells can expand through the 

fusion of two lipid droplets mediated by cell death-inducing DFA-like effector (CIDEA). 

 

Lipid droplet-mitochondria contact:  

Under nutrient deprivation, the mitochondria obtain the fatty acids from lipid droplets 

for the energy production via b-oxidation and the citric acid cycle.  

 

Lipid droplet-lysosome contact: 

It has been observed both prolonged and short interaction between lipid droplets and 

lysosomes, resulting in the hydrolysis of triglycerides and cholesterol esters. 

 

Lipid droplet-peroxisome contact:  

In humans the b-oxidation occurs in mitochondria; however, the b-oxidation of very-long 

chain fatty acids and branched fatty acids occurs in the peroxisomes. 
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5.3. Glycerophospholipid biosynthesis. 

The glycerophospholipid phosphatidylcholine (PC) is the most abundant phospholipid in 

mammalian cells, comprising 40-50% of total phospholipids, followed by 

phosphatidylethanolamine (PE), phosphatidylserine (PS), sphingomyelin (SM), 

cardiolipin (CL), and phosphatidylinositol (PI) (Table 2). The phospholipid biosynthesis is 

required for the normal secretion of very-low-density particles (VLDL-p), lipid droplet 

formation, and mitochondrial function. Therefore, alterations in the biosynthesis of 

phospholipids are associated with metabolic disorders, including NAFLD. 

Table 2. Phospholipid composition in mammalian organelles (% of total phospholipids). 

Lipid ER IMM OMM Lysosomes Nuclei Golgi Plasma membrane 
PC 57 41 49 42 52 45 43 

PE 21 38 34 21 25 17 21 
SM 4 2 2 16 6 12 23 
PI 9 2 9 6 4 9 7 

PS 4 1 1 1 6 4 4 

CL 0 16 5 0 0 0 0 

Other 5 <1 <1 14 7 13 2 
CL: cardiolipin; ER: endoplasmic reticulum; IMM: inner mitochondrial membrane; OMM: outer 
mitochondrial membrane; PC: phosphatidylcholine; PE: phosphatidylethanolamine; PI: 
phosphatidylinositol; PS: phosphatidylserine; SM: sphingomyelin. 
 
5.3.1. Phospholipid precursor biosynthesis 

The phospholipid biosynthesis requires a diglyceride unit in the form of CDP-diglyceride 

or diglyceride. These two precursors are generated from phosphatidic acid. Briefly, 

glycerol-3-phosphate is transformed into lysophosphatidic acid by glycerol-3-phosphate 

acyltransferase. Then, lysophosphatidic acid is converted into phosphatidic acid (PA) by 

acyltransferase activities that are restricted to the ER and outer mitochondrial 

membrane. After that, the enzyme phosphatidic acid phosphatase removes the 

inorganic phosphate from PA to yield diglyceride. Alternatively, the CDP-diglyceride is 

obtained from the reaction between CTP and phosphatidic acid by CDP-diglyceride 

synthase (64). 
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5.3.2 Phosphatidylcholine de novo biosynthesis from diglycerides  

The de novo biosynthesis of PC and PE, also called the Kennedy pathway, was described 

by Kennedy and Weiss in 1956 (65). The synthesis of PC requires that choline enters the 

cell through choline transporters. These include high-affinity transporter (CHT1), 

intermediate-affinity transporters (CTL family), and low-affinity organic cation 

transporters (OCT family). Then, choline is phosphorylated by ATP to form 

phosphocholine by choline kinase (CK). After that, phosphocholines and cytidyl 

triphosphate (CTP) are converted to CDP-choline via the CTP: posphocholine 

cytidylyltransferase (CT). Finally, the CDP-choline is transferred in the ER to a diglyceride, 

thereby generating PC (66,67). 

On the other side, the liver can also use an additional pathway for the synthesis of PC. In 

this sense, the phosphatidylethanolamine N-methyltransferase (PEMT) catalyses three 

methylation reactions to convert PE to PC, using the S-adenosylmethionine as the 

methyl-group donor. Thus, this pathway is considered to provide ~30% of PC in the liver 

(68,69). 

 

5.3.3. Phosphatidylethanolamine de novo biosynthesis from diglycerides  

The main pathways used by mammalian cells for the biosynthesis of PE are the Kennedy 

pathway and the phosphatidylserine decarboxylase (PSD) pathway. Briefly, in the 

Kennedy pathway, ethanolamine is phosphorylated to phosphoethanolamine by 

ethanolamine kinase (EK), a cytosolic protein. CTP-phosphoethanolamine 

cytidylyltransferase (ET) converts phosphoethanolamine and CTP to CDP-ethanolamine, 

which is then transferred with a diglyceride to generate PE in the ER (70). 

The other important pathway for the synthesis of PE is the decarboxylation of 

phosphatidylserine (PS). The PS synthesis is made by a base-exchange reaction from 

either PC (via PS synthase-1) or PE (via PS synthase-2) in the ER membranes. Then, the 

PS is transported into mitochondria and decarboxylated to PE by phosphatidylserine 

decarboxylase (PSD) in the inner mitochondrial membrane. Of note, mice with the 

deletion of the PSD gene have embryonic lethality, whereas a PSD reduction activity by 

20% increase the PC/PE molar ratio in the mitochondria and impairs cell survival. This 

suggests that PSD activity is essential to provide PE to the mitochondrial membrane(70). 
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5.3.4. Phospholipid de novo biosynthesis from CDP-diglycerides 

The phosphatidylinositol (PI), phosphatidylglycerol (PG), and cardiolipin (CL) biosynthesis 

are made from CDP-diglycerides. Briefly, the PI synthase (PIS) catalyses the reaction 

between CDP-diglycerides and myo-inositol in the ER to generate PI. Alternatively, the 

phosphatidylglycerol-phosphate (PGP) synthase (PGPS) can generate PGP from the 

reaction between glycerol-3-P and CDP-diglyceride. Then, the dephosphorylation of PGP 

by PGP-phosphatase results in the synthesis of PG. Finally, the synthesis of CL is required 

that a PG unit be combined with a CDP-diglyceride molecule, catalysed by cardiolipin 

synthase(CLS)(64). 
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Fig.6. Phospholipid biosynthesis. 

CCT: cytidyltransferase; CK: choline kinase; CL: cardiolipin; CLS: cardiolipin synthase; CPT: 

cholinephosphotransferase; DG: diglyceride;  CDP-DGS: cdp-diglyceride synthase;  EPT: CDP-

ethanolamine:1,2-diglyceride ethanolaminephosphotransferase; ET: ctp-phosphoethanolamine 

cytidylyltransferase; EK: ethanolamine kinase; PA: phosphatidic acid; PAP-1: phosphatidic acid 

phosphatase-1; PC: phosphatodylcholine; PE: phosphatidylethanolamine; PEMT: 

phosphatidylethanolamine methyltransferase; PG: phosphatidylglycerol; PGP-Pase: 

phosphatidylglycerolphosphate phosphatase; PGPS: phosphatidylglycerolphosphate synthase; PI: 

phosphatidylinositol; PIS: phosphatidylinositol synthase PSID: phosphatidylserine decarboxylase; PS: 

phosphatidylserine; PSS: phosphatidylserine synthase. 

 

Chapter 6. Phospholipid remodelling (Lands Cycle) 

The phospholipids synthesised by the Kennedy pathway contain saturated and 

monounsaturated fatty acids. To incorporate polyunsaturated fatty in the sn-2 position 

of phospholipids, a phospholipase A2 first cleaves the fatty acyl group (saturated or 

monounsaturated) from the sn-2 position of phospholipids to then incorporate a 

polyunsaturated fatty acid by lysophosphospholipid acyltransferase (LPLAT). Therefore, 

the Lands cycle contributes to maintaining a different content and composition of 

different classes of glycerophospholipids such as PA, PC, PE, PS, PI, PG, and CL (Fig.4.). 

 

So far, there have been identified two different families of LPLATs, such as 1-

acylglycerol-3-phosphate O-acyltransferase (AGPAT) and the membrane-bound O-

acyltransferase (MBOAT), in which each enzyme displays distinct activities and 

substrate preferences (Table 3) (71). 

 

Table 3.  Lysophospholipids acyltransferase properties. 

Family Enzyme Enzymatic activity Substrate preference Product 

AGPAT 

LPAAT LPA 22:6-CoA PA 

LCLAT LCL, LPI, LPG 18:2-CoA 
18:0-CoA (sn-1 position of LPI) CL, PI, PG 

LPGAT LPG 16:0-CoA, 18:0-CoA, 18:1-CoA PG 

LPCAT1 LPC, LPAF, LPG 16:0-CoA, 18:2-CoA, 18:3-CoA PAF, PG, 
DPPC 

LPCAT2 LPC, LPG 20:4-CoA PAF, PC 
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LPEAT LPE, LPG, LPS, LPC 18:1-CoA, 20:4-CoA PE, PG, PS, 
PC 

MBOAT 

LPIAT1 LPE 20:4-CoA, 20:5-CoA PE 
LPCAT3 LPC, LPE, LPS 20:4-CoA, 18:2-CoA PC, PE, PS 
LPCAT4 LPC, LPE 18:1-CoA PC, PE 
LPEAT1 LPE 18:1-CoA PE 

AGPAT: 1-acylglycero-3-phosphate O-acyltransferase; CL: cardiolipin; DPPC: dipalmitoyl-phosphatidylcholine; 

LCL: lysocardiolipin; LCLAT: lyso-cardiolipin acyltransferase; LPAAT: lyso-phosphatidic acid acyltransferase; LPAF: 

lyso-platelet-activating factor; LPC: lysophosphatidylcholine; LPCAT: lysophosphatidylcholine acyltransferase; 

LPE: lysophosphatidylethanolamine; LPEAT: lysophosphatidylethanolamine acyltransferase; LPG: 

lysophosphatidylglycerol; LPGAT: lysophosphatidylglycerol acyltransferase; LPI: lysophosphatidylinositol; LPIAT: 

lysophosphatidylinositol acyltransferase; LPS: lyso phosphatidylserine; MBOAT: membrane bound O-

acyltransferase; PA: phosphatidic acid; PAF: platelet-activating factor; PC: phosphatidylcholine; PE: 

phosphatidylethanolamine; PG: phosphatidylglycerol; PI: phosphatidylinositol; PS: phosphatidylserine. 

 
 

Fig.7. Phospholipid remodelling. 
LPCAT3: lysophosphatidylcholine acyltransferase 3; MBOAT7: membrane bound O-acyltransferase 7; PC: 

phosphatidylcholine; PE: phosphatidylethanolamine; PI: phosphatidylinositol; PS: phosphatidylserine; PLA2G6; 

phospholipase A2 group VI. 

 
 
Chapter 7. Phospholipids regulates lipoprotein metabolism 
Changes in both PC content and fatty acyl composition of phospholipids regulate the 

very-low-density lipoprotein particles (VLDL-p) secretion and the lipid metabolism in the 

liver. 

 

Phospholipids (PC represents 70% of total phospholipids) and free cholesterol are the 

main lipids on the surface of lipoproteins, surrounding mainly the cholesterol esters and 

triglycerides. In normal conditions, the hepatic VLDL-p requires apolipoprotein B100 and 

PC for assembly and secretion of VLDL-p from ER lumen. Thus, when insufficient lipids 

are available for the formation of stable apo-B100, the excess of apo-B100 is degraded. 
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In this sense, the deletion of the PEMT gene in chow diet-fed mice results in a decrease 

in the secretion of triglycerides, apoB-100, and PC by 70%. Moreover, previous studies 

observed that rats fed on a choline-deficient diet had lower hepatic PC concentrations 

and elevated hepatic triglycerides content, while plasma triglycerides were reduced 

because of reduced VLDL secretion (72). Moreover, the deletion of choline kinase in 

mice results in lower plasma triglycerides and apoB100 because of reduced VLDL 

secretion (72,73). 

On the other side, the fatty acyl-chain composition of PC also acts as a regulator of VLDL 

secretion. In normal situations, the incorporation of polyunsaturated fatty acids in the 

sn2-position of phospholipids contributes to maintaining membrane fluidity. Thus, the 

incorporation of polyunsaturated fatty acids into the membranes of ER participates in 

the transfer of lipids from ER to apoB100. However, deletion of hepatic LPCAT3 in mice, 

which incorporates the arachidonic acid in the sn-2 position of phospholipids, results in 

impairment of VLDL lipidation and secretion and consequently increases the hepatic 

triglycerides content (74). Of note, polyunsaturated fatty acids-rich membranes result 

in more flexible membranes that enable efficient triglycerides transfer to high-density 

lipoprotein. 

 

Chapter 8. Phospholipids regulates lipid droplets 
As mentioned before, lipid droplets store triglycerides and cholesterol esters to prevent 

the lipotoxicity of fatty acids. In normal situations, the core of lipid droplets is 

surrounded by phospholipids, predominantly PC and PE. Indeed, when the synthesis of 

PC is inhibited, the triglycerides storage increase, resulting in larger lipid droplets 

(75,76). This phenomenon also occurs when the content in PE increases, promoting the 

lipid droplet fusion of smaller droplets into larger ones (77). Therefore, the amount of 

PC regulates the size of lipid droplets. 

On the other side, the degree of saturation of phospholipids also alters the lipid droplet 

dynamics. Thus, the deletion of LPCAT 1 and LPCAT2 gens in mice results in the increase 

of lipid droplets without altering the amount of neutral lipids (78). 
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Hypothesis 
Disruption in the energy balance leads to alterations in AT function and expansion, 

which is a major factor for the liver becoming a primary organ to buffer the surplus of 

fat. Thus, the hypothesis under study is that during the development of NASH, the 

lipidome profiling of liver and adipose tissue is modified and can be reversed after 

caloric restriction combined with metformin. Therefore, these approaches will allow 

identifying the lipid alterations involved in the development and resolution of NASH as 

well as provide evidence about the effectiveness of metformin as a coadjuvant 

treatment and identify novel potential therapeutical targets for this metabolic 

disorder. 

 

General Aim: 
The major aim of this study is to identify the lipid signature of liver and adipose tissue, 

specifically in obese male mice with NASH, and the lipid changes associated with NAFLD 

resolution. To address these: 

 

Aim 1:  

To establish a mouse model that recapitulates the hepatic steatosis, inflammation, and 

oxidative stress fingerprint as observed in patients with NASH 

Aim 2:  

To identify the main metabolic and lipidomic drivers and mechanisms involved during 

NASH development. 

 

Aim 3:  

To establish the impact of ageing on the lipid signature of liver and adipocytes of mice 

with NASH. 

 

Aim 4:  

To determine and correlate lipid and biochemical changes associated with weight loss 

and NAFLD remission. 
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Aim 5:  

To assess and evaluate the effects of metformin on NASH prevention as well as the 

synergic effects between caloric restriction and metformin occurring during NAFLD 

remission in mice. 
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4.1 Ethical considerations 

All animal experiments were conducted in accordance with Directive 86/609/CEE of the 

Council of the European Union and the Animal Ethics Committee of Rovira i Virgili 

University and with approval from the Directorate General of Environmental Policies and 

the Natural Environment of the Government of Catalonia. C57BL/6J male mice were 

housed 4 per cage in each experiment and were kept in a temperature-controlled 

environment (22 ± 2ºC) with a 12-h/12-h light-dark cycle, with “lights on” corresponding 

to 8 am and fed with a standard chow diet (CD), high-fat diet (HFD), high-fat high sucrose 

diet (HFHSD) and water ad libitum. 

 

4.2 Study design 

 Study I 

 
Fig.8. Study design of Study I   

Study I was based on the hypothesis that giving mice a high-fat high-sucrose diet for 20 

weeks may lead to NASH development. Blood, liver, and adipose tissue samples were 

collected. The efficacy of dietary treatment was analysed by examining liver histology. 

The inflammatory and oxidative environment in the liver was analysed by 

immunohistochemistry, western blot, and colorimetric assays to determine antioxidant 

enzyme activities. Additionally, metabolomics approaches were conducted in the liver 

and adipose tissue to explore the dietary metabolic response. 
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 Study II 

 
Fig.9. Study design scheme of (A) 20 and (B) 40 weeks study.   

 

In Study II, we studied the metformin effects on NASH prevention in a 20-week 

experimental design (Fig 9A), while the metformin effectiveness in combination with 

caloric restriction was analysed in a 40-week experimental design (Fig 9B). Blood samples 

were collected to determine biochemical and lipoprotein profiles. Furthermore, liver and 

adipocytes from visceral and subcutaneous adipose tissue were collected to dissect lipid 

changes in the development and remission of NASH.  
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4.3 Statistical analysis 

Study I 

All data are shown as means, with error bars showing the standard error of the mean. 

Non-parametric Wilcoxon-rank sum test was used for comparison between the two 

groups. Test results with p values below 0.05 were considered significant. Multivariate 

statistics were analysed by MetaboAnalyst version 4.0. Analysis was performed, and 

graphs were generated using SPSS and GraphPad Prism software. Graphs and figures 

were edited for presentation using Adobe Illustrator CC 2020 software. 

 

Study II 

All bar plots are shown as means, with error bars showing standard deviation, whereas 

box plots are represented as means, with error bars showing minimum and maximum. 

Lollipop plots of the mean for each lipid class of experimental groups are drawn, whereas 

volcano plots show the statistical significance (p-value) versus the magnitude of change 

(fold change). Non-parametric Wilcoxon-rank sum test was used for comparison 

between the two groups, and p values below 0.05 were considered significant. Linear 

discriminant analysis (LDA) was used to show the lipid signature differences between 

groups. All bar and box plots were generated using GraphPad Prism 9 software, while 

lollipop, volcano, and LDA plots were generated using Jupyter Notebook written in 

Python code. Graphs and figures were edited for presentation using Adobe Illustrator CC 

2020 software. 
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STUDY I: HEPATIC METABOLIC ADAPTATION AND 

ADIPOSE TISSUE EXPANSION ARE ALTERED IN MICE WITH 

STEATOHEPATITIS INDUCED BY HIGH-FAT HIGH-SUCROSE 

DIET 
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6.1 STUDY I 

In Study I, we set up a NASH mouse model in the context of obesity to recapitulate the 

disorder observed in the human population. Mice receiving a high-fat diet (HFD) and 

high-fat high-sucrose diet (HFHSD) were obese after 20 weeks of dietary treatment. Both 

showed alterations in biochemical parameters such as glucose, cholesterol, and 

triglycerides. After liver histological analyses HFHSD-fed mice exhibited higher hepatic 

steatosis and lobular inflammation grades than HFD-fed mice, leading to the diagnosis 

of NASH (NAS³5). To confirm these findings, we studied the inflammation and oxidative 

stress in liver samples and compared with those mice fed on a CD and HFD. 

Immunohistochemistry results revealed that mice receiving an HFHSD showed higher 

levels of hepatic markers associated with pro-inflammatory macrophages such as CD11b 

and CCL2, as well as 4-HNE related to oxidative stress. These findings were also 

confirmed by western blot analyses. Additionally, our metabolic data from liver samples 

showed that energy metabolism was altered differently according to the dietary 

treatment. In this sense, we observed that mice receiving an HFHSD had higher gene 

expression of genes implicated with the reductive glutamine pathway to form citrate 

through the reduction of alpha-ketoglutarate. In parallel, we found that the enzymes 

involved in the hepatic de novo lipogenesis, such as acetyl-CoA carboxylase and fatty 

acid synthase, were higher than in HFD and CD-fed mice. In adipose tissue, we found 

that after 20 weeks, both HFD and HFHSD-fed mice showed an increase in histological 

adipocyte size in visceral and subcutaneous white adipose tissue compared to mice fed 

a CD. In both diets, we found lower levels of hormone sensible lipase, suggesting that 

lipid mobilization was impaired in both obese mice groups. Our lipidomic analyses 

revealed that mice fed on an HFHSD showed higher concentrations of saturated and 

polyunsaturated fatty acids in visceral adipose tissue than CD-fed mice, whereas in 

subcutaneous adipose tissue, we found an increase in polyunsaturated fatty acids.  

In summary, we conclude that mice receiving HFHSD develop a NASH phenotype 

characterized by the presence of inflammation and oxidative stress after 20 weeks of 

dietary treatment, while mice fed an HFD recapitulate the simple steatosis. 

 

UNIVERSITAT ROVIRA I VIRGILI 
EXPLORING LIVER AND ADIPOSE TISSUE ALTERATIONS IN THE NATURAL COURSE OF NON-ALCOHOLIC FATTY LIVER DISEASE: A LIPIDOMIC APPROACH 
Gerard Baiges Gaya 



 193 

6.2 STUDY II 

Given the unmet need to find new therapeutical drugs against NASH and the point that 

hepatic de novo lipogenesis is one of the strongest pathways activated in our NASH 

mouse model, we considered testing the efficacy of metformin as a de novo lipogenesis 

inhibitor for the prevention of NASH. After 20 weeks of experimental study, we found 

that mice fed on an HFHSD developed obesity independently of metformin 

administration. The biochemical and lipoprotein profiles were also altered, increasing 

the concentrations of glucose and cholesterol as well as the low-density lipoprotein 

particles in both groups. After liver histological analyses we found that mice receiving 

HFHSD with or without metformin developed a liver characterised by the diagnosis of 

probable NASH (NAS 3-4) or NASH (NAS>5). This phenotype was associated in both 

groups with alterations in glycerophospholipid and cholesterol metabolism. Thus, we 

found a decrease in the levels of hepatic phosphatidylcholines and an increase in 

lysophospatidylcholines. We also found an increase in cholesterol esters and a decrease 

in bile acids and steroid hormones, suggesting that free cholesterol is esterified to be 

incorporated in the hepatic lipid droplets. In visceral and subcutaneous adipocytes, the 

content of polyunsaturated fatty acids decreased in triglycerides, diglycerides, and 

lysophosphatidylcholines in both groups of animals. Additionally, we observed that in 

mice receiving HFHSD with metformin, the sphingomyelins species decreased in 

subcutaneous adipocytes. At 40 weeks of study, we observed the same trend as 

aforementioned; That is, mice receiving HFHSD had higher concentrations of glucose and 

cholesterol as well as alanine aminotransferase activities compared to CD-fed mice. 

Lipoprotein profiles were characterised by the increase of low-density lipoprotein 

particles and the decrease of high-density lipoproteins and very low-density lipoproteins 

compared to CD-fed mice. Liver histological analyses revealed a phenotype associated 

with the diagnosis of NASH. When we focused on the effects of age by comparing 

between 25- and 45-week-old mice, we found that alterations in biochemical and 

lipoprotein profiles were accentuated in mice fed an HFHSD. In this sense, 45-week-old 

mice with HFHSD had higher cholesterol levels and showed an increase in the alanine 

aminotransferase activity compared to 25-week-old mice. Lipoprotein profiles were 

characterised by the increase in very low-density particles and the decrease in high-

density lipoprotein particles compared to 25-week-old mice. In parallel, we observed 
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that particle sizes decreased in very low-density lipoprotein particles and increased in 

high-density lipoprotein particles. In the lipidome of the liver, we found that the N-acyl-

ethanolamine species decreased with age, which is associated with the contribution to 

inflammation and hepatic lipogenesis as well as the relative deficiency in insulin 

secretion. In adipocytes from visceral and subcutaneous white adipose tissue, age 

contributed to remodel the lipidome independently of diet and metformin 

administration. Thus, we found an increase in lipid species related to lipid storage, such 

as triglycerides and diglycerides, whereas the lipids related to plasma membranes, such 

as phosphatidylcholines and lysophospholipids, decreased. 

 

Finally, we focused on the effects of caloric restriction (CR) in combination with 

metformin. We found that the body weight reduction was higher when the CR was 

combined with metformin (19.6% vs 9.8%) than with CR alone. Despite we did not 

observe differences in the biochemical and lipoprotein profiles, we found that mice given 

CR with metformin had lower hepatic steatosis grades than those given CR alone. In both 

groups of animals, the hepatic accumulation of cholesterol esters decreased, and the 

levels of bile acids and steroid hormones were restored as well as the qualitative lipid 

aspects such as the content increase in polyunsaturated fatty acids linked to 

triglycerides, diglycerides in the liver and adipocytes. 

 

In summary, we conclude that metformin does not prevent non-alcoholic fatty liver 

disease progression but potentiates the caloric restriction effects during NASH 

remission.  
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Although a high-fat diet has been reported to induce obesity and non-alcoholic fatty liver 

disease in mice after 12 weeks of dietary treatment (79), there is little evidence about 

which type of diet is suitable for developing NASH. To recapitulates human NASH, we 

used C57BL/6J male mice under a high-fat diet (HFD) and high-fat high sucrose diet 

(HFHSD) for 20 weeks. This resulted in changes in the basal metabolism that increased 

the body weight and the concentrations of glucose, cholesterol, triglycerides, and 

alanine-aminotransferase activities in animals given either diet. Importantly, these 

changes proved to be strictly dependent on dietary fat content considering that caloric 

intake was similar between both diets and chow diet-fed mice (80). HFHSD-fed mice 

exhibited higher hepatic steatosis scores than HFD-fed mice and, as a result, developed 

a phenotype associated with the diagnosis of NASH (NAS³5). These effects appear to be 

mediated by dietary composition rather than diet caloric density  (81). This selectivity 

has been reported before, for example, with diets enriched with saturated fatty acids 

that induce a greater degree of insulin resistance than diets enriched with 

monounsaturated or polyunsaturated fatty acids (82). The content of sucrose or fructose 

in diets also contributes to the risk of metabolic syndrome, increasing the hepatic 

triglycerides content and insulin resistance (83,84), suggesting the diet qualitative aspect 

is an important factor in the contribution of metabolic disorders. The fructose effects on 

hepatic de novo lipogenesis are mediated by the upregulation of transcription factors 

that regulate the expression of lipogenic enzymes such as acetyl-CoA carboxylase and 

fatty acid synthase (85). Indeed, the hepatic gene expression signature we observed in 

HFHSD-fed mice resulted in a higher expression of ATP-citrate lyase and higher protein 

levels of ACC and FASN than in HFD-fed mice, both related to hepatic de novo lipogenesis. 

This suggests that the higher hepatic scores observed in HFHSD-fed mice were associated 

with the content of sucrose, which results in NASH induction (86).  

 

Of note, we observed that HFHSD-fed mice had an alteration of autophagy-associated 

proteins, such as an increase in both p62/SQSTM1 (sequestosome 1) and microtubule-

associated protein 1A/1B-light chain 3 (LC3). This agrees with other reports in 

established NAFLD models. In the early stage of NAFLD, the LC3-II protein increases as a 

response to hepatic lipid accumulation and avoids lipotoxicity by the increase of 

autophagy. However, as the liver disease advances from simple steatosis to 
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steatohepatitis, the protein p62 increase, which in turn is associated with autophagic flux 

inhibition resulting in the accumulation of autophagosomes (87). Additionally, the 

hepatic levels of phosphatase and tensin homolog (PTEN)-induced an increase in 

putative kinase protein 1 (PINK1)  in mice fed an HFHSD, which is associated with 

damaged mitochondria (88). In agreement with other reports, PINK1 is a key component 

in mitochondrial quality control (89). The accumulation of PINK1 occurs on the outer 

mitochondrial membrane in situations of mitochondrial depolarization (mitochondria 

dysfunction)(89). In parallel, PINK1 phosphorylates E3 ubiquitin-protein ligase parkin 

(PARKIN), which results in mitochondrial ubiquitination being degraded through the 

autophagosome-lysosome pathway (mitophagy) (89). This suggests that HFHSD-fed mice 

result in autophagy inhibition leading to the accumulation of damaged mitochondria.  Of 

note, the mitophagy reduction in human patients correlates with the severity of NAFLD 

(90–93).  

 

In addition to the importance of autophagy in maintaining cellular quality control, it also 

contributes to the degradation of lipid droplets (lipophagy). In normal conditions, 

triglycerides and cholesterol esters are incorporated into lipid droplets and then can be 

degraded via lipolysis or lipophagy. Thus, mice receiving an HFHSD showed an 

accumulation of hepatic cholesterol esters mediated by Acyl-CoA: cholesterol 

acyltransferases (ACATs), which are activated when the levels of free cholesterol and 

fatty acids are elevated. Therefore, the free cholesterol is transformed into cholesterol 

ester through the incorporation of saturated or monounsaturated very long chain fatty 

acids, reducing the hepatic lipotoxicity of cholesterol and saturated fatty acids (94). 

Indeed, ACAT2 -/- mice exhibit protection against hepatic neutral lipids (triglycerides and 

cholesterol ester) accumulation but have increased plasma triglycerides (95).  

 

The increase of hepatic CE in HFHSD-fed mice was concomitant with a reduction in the 

hepatic levels of PC as well as the increase in lysophosphatidylcholines (LPC). Indeed, the 

lipid droplet surface is composed by a monolayer of phospholipids, and changes in the 

composition of phospholipids can affect the lipid droplet dynamics. Of note, the 

inhibition of PC biosynthesis results in lipid droplet size increase. On the other side, the 

enrichment of lipid droplet surface in PE also promotes the size increase through lipid 
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droplet fusion (96). Other studies found that the deletion of phosphate 

cytidylyltransferase 1 A (PCYT1A) gene in mice, which is involved in the regulation of PC 

biosynthesis by the Kennedy pathway, showed lower levels of hepatic PC (resulting in 7-

fold higher levels of hepatic triglycerides) was associated with the diagnosis of NASH 

compared to those in control mice (97,98). This suggests that the major presence of 

hepatic macro steatosis (large lipid vacuole) in HFHSD-fed mice could be mediated, at 

least in part, by the loss of content in PC. 

 

On the other side, glycerophospholipid metabolism is also a key regulator in lipoprotein 

metabolism, and the inhibition of PC synthesis leads to the reduction of circulatory VLDL-

p (99). The lipoprotein signature we observed in HFHSD-fed mice resulted in high total 

lipoprotein concentration characterized by enrichment in LDL-p and a decrease in VLDL-

p and HDL-p compared to CD-fed mice. This observation was also found in patients with 

NASH, which displayed a decrease in HDL-p, whereas the small LDL-p increased 

compared to non-NASH patients (100). Our data did not reveal any change in the size of 

LDL-p, but we found an increase in medium and large HDL-p subfractions. Of note, large 

and medium HDL particles confer protection against vascular complications and a better 

lipoprotein profile in humans (101,102). Other reports revealed that a small HDL 

subpopulation acts as a potent protector of LDL oxidation as well as displays anti-

inflammatory and atheroprotective properties rather than larger subpopulations (103). 

In this sense, it has been observed that small HDL-p display a major capacity to uptake 

free cholesterol from peripheral tissue and exchange triglycerides with triglyceride-rich 

lipoproteins (104). This suggests that HFHSD-fed mice show a lipoprotein profile with 

less capacity to remove the excess cholesterol leading to a lipotoxicity environment and 

a high likelihood to have a cardiovascular event.   

 

In normal conditions, triglycerides are packaged into chylomicrons and VLDL-p to be 

transported into adipocytes for their safe storage. In this sense, we measured the 

relative levels of key proteins involved in the lipogenesis and lipolysis metabolism of 

adipose tissue. The protein levels of hormone sensible lipase (HSL), which is involved in 

the hydrolysis of diglycerides, decreased in HFHSD-fed mice compared to CD-fed mice. 

This suggests that adipose tissue fat mobilization could be reduced in HFHSD-fed mice. 
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Of note, human patients with low levels in HSL and HSL-/- mice show greater grades of 

insulin resistance and diglycerides accumulation in organs such as muscle, testis, and 

adipose tissue (105). The low relative lipolysis rates in HFHSD-fed mice resulted in the 

preference for fat accumulation, increasing the histological adipocyte size. Of the four 

adipose depots we analysed, epididymal, retroperitoneal, and inguinal adipocytes 

increased the levels of triglycerides but not the anterior depots.  

 

In agreement with other reports, the more abundant lipid in adipocytes were the 

glycerolipids (comprising triglycerides and diglycerides), followed by fatty acyls, 

glycerophospholipids, sphingophoshpolipids, and a minor amount of sterol lipids (106). 

The most abundant lipid species in the fatty acyls were the hydroxy fatty acids (oxylipin 

type) that may increase in the context of metabolic syndrome. It has been reported that 

alterations in n-3/n-6 polyunsaturated fatty acids (PUFAs) derived from oxylipins can 

promote inflammatory responses (107). In this sense, we observed that the content of 

PUFAs in triglycerides, diglycerides, and fatty acids decreased in mice under an HFHSD, 

which in turn could modify the oxylipins profile and promotes an inflammatory 

environment in the adipose depots. 

  

Metformin has been shown to reduce hepatic de novo lipogenesis (108), phospholipids, 

lysophospholipids (produced by hydrolysis of phospholipids), and sphingomyelins 

(109,110). Data from other authors suggest that metformin inhibits hepatic lipogenesis 

upon AMP-activated protein kinase (AMPK) activation, which in turn regulates the 

acetyl-CoA carboxylase (ACC) activity through the phosphorylation at the Ser212 site and 

inhibits the conversion of acetyl-CoA to malonyl-CoA, a precursor of fatty acid synthesis 

(111). However, our data did not support such effects since the lipid accumulation in the 

liver was similar to that of mice without metformin. This suggests that metformin 

treatment does not affect hepatic lipid metabolism. Moreover, it has been observed in 

humans that metformin administration does not reduce the intrahepatic content of 

triglycerides (112,113) and even they found an increase in the hepatic de novo 

lipogenesis rates has been found (113). Although little evidence exists about the 

metformin’s effects on lipid metabolism, a report revealed that women population with 

polycystic ovary syndrome after metformin treatment exhibited a plasma profile 
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characterized by lower concentration in sphingomyelins and glycerophospholipids as 

well as a reduction in oxidized lipid species (110). Our lipidomic data revealed a decrease 

in SM in subcutaneous anterior adipocytes in mice fed on a CD, but these effects 

disappeared in mice of 45-week-old mice. Of note, ageing process is related to 

endoplasmic reticulum (ER) stress, which can affect the synthesis of 

glycerophospholipids. Indeed, the levels of PC are necessry for triglycerides storage in 

adipocytes. For example, during the differentiation of 3T3-L1 fibroblasts into mature 

adipocytes, the expression of phosphatidylethanolamine N- methyltransferase (PEMT) is 

high (114). In this sense, adipocytes from PEMT-/- mice exhibited higher basal hydrolysis 

of triglycerides rates resulting in smaller adipocyte size (70). This suggests that 

glycerophospholipid levels are essential in adipocyte metabolism, regulating the capacity 

of lipid storage. In this context, we found that 45-week-old mice had lower 

concentrations of glycerophospholipids compared to 25-week-old mice. However, their 

lipid signature was characterized by increased glycerolipids (comprising triglycerides and 

diglycerides) and not by a decrease, suggesting that other drivers are implicated in the 

regulation of the capacity of adipocytes to store triglycerides. The decreased content of 

glycerophospholipids has been reported in the ageing process. For example, in 94-week-

old mice, the levels of PC, PE, and SM in kidney samples decreased in comparison to 14-

week-old mice (115). Moreover, 108-week-old mice showed glycerophospholipid 

alterations in the heart and serum (116). However, this decrease in the content of 

glycerophospholipids appears to be tissue-specific, considering that the brain 

hippocampus in ageing mice accumulates PC. It is not surprising that older people have 

a major risk of developing NAFLD than younger people (117,118), taking into 

consideration that the severity of NAFLD is associated with a decrease in the hepatic 

PC/PE molar ratio, and age contributes to a reduction the content of 

glycerophospholipids. In the context of the hepatic lipid signature, we observed that 45-

week-old mice showed lower levels of N-acyl ethanolamines. Indeed, the N-acyl 

ethanolamines are phospholipid-derived lipids of the endocannabinoids family, which 

can be synthetised by any organ and act mainly as paracrine mediators. Thus, high 

plasma levels of this type of lipids are correlated with cardiovascular events, insulin 

resistance, and hepatic steatosis. However, we do not know if the low hepatic levels 

correlate with higher plasma levels (119,120). 
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Caloric restriction (CR) has been reported to counteract several age-associated 

alterations and improve weight loss and cardiometabolic risk factors in patients with 

obesity (121). Moreover, CR upregulates the autophagy flux through the activation of 

AMPK. In this context, catabolic pathways are upregulated, as exemplified by  b-

oxidation of fatty acids as well as the lipophagy of hepatic lipid droplets. Thus, our NASH 

model after CR had decreased the content of cholesterol esters, fatty acids and 

carnitines, suggesting that the mechanisms of lipid oxidation were restored. However, 

the hepatic PC content remained low, which could indicate an impairment of 

glycerophospholipid synthesis related to age. CR promoted body weight reduction 

(9.8%), but this reduction increased when CR was combined with metformin (19.1%). 

The lipoprotein profile improved, resulting in the increase of very low-density and high-

density lipoprotein particles and a decrease in low-density lipoprotein particles. Our 

results agree with other reports performed on patients with obesity after CR. (122,123). 

However, these studies did not observe an improvement in high-density lipoprotein 

concentration. On the other side, when lean people receive CR, only decreases in very-

low-density particles are observed (124), suggesting the CR effects on lipoprotein profile 

vary according to the metabolic background of the patient. 

 

The gene expression profile in white adipose tissue of aged mice displays a down-

regulation of genes involved in lipid metabolism. However, these changes are prevented 

in mice under CR (125). For example, the genes involved in the peroxisome proliferator-

activated receptor gamma (PPARg) are downregulated with age but preserved under CR 

(125). This suggests that old mice under CR maintain the capacity to enlarge adipose 

tissue and therefore store lipids safely (126). Despite these transcriptional effects, our 

lipidomic data revealed that visceral and subcutaneous adipocytes had decreased 

content of monounsaturated fatty acids, whereas the content of polyunsaturated fatty 

acids increased, improving the qualitative lipid aspect of triglycerides and diglycerides. 

Proteomic data (127) of male Wistar rats showed that old rats under CR had higher levels 

of long-chain fatty acid CoA ligase 1 (ACSL1), which is involved in the activation of 

polyunsaturated fatty acids. This suggests that the increase of ACSL1 proteins could 

explain the increase of polyunsaturated fatty acids content in triglycerides and 

diglycerides.  
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We demonstrated that mice receiving an HFHSD develop a phenotype associated with 

the diagnosis of NASH. This phenotype results in higher hepatic inflammatory and 

oxidative stress markers, an increase in atherogenic lipoproteins such as LDL-p, hepatic 

accumulation of cholesterol ester, and a decrease in PC content. Additionally, the 

adipose tissue increases in size, resulting in a reduction of the degree of polyunsaturated 

fatty acid-containing lipids. 

 

Taken together, our findings suggest that during NASH development, many players are 

involved. However, the enormous biomolecular complexity of this metabolic disorder 

requires experimental designs to 1) identify and understand the metabolic regulation of 

hepatic cell subtypes in health and disease as well as 2) understand the underlying 

molecular mechanisms of inter-organ crosstalk between the liver and other metabolic 

key organs such as adipose tissue and muscle. 

 

The liver cell population comprises distinct cell subtypes. These include hepatocytes 

(~70% of total cells) and non-parenchymal cells (~30% of total cells), such as 

cholangiocytes, endothelial cells, Kupffer cells, hepatic stellate cells and, hepatic stem 

cells. The use of RNA-seq methods enables the study of hepatic cell subtypes to identify 

candidate genes altered in mice receiving HFHSD. In order to study the role of candidate 

genes in different primary cell lines, we shall perform a gene expression gain and loss of 

function study to evaluate the impact on the secretion of cytokines, collagen, and 

exosomes. Moreover, we shall evaluate the synthesis rate of fatty acids and the capacity 

of hepatocytes to release VLDL-p. Therefore, these results would provide an 

understanding of the molecular mechanisms involved in NASH development and the 

effects on such cell subtypes. Additionally, taking into consideration the importance of 

hepatocytes in regulating the lipoprotein metabolism and the biogenesis of lipid 

droplets, the subcellular organelles would be isolated to perform proteomics and 

lipidomic analysis, which can provide valuable information about changes in the 

composition of these compartments during NASH development. 

. 
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Second, to study the crosstalk between organs, we shall use exosomes as a mode of 

cellular communication. Exosomes are complex 20-100 nm vesicles containing protein, 

lipids, metabolites, DNA, and RNA that promote metabolic effects in the target cells. 

Therefore, the exosome profile from hepatocytes in mice fed on a CD and HFHSD should 

be analysed. In order to identify the specific function of isolated exosomes, primary-cell 

lines should be used to evaluate their effects on adipocytes, myocytes as well immune 

cells. After that, labelled exosomes with radioactive isotopes from hepatocytes of CD-

fed mice should intravenously be injected into HFHSD-fed mice to track and identify the 

target cell line as well as to explore the metabolic effects. The same design should be 

conducted in CD-fed mice with an intravenous injection of exosomes derived from 

HFHSD-fed mice. Therefore, this approach will provide evidence about the effects of 

exosome vesicles on health and disease, as well as the target-cell-specificity according to 

the exosome signature.   

 

Third, the results in mouse models will be validated in human samples to initiate a drug 

discovery program. This approach will use a protein database to identify the best protein 

candidates that can inhibit exosomes and/or pathways altered in NASH. 

 

 

 
Fig.10. Drug discovery design 
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o After 20 weeks of dietary treatment, HFHSD-fed mice developed a phenotype 

associated with the diagnosis of NASH. (Objective 1, Study I) 

 

o The NASH mouse model showed features of metabolic syndrome, such as an 

increase in glucose, cholesterol, and total lipoprotein particle concentrations. 

Additionally, the liver showed strong activation of hepatic de novo lipogenesis, 

autophagy-associated protein alteration, as well as accumulation of hepatic neutral 

lipids such as cholesterol esters and markers associated with mitochondrial damage 

(Objective 2, Study I and Study II). 

 

o 45-week-old mice showed hepatic decreases in N-acyl-ethanolamine species, which 

are involved in the promotion of an inflammatory response. On the other side, the 

adipocytes of 45-week-old mice showed a loss of phospholipids content and an 

increase in storage-related lipids such as triglycerides and diglycerides. (Objective 3, 

Study II) 

 

o Caloric restriction promoted a decrease in glucose, cholesterol, and total lipoprotein 

concentration and alanine aminotransferase activity, as well as reductions in body 

weight. Additionally, it restored the hepatic lipid alteration observed in our NASH 

mouse model, resulting in lower hepatic steatosis scores (Objective 4, Study II). 

 

o Metformin is not effective in the prevention of NAFLD. However, the use of 

metformin in combination with caloric restriction potentiates the effects of body 

weight and hepatic steatosis reduction (Objective 5, Study II). 
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OVERALL CONCLUSION 

Herein, we demonstrate that mice receiving a high-fat high-sucrose diet recapitulates 

the metabolic disorders observed in patients with NASH and could be used as a mouse 

model to study NASH in the context of obesity. Moreover, we recommend that 

metformin should not be used as a preventive strategy to avoid NAFLD development but 

may be useful to potentiate the effect of dietary interventions. 
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