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 Introduction 

2.1 Chronic liver diseases 

Chronic liver diseases (CLDs) constitute an important, and certainly underestimated, 

global public health problem affecting 1.5 billion people worldwide, accounting for 2 

million of deaths each year and imposing a high burden of morbidity1,2. The most 

common causes of CLDs in the developed countries are chronic viral hepatitis (due to 

hepatitis B and C viruses), alcohol abuse, and non-alcoholic steatohepatitis (NASH). 

Cirrhosis represents the common event for the majority of chronic liver diseases.  

The liver is the largest organ of the body, which plays a crucial role in host defence 

against invading microorganisms. Structurally and histologically, the liver can be divided 

into five tissue systems: vascular system, hepatocytes and hepatic lobule, hepatic 

sinusoid, biliary system, and stroma3. Regarding cell composition, it is formed by many 

different cell types, divided into parenchymal cells (hepatocytes) and non-parenchymal 

cells (sinusoidal endothelial cells (LSEC), kupffer cells (KC) and hepatic stellate cells (HSC)) 

(Figure 1). Understanding the liver architecture is basic to be able to understand the 

disease development. Hepatocytes occupy the 60-70% of liver volume. They are involved 

in metabolism, detoxification, and in protein synthesis processes of the liver as well as 

in the activation of the innate immunity. The non-parenchymal cells account for the 30-

40% of the total liver population and include; hepatic stellate cells, situated in space of 

Disse between hepatocytes and the sinusoids. In a healthy state, they are responsible 

for the storage of vitamin A; kupffer cells are intravascular tissue macrophages that 

reside within the lumen of the liver sinusoids. They perform scavenger and 

phagocytic functions, remove protein complexes, senescent red blood cells, and 

cell debris from portal blood flow through pattern recognition receptors (PRRs)4;  finally, 

sinusoidal endothelial cells which form the walls of the hepatic sinusoids. LSEC form a 

permeable membrane thanks to the absence of basement membrane and the presence 

of fenestrations or pores through which solutes can apparently move freely into the 

perisinusoidal space of Disse.  

https://www-sciencedirect-com.sire.ub.edu/topics/pharmacology-toxicology-and-pharmaceutical-science/morbidity
https://www-sciencedirect-com.sire.ub.edu/topics/pharmacology-toxicology-and-pharmaceutical-science/virus-hepatitis
https://www-sciencedirect-com.sire.ub.edu/topics/pharmacology-toxicology-and-pharmaceutical-science/nonalcoholic-fatty-liver
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Figure 1. Liver structure (review Springuer. Liver arquitecture, 2009) 

 

Knowing the liver architecture in normal conditions, we can define chronic liver disease 

as a process of progressive destruction and regeneration of the above mentioned 

parenchyma. As a consequence of the damage and dysfunction of the parenchymal and 

non-parenchymal cells, there is a nodule formation that lead to fibrosis and eventually, 

if the injury persists, to cirrhosis. Once cirrhosis is established, patients progress from a 

frequently asymptomatic compensated stage to a decompensated stage, marked by the 

development of clinical complications.5 This progression, from liver injury to cirrhosis 

may occur over weeks to years. Thus, cirrhosis represents a late-stage liver disease, 

result of various long-term challenges suffered by the liver. Once more, it is noteworthy 

that the common feature of almost all chronic liver diseases previous to cirrhosis, is liver 

fibrosis which remains a key determinant of clinical prognosis.6 

Chronic liver disease symptomatology is diverse. Progressive condition causes symptoms 

such as loss of appetite, tiredness, nausea, weight loss, abdominal pain, spider-like blood 

vessels, severe itching and various complications as impaired metabolic and endocrine 

functions, splenomegaly due to portal hypertension, haematological derangements, 

gastrointestinal varices, ascites and hepatocellular carcinoma.  

 

 

 

 

https://www-sciencedirect-com.sire.ub.edu/topics/pharmacology-toxicology-and-pharmaceutical-science/liver-fibrosis
https://www-sciencedirect-com.sire.ub.edu/topics/pharmacology-toxicology-and-pharmaceutical-science/liver-fibrosis
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2.1.1 Portal hypertension 

The most devastating complication for CLD patients among the mentioned above is 

portal hypertension (PHT). It plays a key role in the transition from a preclinical to a clinic 

phase in cirrhotic patients thereby representing a potential target in the field in order to 

control the disease. 

Portal hypertension syndrome is defined by, as its name suggest, an increment of blood 

pressure in the portal vein as well as an increase of splanchnic blood flow (Figure 2). 

Both determinants are conceptualized, as all dynamic systems, using the derivation of 

the Ohm’s law AP= Q x R, where portal pressure is proportional to the vein blood flow 

and the resistance against this same flow. So, theoretically speaking, the final portal 

pressure increase could be due to an increase of the resistance, an increase of the blood 

flow or a combination of both. From a clinical point of view, portal hypertension critical 

threshold is defined by values >10 mmHg; in this stage appear the most severe 

complications for the patient such as variceal bleeding, ascites or encephalopathy. 

Portal hypertension can arise from whatever condition that interferes with the blood 

flow in any level of the portal system. Factors leading to the development of PHT include 

hypoxia, oxidative stress, inflammation and shear stress, which can also in turn 

contribute to a pathogenic angiogenic response. Angiogenesis is described as the 

formation of new vessels from pre-existing ones. The angiogenic process is a hallmark of 

portal hypertension and cirrhosis being a pivotal feature in the splanchnic vasculature, 

worsening both the hyperdynamic circulation and portosystemic collateralization.7,8,9,10. 

Thus, portal hypertension associated angiogenesis (pathological angiogenesis) is found 

both inside the liver and at extrahepatic level. 

Moreover, it is important to highlight that angiogenesis does not occur only in pathologic 

phenomena. Angiogenesis is found as a physiologic process during embryonic 

development but also in adults, during the female reproductive cycle as well as in 

wound-healing processes.  
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Figure 2. Molecular physiology of portal hypertension, (Fernandez, M. Hepatology, 2015) 
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 Intrahepatic mechanisms 

During liver damage, the liver tissue suffers a chain of changes that lead to the above 

mentioned increased resistance to outflow of portal venous blood. During many years, 

the increased vascular resistance has been attributed to the liver mechanic/structural 

obstruction to flow because of fibrotic disruption of the liver architecture and nodule 

formation. Nevertheless, apart from this mechanic component there is also an important 

dynamic component contributing to the increased liver vascular resistance. 

The mechanic component accounts for the 70% of the increase intrahepatic resistance 

and it is due to the loss of normal tissue architecture by fibrosis, cicatrisation and nodule 

formation. Fibrosis is initiated by activation of the stellate cells and Kupffer cells. 11,5,6 

Injury to hepatocytes results in the recruitment and stimulation of inflammatory cells, 

as well as the stimulation of resident Kuppfer cells. Factors released by these 

inflammatory cells (cytokines and their receptors, reactive oxygen intermediates, 

autocrine signals and paracrine signals) lead to activation of HSCs. They become highly 

proliferative, fibrogenic and contractile. In the early stage of activation, stellate cells lose 

their retinoids with up-regulation of receptors for fibrogenic and proliferative cytokines, 

like transforming growth factor β1 (TGF-β1) and platelet derived growth factor (PDGF). 

In this hepatic injury scenario, stellate cells change their phenotype and morphology 

starting to produce large amounts of collagen (type I and III) and fibronectin that would 

replace the normal matrix in the space of Disse. They acquire myofibroblast features and 

express a smooth muscle actin being contractile and producing high amount of matrix 

proteins12,13 (Figure 3).   

 

 

Figure 3. Sinusoidal events in the development of liver fibrosis. Models of liver fibrosis: 

exploring the dynamic nature of inflammation and repair in a solid organ (J, Clin Invest. 2007) 

 

https://m.jci.org/articles/view/30542
https://m.jci.org/articles/view/30542


 
INTRODUCTION  

28 
 

The dynamic component contributes in a 30% of the total resistance increment of the 

cirrhotic liver14 , and it is due to, an increment of the vascular tone which affects mainly 

the hepatic sinusoid. This increase of vascular tone comes from an imbalance between 

vasodilators and vasoconstrictor agents. The most described molecular components 

responsible for the increased hepatic vascular resistance are the following:  

 

Nitric oxide (NO), one of the key players in the vasodilation process. It is an important 

endothelium-derived relaxing factor that has been observed to decrease within cirrhotic 

livers. The source of NO in the hepatic vasculature are the LSECs and endothelial cells 

of blood vessels, which express the endothelial nitric oxide synthase (eNOS) and 

produce a baseline level of NO. Increased IHVR has also been attributed to the 

exaggerated production of the powerful vasoconstrictors endothelin-1 by HSC and 

angiotensin II due to the renin-angiotensin system activation. Eicosanoids are additional 

contributor factors to increase sinusoidal tone in the cirrhotic liver, which include 

cyclooxygenase (COX)-derived prostaglandins and thromboxane A2, as well as 

lipoxygenase-derived leukotriene. Moreover, recent evidence indicates that Nogo-B 

(also known as reticulon-4B) could partially regulate hepatic fibrosis in stellate cells 

regulating TGF-β/Smad2 signalling pathway15. Finally, microRNAs act as finetuning 

regulators of HSC and endothelial cell functions and their dysregulation might have a 

role in the pathogenesis of liver fibrogenesis and angiogenesis16,17. 

Moreover, angiogenesis and other cellular alterations at sinusoidal level promote the 

establishment and maintenance of the abnormal architecture of the liver triggering also 

the above mentioned dysregulation between vasodilators and vasoconstrictors. 

Hepatic angiogenesis could cause irregular intrahepatic circulatory routes and thus 

increase intrahepatic resistance. Excessive blood vessel growth is also crucially involved 

in the development of the abnormal hepatic angioarchitecture, distinctive of the 

cirrhotic liver, which is intimately linked to fibrogenesis. Hepatic angiogenesis differs 

greatly from extra hepatic angiogenesis because of three components; firstly, because 

of the presence of hepatic stellate cells that exert a proangiogenic role when are 

activated. Secondly, because of the presence of the liver's unique microvasculature 

structures as it is the fenestrated sinusoid. Finally, because of the existence of angiogenic 

factors liver specific such as ANGPTL3. 
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 Extrahepatic mechanisms 

In the last decades it has been widely reported how alterations occurring during CLDs 

and so during portal hypertension do not affect only the liver itself but different 

surrounding organs. It has been well described how portal hypertension is associated 

with an hyperdynamic syndrome in the circulatory system 8,18. PH is accompanied by an 

increase of the blood flow in the splanchnic organs as well as by the formation of 

portosystemic collateral veins (Figure 4).  

The first one comprises a complex and multifactorial process that includes vasodilation 

of mesenteric blood vessels and a decrease response of endogenous vasoconstrictors. 

The second represents a major consequence of the increased portal pressure derived 

from a chronically injured liver. Basically, nature decompresses the hypertensive portal 

vein by diverting up to 90% of the portal flow through portosystemic collaterals 

bypassing the liver, resulting in flow mediated remodelling and enlargement of these 

vessels. Portosystemic collaterals are fragile and can leak causing important 

complications for the patient as the previously mentioned variceal bleeding. These 

collaterals are formed by mainly two mechanisms. The first one, establish that collaterals 

are formed by the opening and remodeling of preexisting vessels, as it has been 

classically thought. Nevertheless, in the last years, angiogenesis has come into the 

picture. 

 

 

 

 

 

 

 

Figure 4. Portosystemic collateral formation 

 

Pathological angiogenesis in the splanchnic circulation has been thought to maintain 

and worsen portal hypertension because an increase in the pathological vasculature 

could enhance blood flow to the portal venous system, thereby increasing portal 

pressure 19. Splanchnic angiogenesis occurs mainly in the spleen, gut and the mesenteric 
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organ, being this last one the main player. The mesentery is formed by a double fold of 

peritoneal tissue that suspends the small intestine and large intestine from the posterior 

abdominal wall. It has been seen for many years as a collection of structures, thus not 

being considered an organ. Few years ago researchers found the mesentery to be a 

continuous structure and so started to classify it as an organ20. Apart from suspending 

the intestines, the mesentery provides a conduit for blood and lymphatic vessels and 

play a role in inflammatory diseases (Figure 5). 

Regulation of angiogenesis is classically understood as a dynamic balance between 

activators and inhibitors. It requires the combined activities of numbers of growth 

factors such as VEGF, PDGF and angiopoietins. VEGF has been extensively demonstrated 

by our group and others to be the principal factor implicated in angiogenesis in chronic 

liver disease, being overexpressed in splanchnic organs of animals with portal 

hypertension together with VEGF receptor 221,9,22,23. Indeed several factors such as 

hypoxia, cytokines and mechanical stress have been shown to promote the expression 

of VEGF 7.  

 

 

Figure 5. Macroscopically view of a mesentery with pathologic angiogenesis after 20 days of a 

partial portal vein ligation 
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2.2  Obesity 

2.2.1 Epidemiology 

The World Health Organization (WHO) defines obesity as “a condition in which 

percentage body fat (PBF) is increased to an extent in which health and well-being are 

impaired". 

Over the past years, obesity has reached epidemic worldwide proportions becoming a 

major public health concern since its major contribution to worsen many pathologies 

and chronic diseases including insulin resistance and type 2 diabetes, atherosclerosis, 

non-alcohol fatty liver disease, arthritis, immune system dysfunction, cardiovascular 

disorders and some cancers24. Recent estimates show that 2 billion adults were 

overweight in 2016 of which 640 million were obese25 (Figure 6). Regarding children, 

prevalence of obesity raised to 5% in 201426. These numbers state that, despite the 

efforts to slow the progress of the epidemic, at the present time, 39% of the world 

population is overweight or obese and the burden of the disease is not expected to 

decrease in the coming years. 

 

 

 

 

 

 

 

 

 

Figure 6. Obese adult rate 2016 (Our world in data) 

 

In order to classify obesity, different tools have been used over the past years. Body mass 

index (BMI) is the most common one, even though considered sometimes imprecise 

since does not take body composition into account. It is an anthropometric index based 

on the weight of the individual expressed in kilograms (kg) and divided by the square 
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height in meters (m2). Generally speaking, below 18.5 kg/m2 defines undernutrition, 

between 18.5-24.9 kg/m2 defines normal weight, from 25 to 29.9 kg/m2 overweight and 

over 30 obese (Table 1). Obesity can also be classified based on the distribution of the 

adipose tissue all over the body thus, in subcutaneous or visceral adipose tissue.  

Table 1: International Classification of weight according to body mass index (Adapted 

from WHO 1995, 2000 and 2004) 

 

 

 

 

 

 

 

 

 

 

Nevertheless, obesity classification as well as its general epidemiology description 

encounters another difficulty, the marked heterogeneity of individuals that suffer the 

disease. As with other chronic diseases, obesity, results from an interaction between an 

individual’s genetic predisposition to weight gain and environmental influences 

(overeating and sedentary lifestyle mainly). 

Accumulating evidence has strongly implicated a genetic component playing an 

important role in the risk of becoming obese27. Nevertheless, it has proved challenging 

as well to identify the specific underlying genetic cause of obesity due to the complex 

interactions involved in the regulation of adiposity. For instance, genome wide 

association analysis has identified more than 300 genetic loci for obesity traits since 

GWAS analysis came into the scene in 2005. Moreover, these associations are 

considered robust within the field. The major success was the finding of the fat mass and 

obesity-associated locus (FTO)28,29 that regulate appetite, thermogenesis, browning and 

epigenetic mechanisms related to obesity. Even though being large (increasing each 

allele the risk of obesity by a 1.20-1.32 fold)30) was still small within the whole gene 
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population potentially implicated in obesity. After the finding of the FTO, another genes 

were subsequently discovered with larger meta-analysis such as transmembrane protein 

18 (TMEM18), potassium channel tetramerization domain containing 15 (KCTD15), 

glucosamine-6-phosphatedeaminase2(GNPDA2), SH2B adaptor protein 1 (SH2B1) or 

mitochondrial carrier2(MTCH2)31. Recently an expanded GIAnt metanalysis has 

uncovered 32 new BMI associated loci. By now, the current challenge is to understand 

the underlying biologic mechanisms of these loci and how they confer risk for obesity. 

Currently therapeutically approaches to target obesity disease focus mainly on changes 

in the lifestyle although these modifications are often met with limited long-term 

success. Moreover, patients with BMIs >30kg/m2 need additional use of pharmaceutical 

agents in order to lose weight. Unfortunately, medical options to manage obesity are 

plagued with unacceptable side effects32,33. Thus, there is a huge need to understand the 

mechanisms underlying weight regulation in order to prevent obesity as well as to find 

new effective and safe anti-obese medications. 

 

2.2.2 Adipose tissue 

Adipose tissue is the most prevalent tissue in the whole body, found surrounding internal 

organs as well as in the subcutaneous loose. It is composed mainly by mature 

adipocytes in a 20-40% and by the inter-adipocyte stromal vascular fraction (SVF) for 

the remaining percentage. SVF is mainly composed by extracellular matrix with 

dispersed stem cells (2-10%), endothelial cells (7-30%), fibroblasts (50%), pre-

adipocytes and different types of immune cells. These elements are involved in the 

tissue expansion and cell turnover, ensure tissue integrity, and orchestrate 

recruitment and activation of immune cells involved in adipocyte control metabolism.  

Since adipocytes represent the principal cell type in the overall adipose tissue it is 

important to review their subtypes (Figure 7). There are two major classical types of 

adipocytes, white adipose tissue/adipocytes (WAT) and brown adipose 

tissue/adipocytes (BAT). Brown adipose tissue has been negatively correlated with the 

BMI. Among its characteristics we found that contributes to energy expenditure via 

thermogenesis to maintain body temperature. It’s formed by brown adipocytes 

innervated by the sympathetic nervous system. Brown adipocytes are typically ellipsoid 

in shape and range from 15–50 µm in size. These cells are characterized for having the 

mitochondria densely packed, with the cytoplasm containing several lipid droplets and 

a roundish nucleus. They accomplish their function through the actions of uncoupling 

protein 1 (UCP1) and BAT specific proteins, located within the mitochondria.  
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On the contrary, white adipose tissue shows fewer nerves and a lower number of blood 

vessels. In morphology, white adipocytes contain a single large lipid droplet occupying 

about 90% of the cell volume. The nucleus is squeezed to the cell periphery and the 

cytoplasm forms a very thin rim. The organelles are poorly developed; in particular 

mitochondria are small, elongated and have short, randomly organised cristae compared 

to brown adipocytes. White adipocytes are the most abundant in humans and are 

strongly associated with insulin resistance and the so called metabolic syndrome. 

A novel type of adipose tissue called beige/brite adipose tissue has recently been 

included in the classification. Their main characteristics as beige adipocytes are their 

capacity to be recruited in the white adipose tissue to dissipate heat as an adaptive 

thermogenesis. These cells appear as UCP1+ clusters within white fat depots hence, 

sharing a brown fat-like morphology. They are uniquely programmed to be an energy 

storage when there is no thermogenic stimuli but at the same time are capable of turning 

on heat production when they receive the appropriate signals. It has been demonstrated 

how in a compensatory way, beige fat is induced when there is a selective loss of classic 

brown fat restoring body temperature and resistance to diet-induced obesity.34 

 

 

 

 

 

 

Figure 7. Types of adipocytes 
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 Adipose tissue localization 

Adipose tissue deposits in multiple locations around the body; in some in a discreet 

manner and in others as a large accumulation of fat. The classical classification of the 

adipose tissue according to localization distinguishes subcutaneous from visceral fat. 

Subcutaneous adipose tissue located under the skin constitutes 80% of the total body 

fat. Visceral adipose tissue is located surrounding digestive organs and accounts for the 

rest 20% of the body fat. It includes mesenteric adipose tissue, perirenal and pericardial 

adipose tissue. Going back to adipose tissue subtypes, BAT is found in vascularized 

deposits as are the shoulder blades, perirenal surrounding the kidneys, in the neck and 

along the spinal cord. Consequently, WAT is found in the remaining localizations of the 

above mentioned (Figure 8). It should be pointed out that visceral adipose tissue shows 

depot-specific effects as well as disease-specific effects which have to be considered in 

the study of this tissue. For instance, preadipocytes express gene signatures specific of 

their depot origin while adipocytes behave differently when secreting adipokines as well 

as depending on the lipolysis rate and triglycerides synthesis. 

 

 

 

  

 

  

 White adipose tissue 

White adipose tissue has been seen for many years as a simple connective tissue that 

stores fat. However, the metabolic role of white fat is far more complex. Thus, it has 

been found that this tissue plays a key role in nutrient homeostasis serving as a source 

of circulating free fatty acids during fasting35,36. Finally, It was in the early 90s by 

Friedman’s group with the discovery of the serum factors secreted by the adipose tissue 

when it was no longer considered as a passive storehouse of excess energy but as an 

active endocrine organ with a profound effect on physiology and pathophysiology 37,38,39 

Figure 8. Haematoxylin and eosin staining showing a WAT section of the epididymal 

depot on the left and a BAT section from the retroperitoneal on the right 
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. So, the most common functions of the WAT could be divided in storage of lipid, 

maintenance of insulin sensitivity and endocrine signalling. 

The traditional function attributed to white adipose tissue comprises both lipogenesis 

and lipolysis depending on the fatty acids demand. Thus, lipolysis is the process by which 

TG are broken down to FFA and glycerol in times of energy need. In periods of excess 

energy intake, dietary lipids are taken up by fat cells (adipocytes) and esterified into 

triglycerides (TGs), which are stored in cytosolic lipid droplets (LDs). In conditions like 

fasting and exercise, when mobilization of endogenous energy stores is required, TG are 

hydrolysed through the process of lipolysis and released to the circulation as free fatty 

acids (FFAs) (Figure 9). 

 

 

 

Figure 9. Schematic representation of the Lipolysis pathway in adipose tissue 

 

In addition to regulating lipid release and storage, adipose tissue functions as a large 

endocrine organ. Its role as an endocrine organ started with the discovery of leptin in 

1994 40. Leptin is a hormone secreted mainly by adipose cells but also by enterocytes in 

the small intestine. Its serum levels correlate with fat mass and it also exerts a role in the 

central nervous system and in the periphery through specific receptors. Data 

demonstrated the high expression of leptin receptor (LEPR) in lymphocytes activated by 

mature adipocytes while they upregulate proinflammatory cytokines. Another 

determinant adipocyte factor is adiponectin. Its expression is adipose specific and it is 

constitutively secreted41. Contrary to leptin, adiponectin inhibits the transformation of 
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macrophages into foam cells and endothelial cell activation. Its expression and secretion 

decreases in visceral obesity despite the increased fat mass. Even though much of the 

research in this area has been focused on leptin and adiponectin, these findings have 

opened a new scope of research where many new adipokines have been identified every 

year on (resistin, visfatin, plasminogen activator inhibitor 1, IL6, angiotensin). 

Finally, adipose tissue is also needed for normal glucose homeostasis being the 

responsible of insulin resistance when hypertrophies. Adipose tissue secretes molecules 

that are associated with enhanced insulin sensitivity42 such as FFA itself or the novel 

discovered type of anti-diabetic FFA, FAHFAs 43. They are present in the highest levels in 

white and brown adipose tissue. Some of these novel lipids enhance the effect of insulin 

on glucose uptake in adipocytes and augment glucose-stimulated GLP1 secretion from 

entero-endocrine cells and insulin secretion by pancreatic beta cells. Moreover, levels of 

the insulin-regulated glucose transporter protein (GLUT4) are reduced in adipose cells in 

insulin-resistant obesity and in prediabetes, as well as in type-2 diabetes mellitus itself44.  

 

 Adipogenesis 

Adipogenesis is defined as the process by which preadipocytes get differentiated into 

adipocytes. Adipocytes develop from mesenchyme generally called pre-adipocytes, even 

though the specific precursors differ for different types of adipocytes.45 The 

development of differentiated adipocytes from their mesenchyme precursor cells it’s a 

complex process that progress sequentially, activating several transcription factors 

(Figure 10). Briefly, in white adipocytes this sequence starts with the activation of 

members of the activating protein-1 (AP-1) family of transcription factors, and continues 

with the induction and expression of PPARγ. Other transcription factors facilitate 

adipocyte maturation, including STATs, members of the KLF family of proteins, sterol 

response element– binding protein-1 (SREBP-1), and members of the C/EBP family. So, 

based on in vitro studies adipogenesis would proceed through the activation of at least 

two waves of TFs. The first includes TFs such as the CCAAT-enhancer-binding proteins 

C/EBPβ and -δ as well as the glucocorticoid receptor (GR), signal transducer and activator 

of transcription 5A (STAT5A), and the cAMP-response element-binding protein (CREB). 

These factors in turn activate TFs of the second wave, which initiate the adipocyte gene 

program. PPARγ and C/EBPα appear to play the most prominent roles in this second 

wave 46,47. There are many other proadipogenic transcription factors that have been 

characterized, but none of them are as critical as PPARγ, the master regulator of 

adipocyte differentiation and gene expression. Of note, the majority of the identified 
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repressors and activators of adipogenesis have been shown to modulate PPARγ 

expression and/or activity 48,49. Apart from the above mentioned positive and negative 

effectors of the adipogenesis it exists also an endocrine control through a large variety 

of peptide hormones. 

During adult life, adipose tissue has to expand to accommodate chronic excess caloric 

intake. In the same line, during obesity, the further growth of the white adipose tissue 

comes determined mainly by an increase of the adipocyte size (hypertrophy) and/or an 

increase in adipocyte number (hyperplasia). It is important to consider that adipose 

tissue expansion through adipogenesis not only distributes excess calories among the 

newly formed small adipocytes, but also, reduces the number of hypertrophic 

adipocytes secreting pro-inflammatory factors. By contrast, large hypertrophic 

adipocytes experience hypoxic stress, increase inflammatory infiltration and overall 

exacerbate obesity-associated metabolic decline 50,51.   

 

 

Figure 10. Transcriptional regulation of adipocyte differentiation. (Adapted from Stephens JM. 

PLoS Biol, 2012) 
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2.2.1 Adipose tissue angiogenesis 

Adipose tissue is the most vascularized tissue in the body52. In this regard, its 

vascularization capacity exerts an underappreciated influence on adipose tissue 

physiology. In the early stage of the adipose tissue development, adipogenesis is found 

to be tightly associated with angiogenesis53. Some studies revealed that differentiating 

adipocytes trigger blood vessel formation and that, in turn, adipose tissue endothelial 

cells (ECs) promote preadipocyte differentiation54,55. The angiogenic process is regulated 

by the WAT production and secretion of different types of proangiogenic factors such as 

vascular endothelial growth factor (VEGF)-A and hepatocyte growth factor (HGF), the 

two key angiogenic factors produced by adipocytes.  

Nonetheless, expansion of adipose tissue must be also accompanied by its 

vascularisation, through processes of angiogenesis. Therefore, during first stages of 

obesity, adipogenesis is coordinated with vascularization of the adipose depot allowing 

to preserve the function of white adipose tissue 56. At this point, obesity has been 

described as metabolically healthy. But what happens if the overnutrition persists?  the 

adipose depot expands beyond the tissue’s capacity leading to local and unresolved 

hypoxia, associated with a metabolically unhealthy obesity. At this point, the adipose 

tissue angiogenic potential results to be insufficient, leading to adipose tissue 

dysfunction. Although the mechanism of obesity-induced endothelial dysfunction is 

multifactorial, the adipokines released by the AT are the main contributors, leading to 

elevated blood pressure, formation of atherosclerotic plaques, oxidative stress, 

prothrombotic state and alterations in glucose and lipid metabolism57,24 (Figure 11).  

 

Figure 11. Mechanisms of adipose tissue expansion, Alexandra L et al. (Nature Reviews 

Molecular Cell Biology, 2019) 

https://www.nature.com/nrm
https://www.nature.com/nrm
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2.2.2 Obesity: a low grade inflammation state 

Another important contributor to the adipose tissue dysfunction during obesity is its 

state of low-grade chronic systemic inflammation when undergoes expansion58 (Figure 

12). In recent years, immune cells populating the fat pat have gained a huge importance 

in playing a central role in adipose biology. Thus, the immune cell imbalance has been 

likely described to be the core of the obesity development59. 

Inflammation occurs to maintain tissue homeostasis and as a protective response to an 

injury. There are mainly two types of inflammation; the first one is an acute 

inflammation, characterized by edema and migration of leukocytes, and the second one 

is chronic inflammation, which is characterized by the infiltration of lymphocytes and 

macrophages and the proliferation of blood vessels and connective tissue. This one is 

considered a characteristic feature of metabolic syndrome in an attempt to restore the 

homeostasis of the tissue60  with clinical consequences. 

Moreover, adipose tissue represents an important source of adipokines and cytokines 

being their main producers the macrophages that reside in the fat pad, called adipose 

tissue macrophages (ATM). Macrophages are key players in tissue homeostasis although 

other immune cells such as neutrophils, mast cells, B lymphocytes and T lymphocytes 

play also a significant role in the inflammatory tone of the obese fat pad.  

Figure 12. Hypertrophic adipose tissue 
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  Adipose tissue macrophages 

ATM reside in the adipose tissue as the most abundant class of leukocytes. They carry 

out different regulatory functions such as tissue remodelling and insulin sensitivity. They 

produce inflammatory cytokines and clear dead adipocytes that accumulate during 

prolonged obesity; when adipose tissue expands enough to produce hypoxia ATM form 

crown-like structures (CLS) surrounding dead or dying adipocytes.  Nevertheless, they 

also perform beneficial functions, internalizing excess free fatty acids released by insulin 

resistant adipocytes.  

The vast majority of macrophages are not resident but recruited in the adipose tissue. 

They are recruited through pathogenic mechanisms that have been under extensive 

investigation lately. The adipocyte increased production and release of some 

chemokines has been the major implicated61,62. Once the adipocyte has sent the 

recruitment signals, ATM secrete interleukins that likewise would recruit more 

macrophages. The most common proinflammatory cytokines are IL6, Il1β, TNFα and 

IL12. On the contrary, resolutive interleukins comprise IL10, IL4, IL13 among others. 

But, which type of macrophages is responsible for each duty? Phenotypically there is a 

lot of controversy when describing macrophage classification. The classical M1/M2 

model was introduced in 2000 by Mills et al 63. M1 has always been associated to a pro-

inflammatory phenotype caused by Th1 mediators while M2 macrophages were 

described to have anti-inflammatory functions, clearing dead cells and maintaining 

tissue integrity and remodelling. However, recent studies revealed a new more complex 

range of macrophage activation than the previous M1/M2 model which did not reflect 

the inflammation situation in vivo where a spectrum of mixed markers is found64. They 

exist usually between M1 and M2 as the polarization process is dynamic. Thus, in 2014, 

under the need of adequately describe the functions of ATM during obesity, it was 

described the so called metabolically activated adipose tissue macrophages (Mme)65,66.  

Metabolically activated macrophages are both mechanistically and functionally distinct 

from M1 phenotype. Although expressing M2 surface markers, they use both pro and 

anti-inflammatory pathways to perform functions of cytokine production and lipid 

metabolism. Moreover, it has been demonstrated how over two different time points 

during diet-induced obesity, macrophages can exhibit contradictory phenotypes65,67 

(Figure 13). 
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Figure 13. MMe macrophages detrimental and beneficial functions. (Brittney R. Coats, Cell 

Rep. 2017) 

 

2.2.3 Adipocyte cross-talk 

As previously described, adipocytes are surrounded by a wide variety of cell types apart 

from macrophages, including immune cells, fibroblasts, preadipocytes and stem cells. 

Adipocytes exert an important influence on all these neighbouring cells and tissues 

establishing what is called a cross-talk (reciprocal signals) (Figure 14). This cross-talk is 

typically mediated in three different ways: through nutritional mechanisms, neural 

pathways and via elaboration of autocrine, paracrine and endocrine agents commonly 

named adipokines.   

The nutritional mechanisms involve the store excess of calories and release thought 

lipolysis when there is nutritional deprivation, all in form of free fatty acids. Neuronal 

signals play a crucial role regulating adipose tissue growth and cellularity. Adipocytes can 

communicate to the brain via nerves to communicate information about nutritional 

status. However, the most complex and so where more efforts have been made to 

understand the adipocyte biology is in understanding the adipokine biology. Finally, as 

described before, white adipose tissue represents the largest endocrine tissue in the 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Coats%20BR%5BAuthor%5D&cauthor=true&cauthor_uid=28954231
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human body. Adipocytes produce a wide range of factors called adipokines which 

regulate different physiological processes 35,68 as well as factors implicated in the main 

processes of the adipose tissue: food intake, energy expenditure, metabolism 

homeostasis, immunity and blood pressure69,70.  

 

 

 

 

 

 

 

Figure 14. What we talk when we talk about fat. (Cell, 2016) 
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2.2.4 Obesity related diseases 

 Metabolic syndrome 

Obesity is closely related to the so called metabolic syndrome that was introduced at the 

early 50s 71,72. It described the risk factors associated with obesity being a clustering of 

at least 3 to 5 of the following medical conditions: visceral adiposity, 

hypertriglyceridemia, low levels of HDL, elevated blood pressure and increased glucose 

levels. In general terms metabolic syndrome is associated with obesity and consequently 

with visceral adipose tissue, contributing to the burden of chronic diseases including 

insulin resistance, hyperinsulinemia, impaired glucose tolerance, hypercoagulability, 

hypertension and overall fat accumulation in different organs. 

 NAFLD 

Among all the chronic diseases worsened by obesity, non-alcoholic fatty liver disease 

(NAFLD) is increasingly recognized as the liver disease component of the metabolic 

syndrome even though there is still controversy in which one is the precursor73,74,75. It 

represents the most prevalent liver disease worldwide (25%)76 whose levels rise, not 

surprisingly, in parallel to obesity pandemia.                                                                                                                        

NAFLD is defined by its hallmark feature, steatosis described as abnormal retention of 

fat in the liver.  

 

 Intrahepatic NAFLD 

The liver is considered fatty when the presence of hepatic steatosis or intrahepatic 

triglycerides is more than 5%, in the absence of competing liver disease etiologies77. 

Thus, steatosis develops when the rate of fatty acids (FA) input is greater than the 

output. Fatty acids input come determined by the uptake derived from the hydrolysis of 

adipose tissue triglycerides plus the novo fatty acid synthesis lipogenesis as described 

before. Fatty acids output is the result of fatty acid oxidation and export through 

cholesterol (Figure 15). 

Fatty acid uptake depends on two factors; First the delivery of FFA that the liver receives 

and second, the liver’s capacity to transport FFA78,79. Regarding delivery, FFA arrive to 

the liver from the hepatic artery and the portal vein and derive, originally, from three 

different sources; visceral and subcutaneous fat, being this last one the main 

contributor, plus from the lipolysis of circulating TG in NAFLD patients80,81. 
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Liver is also able to synthesize fatty acids de novo. This lipogenesis is accomplished 

through the complex cytosolic polymerization in which acetyl-CoA is converted to 

malonyl-CoA by the enzyme acetyl-CoA carboxylase. After several cycles, a palmitate 

molecule is formed82,81. De novo lipogenesis in NAFLD patients is associated with 

increased hepatic expression of the genes involved in this process. From both mentioned 

sources, de novo lipogenesis accounts for a 20% of the total incorporated in NAFLD 

patients while fatty acids uptake would account for the rest. 

Moving to free fatty acids output, fatty acid oxidation (FAO) is one of the major 

contributors. Intrahepatic beta-oxidation occurs primarily in the mitochondria in 

response to lipid accumulation to prevent lipotoxicity and to support 

gluconeogenesis79,83. Mitochondrial β-oxidation shortens the fatty acyl-CoA to acetyl-

CoA, through a series of dehydrogenation, hydration, and cleavage reactions that involve 

a membrane-bound and soluble enzymes, which are transcriptionally regulated by PPAR-

α84. Finally, acetylCoA product of the FAO can either enter the tricarboxylic acid cycle for 

complete oxidation and energy production for the liver, or can be condensed to form 

ketone bodies, which are exported to provide energy for other tissues. 

 

Figure 15. Beta oxidation process, (4 February 2017. Wikipedia) 

 

The final contributor to fatty acid output is their exportation through very-low-density 

lipoproteins (VLDL). Hepatocytes distribute lipids into peripheral tissues by the export of 

VLDLs produced by the liver into the systemic circulation. VLDLs are necessary in order 

to convert TG in a soluble form, able to be exported79. This mature soluble form is the 

result of the fusion of an apolipoprotein B-100 (Apo-B) molecule with a TG droplet 
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through a triglyceride transfer protein. Thus, impaired VLDL export limits hepatic 

disposal of triglycerides and induces hepatic steatosis85. Altogether, non-alcoholic fatty 

liver disease is typified by increased hepatic lipid uptake, synthesis, oxidation and export 

(Figure 16). 

But who is orchestrating all these processes in the liver? Hormones are responsible for 

all these events to happen84. The typical hormonal environment in fatty liver disease is 

characterized by hyperinsulinemia, hyperglucagonemia, elevated sympathetic tone, 

hypercortisolemia and growth hormone deficiency. Insulin and catecholamines are the 

inhibitory and stimulatory regulators of adipose lipolysis86,87. During fasting and exercise, 

insulin levels are low, allowing norepinephrine, cortisol and growth hormone to 

synergistically stimulate lipolysis and increase systemic fatty acid88. Similarly, hepatic 

lipid accumulation induces endocrine changes that dysregulate adipose tissue lipolysis, 

including insulin resistance.  

 

 

 

 

 

 

 

 

 

 

Figure 16. Hepatic Lipid Metabolism (Caroline E Geisler, Journal of Endocrinology, 2017) 

 

As mentioned before, NAFLD has been described for many years as a consequence of 

the metabolic syndrome89,58. Although its severity is directly related to classic 

components of the metabolic syndrome, NAFLD can also precede the development of 

other components of the metabolic syndrome like type 2 diabetes mellitus or coronary 

heart disease90,91, leaving the temporal sequence still open.  
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 Extrahepatic NAFLD 

Even though most of the effort in understanding NAFLD disease has been focused on the 

study of the liver, this complex metabolic disease presents an extensive multi-organ 

involvement92, which extends far beyond the liver.  

In the last years a “multiple-hit” hypothesis has emerged to explain its pathogenesis. 

Such hits include insulin resistance, hormones secreted from the adipose tissue, 

nutritional factors, gut microbiota and genetic and epigenetic factors. Among them, the 

gut–liver axis (GLA) seems to play a central role. Liver is the initial site of filtration of gut-

derived products, being susceptible to the exposure to microbial products from the 

gut93. The relationship between the two has been called the “gut–liver axis,” and involves 

many organs in between them. Thus, it is not surprising the huge evidence that has been 

published in the last years supporting a link between the gut barrier integrity and NAFLD.  

The gut barrier is the first key component of the system. In a healthy gut, the intestinal 

epithelium forms a dynamic and semipermeable barrier that allows in one side the 

absorption of nutrients and antigens necessary for immune regulation but, on the other 

side, protects the host from the direct microbiota as well as from toxic molecules to 

translocate outside the gut. However, numerous factors such as pathogen infections or 

intake of excess dietary fat can alter components of this system, compromising the 

barrier94.  

It is well known how a high fat diet alters the internal homeostasis, disrupting the 

intestinal barrier integrity by numerous mechanisms (bacterial overgrowth, physical 

disruption of the gut mucosal barrier, impaired host defense…) that would lead 

eventually to chronic liver disease95,96. One of the first mechanisms by which dietary fat 

modulates the permeability of the intestinal barrier is by modulating the microbial 

composition producing an imbalance of the bacteria found in the gut, known as 

dysbiosis97. These microbial imbalance has been reported to result in increased bacterial 

products, such as lipopolysaccharide (LPS), that would translocate from the gut to the 

blood stream 98,99,100,101. LPS is able to translocate from the lumen into the lamina propia 

and blood and produce what is known as endotoxemia. 

Taking together all the above mentioned mechanisms, we can picture the sequence of 

events that take place in the NAFLD development at gut level. Dysbiosis produced by a 

high fat diet results in a shift in species abundance, breakdown of the intestinal barrier, 

intestinal inflammation, and translocation of microbial products such as LPS and 

endotoxins. They enter into the blood stream and activate inflammatory cascades at 

different levels. In adipose tissue it causes hypertrophy of the adipocytes increasing the 
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release of FFA that would travel to the liver. Besides the effect of LPS in the adipose 

tissue, LPS would also activate macrophages through receptor TLR4 signaling. These 

macrophages can infiltrate both in adipose tissue and in the liver, secreting 

proinflammatory cytokines, which would in turn promote hepatic inflammation and 

fibrogenesis by Kupffer cells and stellate cells in the liver. TLR4 mediated 

proinflammatory signaling in adipocytes and macrophages creates a feed-forward 

mechanism in promoting systemic and hepatic inflammation (Figure 17). 

 

 

Figure 17. Mechanisms of extra-hepatic perturbations in non-alcoholic fatty liver disease 

(NAFLD) progression. (Blanche. C et al, Nutrients, 2014) 
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 NASH 

Non-alcoholic steatohepatitis (NASH) identify a histologically specific pattern of NAFLD. 

Most patients with NAFLD have increased steatosis alone, but others, develop as a more 

advanced stage, increasing hepatic inflammation known as NASH, and chronologically, 

up to 20% develop progressive hepatic fibrosis, cirrhosis and may eventually develop 

hepatocellular carcinoma (Figure 18).  

 

 

Figure 18. Natural history of NASH/NAFLD-related cirrhosis and HCC 

 

Thus, NASH is considered the inflammatory form of NAFLD. It is characterized by 

steatosis, hepatocellular damage, known as ballooning, lobular inflammation and almost 

always fibrosis102. Initially, NASH disease was based in a two-hit hypothesis; based on the 

appearance of steatosis as a first hit and followed by inflammation, hepatocyte damage, 

and fibrosis as a second hit103.  More recently, a multiparallel hypothesis was proposed 
104; it suggests that NASH is the result of numerous conditions acting in parallel, including 

genetic predisposition, abnormal lipid metabolism, oxidative stress, lipotoxicity, 

mitochondrial dysfunction, altered production of cytokines and adipokines, gut dysbiosis 

and endoplasmic reticulum stress 105,106.  

Although it seems clearly stepwise, NAFLD progression in humans is more dynamic than 

previously thought. Some patients appear to skip over the stage of cirrhosis and go 

straight from NASH to liver cancer, while others progress to liver cancer without 

developing notable fibrosis. Moreover, it is not clear why many individuals with 'benign' 

fatty liver disease never develop NASH. Thus, as more contributing factors are 

continuously identified, a more complex picture of NAFLD pathogenesis is emerging107. 
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2.3 mRNA Translation 

As the central dogma of molecular biology states, the expression of a protein is 

accomplished by the transcription of a gene into an intermediary messenger RNA 

(mRNA), which is then translated into the sequence of amino acids that will form the 

protein 108,109. 

Translation of mRNA into a protein represents the last step in the expression pathway. 

As a general process, translation of mRNA occurs in the cytoplasm and contains the 

initiation, elongation and termination steps. 

Translation initiation is the more complex of the three steps and involves no less than 25 

proteins. It is commonly divided in the standard cap-dependent translation and in a cap-

independent translation initiation. Cap specific sequence is region of all nuclear 

transcribed eukaryotic mRNAs present in the 5’ mRNA that allows the binding of the 

factors responsible for the translation initiation. The other end is characterized by the 

presence of adenine residues (poly(A) tail). 

Cap-dependent translation is based, in general terms, on the binding of the factor 

eukaryotic translation initiation factor-4F (eIF4F) in the cap region. eIF4F consists of the 

members eIF4A, eIF4E and eIF4G. This binding is the responsible of recruiting the 43S 

pre-initiation complex to the mRNA.                                                                                                         

Translation starts when the eukaryotic ribosome, known as 80S complex, is formed and 

placed on the initiation codon (AUG)110. The small ribosomal subunit 40S forms a 43S 

pre-initiation complex that binds to the mRNA when recruits the ternary complex (TC). 

The TC is formed by the eukaryotic initiation factor 2 (eIF2, a heterotrymer of α, β and γ 

subunits) bound to GTP and a methionine-charged initiator tRNA (Met-tRNAi). Once 

recruited, this complex binds the mRNA and scans it until the initiation codon. At the 

initiation codon, the 43S complex is able to bind the mRNA through the interaction with 

eIF4E, which, at the same time is bound to the poly A tail in the 5’end. Following this 

recognition, hydrolysis of the eIF2-GTP takes place and most initiation factors are 

released. Subsequently, the large 60S ribosomal subunit joins and the catalytic 

competent 80S ribosome can start the elongation process. For the formation of the final 

complex is essential the interaction between the factor eIF4G and eIF4E and the 3’ 

poly(A) tail-binding protein (PABP) at the poly(A) tail bringing both ends of the mRNA 

together in a closed-loop conformation111,112 (Figure 19). 
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Figure 19. Scheme of the different steps during cap-dependent translation initiation. (Leppek 

et al. 2018) 

 

However, one should not lose sight on the poorly studied alternative cap- independent 

way of recruiting mRNA to ribosomes. Some cellular transcripts rely on other elements 

such as internal ribosomal entry sites (IRES) to initiate their translation. IRES are RNA 

elements that, through their secondary structure or primary sequence, recruit the 40S 

ribosomal subunit independently of the cap-binding factor eIF4E113. 

Translation elongation involves the aminoacid addition in order to produce a protein 

chain. The ribosome selects the amino acid that must enter from a pool of 40 different 



 
INTRODUCTION  

52 
 

aminoacyl-tRNAs and the correct codon-anticodon pairing induces changes in the 

ribosomal structure, which contribute to its subsequent displacement on the mRNA. This 

process is performed by the 80S ribosome together with the elongation factors eEF1A 

and eEF2 and, of course, the cellular pool of charged tRNAs.  

Translation termination is triggered when the ribosome arrives to a stop codon. 

Termination is mediated by two release factors (eRF1 and eRF3), which mediate the 

release of the synthesized peptide and the establishment of the post-termination 

complex. This complex facilitates the ribosome recycling by which the 80S ribosome 

splits into its 40S and 60S subunits to prepare for another round of translation. Ribosome 

recycling can also happen upon failure on the polypeptide synthesis, when damaged 

mRNA is encountered, or following the assembly of empty ribosomes. Moreover, the 

closed-loop structure of mRNAs can also favour the direct re-entry of ribosomes to the 

translation initiation point, enhancing mRNAs translation efficiency114. 

 

2.3.1  Translational regulation of mRNAs 

Regulation of gene expression has long been believed to happen generally during 

transcription. Nevertheless, over the last decades translation regulation has risen in 

importance since there has been enormous progress in dissecting the molecular 

mechanisms of eukaryotic translation.  

The regulation of translation is used to modulate gene expression in different biological 

situations and allows for more rapid changes in the concentration of the encoded 

proteins. Translational regulation is exerted mainly in the initiation step when the 40S 

subunit binds the ARNm. There are two general modes to control de translation at this 

point, a global and a specific control.  

Global or general control is due to modifications of translation-initiation factors and 

regulates most mRNA of the cell. The eIF4E availability is used to regulate the general 

tax of translation since eIF4e needs to interact to eIF4G in order to ensemble the 

ribosome. eIF4E availability is regulated by 4E binding proteins (4E-BPs) phosphorilation 

(Figure 20). When 4E-BPs are hipo phosphorylated they bind eIF4E preventing in this 

way its interaction with eIF4G and consequently the union of the 40S with the mRNA 

and repressing the translation. On the contrary, when 4E-BPs are hyper phosphorylated 

by extracellular signals coming from mTOR pathway (a known regulator of 4EBP), 4E-BPs 

release eIF4 allowing the translation initiation. 
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Figure 20. General control of translation, (Richter J et al. Nature, 2005) 

 

The specific control is driven by complexes of proteins that recognize specific elements 

of the mRNA presents in the 5’ or 3’ UTRs of their target mRNAs without affecting the 

general synthesis of the protein in the cell. These proteins bind specific elements of the 

mRNA inhibiting eIF4E function therefore, regulating translation. These specific 

elements of the mRNA, which are responsible of its translational fate, include: canonical 

end modifications, internal ribosome-entry sequences, upstream open reading frames 

(uORFs), secondary and tertiary RNA structures and specific binding sites for regulatory 

complexes. Maskin represents an example of proteins that inhibit eIF4E through specific 

binding sites of the mRNA. Maskin interacts with cytoplasmic polyadenylation element 

binding protein (CPEB), a protein that binds specific sequences of the mRNA called 

cytoplasmic polyadenylation elements (CPE), enabling the regulation of translation 

through cytoplasmic polyadenylation (Figure 21). The complex CPEB-Maskin-eIF4E 

inhibits specifically the translation of around 20% of the mRNA of the cell. 
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Figure 21. Specific control of translation (Richter J. et al. Nature, 2005) 

 

Nevertheless, and although less frequent, translation regulation can also occur at the 

elongation step.  For example, eEF2 phosphorylation by the eukaryotic elongation factor 

2 kinase (eEF2K) reduces its affinity for ribosomes and therefore represses translation 

elongation. Among others, MAPK (mitogen-activated protein kinase) or mTOR signalling 

pathways can inactivate eEF2K in order to promote eEF2 elongation function115. 

Moreover, in recent years, further elongation-related regulatory mechanisms have 

emerged as new determinants of protein synthesis. Some examples would be acyl-tRNA 

availability and modifications, ribosome composition and function, or codon optimality 
116,117. 
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2.3.2 CPEB- family of proteins 

The family of cytoplasmic polyadenylation element binding proteins (CPEBs) introduced 

previously, is a key regulator of translation initiation. 

CPEB family is formed by 4 different RNA binding proteins (from 1 to 4) with a double 

function, able to activate or repress the mRNAs they bind118. Importantly, bioinformatics 

analysis predict that 20% of human genome transcripts would be potential CPEBs targets 
119,120 being CPEB-mediated translational control a widespread mechanism to regulate 

protein production.  

CPEB paralogs can be classified into two subfamilies based on sequence identity: CPEB1 

in one hand and CPEB2 to 4 on the other111. Structurally, they all share similarities. They 

contain a similar RNA-binding C-terminal domain (CTD) comprised of two RNA 

recognition motifs (RRMs) and a zinc-binding domain (ZZ domain). The N-terminal 

regulatory domain varies between paralogs 121. The RRMs of CPEB2–4 share 97% 

sequence identity between them, while the RRMs of CPEB1 shares 48% pairwise 

sequence identity with those of CPEB2–4 122,111. Moreover, CPEB1 contain a PEST motif 

which mediate the destruction of the protein trough the proteasome (Figure 22). These 

differences on their RRMs can confer certain specificities to the two subfamilies. 

 

 

Figure 22. CPEB family structure (Mendez R et al, Ageing Research Rewiew, 2012) 
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 Translation regulation by CPEB 

CPEBs are regulators of the translation in time and space specifically via cytoplasmic 

deadenylation and polyadenylation events. This binding is carried out through the 

cytoplasmic polyadenylation elements (CPEs). CPE is the most characterized sequence 

on mRNAs mediating cytoplasmic polyadenylation, even though few other sequences 

have been also proposed to mediate this process, but their contribution is still poorly 

understood123. 

Most of the eukaryote mRNAs leave the nucleus with a polyA tail of around 150-200 

nucleotides. After nuclear export, CPEB proteins are able to bind mRNAs that contain 

sequences CPE and as a result, be translated by polyadenylation or deadenylated and 

repressed124.  

Importantly, the activation or repression of translation by CPEB is determined by the 

specific positioning of CPE elements in relation to the cis-acting elements hexanucleotide 

AAUAAA(Hex) as well as other elements in the target mRNA118 . 

For translation activation, CPEB has to bind the 3’UTR of the mRNA in the CPE element. 

Consequently, they get activated by different signal pathways discussed further below, 

such as Aurora A Kinase. Thus, being able to regulate the length of poly(A) tail by the 

recruitment of poly(A) polymerase proteins (PAP)111,125. As in nuclear polyadenylation, 

cytoplasmic elongation of the poly(A) tail is mediated by PAP, being PAPD4 (Gld2) the 

best characterized cytoplasmic PAP. Once elongated, it is recognized by the polyA 

binding protein ePAB, which, bounded to eIF4G stabilizes the union of eIF4F to the 5’, 

enhancing the initiation of the translation by the 43S complex (Figure 23). 

Regarding translational repression by CPEB the target mRNA must have at least two close 

CPEs elements118. The closeness of these two CPE elements support the formation of a 

CPEB dimer which would disrupt the complex cap-eIF4E-eIF4G-ePAB-poly(A) at different 

levels. First, it allows the recruitment of the deadenylase PARN which would shorten the 

poly(A) tail as well as the binding of ePAB. Subsequently, it represses the mRNA 

expression through the disruption of the necessary interaction between eIF4E and 

eIF4G. Many repression models have been described in the last years and many of them 

appear to be exclusive for each CPEB isoform. This fact leaves open the possibility of 

being all of them regulating different steps of the cycle. 
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Figure 23. Adapted from Translational regulation through polyadenylation. (Jong Heon Kim et 

al Handbook of Cell Signalling (Second Edition), 2010) 

 

 Regulation mechanisms of CPEB activity 

CPEBs are regulated through different mechanisms depending on the context they are 

found, and even depending on the paralog. Thus, even if their targets partially overlap, 

each CPEB might be performing opposite functions on them. CPEB functions can be 

modulated through activation by phosphorylation, by protein-protein interaction or by 

localization121. 

CPEB1 was the first member of the family whose regulation was discovered in several 

contexts. Its regulation was first discovered in oocytes of Xenopus where is regulated 

through two sequential phosphorylations125. When unphosphorylated, CPEB1 represses 

its mRNA target by recruiting PARN or by inhibiting the formation of eIF4F complex111. 

Upon phosphorylation by the aurora A kinase, CPEB1 increases its affinity for CPSF that 

displaces PARN and allows the polymerase GLD2 to extend the poly(A) tail126,127. The 

other CPEB forms do not have Aurora A union sites nor PEST boxes suggesting a different 

posttranslational regulation. Furthermore, CPEB1 has been found to control alternative 

3'-UTR processing. CPEB1 shuttles to the nucleus, where it co-localizes with splicing 

factors and mediates shortening of mRNA 3' UTRs128. These altered 3’UTRs do not 

contain certain regulatory elements, thus changing the control of its translation. 

https://www.sciencedirect.com/book/9780123741455
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CPEB2 was first discovered in mouse germ cells129. Although many functions have been 

attributed to this isoform in the last years, no post-translational modifications have been 

described so far130,131,132,133. Regarding its mechanism of action, it was proposed that 

CPEB2 repress translation by interacting with eEF2, inhibiting the elongation134. Its 

activity as activator of some target mRNA has also been proposed even though the 

mechanism of action is still unknown135.  

CPEB3 is generally repressed in normal conditions and its activity is dependent on an N-

terminal region. It is activated in neurons by monoubiquitination enhancing GluA1 and 

GluA2 translation expression, crucial for the maintenance of long-term memory-related 

synaptic plasticity. Moreover, N-terminal cleavage or deSUMOylation can also switch its 

function and promote the translation of its targets136,137,138. Additionally, this switch on 

CPEB3 function also needs a change from a soluble to an aggregate CPEB3 state as a key 

mechanism of regulating this isoform137,139.  

CPEB4 known regulation is coordinated by phosphorylation through a CPEB1 dependent 

mechanism. As just reviewed, during cell cycle CPEB1 is activated by AuroraK-A leading 

to the translation of different mRNAs, among them CPEB4. Its activation by CPEB1, in 

turn, activate the kinases responsible for its hyperphosporylation, ERK2 and Cdk1. CPEB4 

in its non-phosphorylated state was found to be stored in liquid-like droplets140. 

Moreover, it has also been proposed a role for CPEB4 during terminal erythroid 

differentiation where it would act as a repressor of translation141. 

Finally, it has also to be taken into account that CPEBs mRNA contain multiple predicted 

miRNA binding sites. Thus, miR-122 has been shown to control CPEB1142 mRNA while 

miR-92 and miR-26 have been found as regulators of CPEB from2 to 4 mRNA stability143. 

 

  CPEB4 functions 

During the last years CPEB specific functions have been extensively investigated in 

somatic tissues as well as in germinal cells. Among them, CPEB1 was the first member 

identified almost three decades ago, in Xenopus oocytes, as a key regulator of the 

translation of proteins implicated in the meiosis process119. Further on it was also 

elucidated its role in mitosis120. Discovering CPEB1 roles helped also to unveily many 

CPEB4 essencial functions in somatic cells in the last years.   

All members of CPEB family were found to be required for cell cycle progression. CPEB1, 

2 and 3 are essential to successful mitotic cell division whereas CPEB4 is necessary for 
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cytokinesis144,120. In addition to its crucial role in development, CPEB4 was also found to 

be important in pathologic situations.  

CPEB4 has been implicated in many cancers as well as in tumorigenesis. CPEB4 is 

overexpressed in gliomas and pancreatic cancer145. In these tumours, CPEB4 was not 

strictly necessary for cell proliferation, but was found to act in a non-cell autonomous 

manner remodelling the stroma and favouring tumour vascularization and invasion. 

Interestingly in this context, CPEB4 was demonstrated to exert a role also in melanomas, 

controlling two lineage-specific melanoma drivers146. In breast cancer, CPEB4 promotes 

cell migration and also invasion upregulating the marker of endothelial-to-mesenchymal 

transition, vimentin147. 

Moving on from cancer to other pathologic scenarios, CPEB4s is found to be highly 

expressed in liver pathologies. During non alcoholic fatty liver disease, CPEB4 was found 

to coordinate hepatic unfolded protein response (UPR) activity148. In this same work a 

role of CPEB4 regulating the lipidic mechanism in the hepatic steatosis was found, 

suggesting that CPEBs could be involved in the negative effects of obesity in liver disease. 

Concerning also liver diseases, the translation mediated by CPEB1/CPEB4 was identified 

as an essencial mechanism for the pathologic angiogenesis in the mesentery and liver 

during portal hypertension and chronic liver disease 149. CPEB4 activation through CPEB1 

phosphorylation regulates the proangiogenic VEGF overexpression during cirrhosis. 

Besides the angiogenic process, CPEB4 expression increase upon portal hypertension has 

been found to correlate spatiotemporally with vascular stem progenitor cells expansion 

and neovascularization150. Moreover, our group recently found another CPEB4 role in 

activated hepatic stellate cells during liver disease. The driver of glycolisis PFKFB3, was 

shown to be overexpressed in activated HSC thanks to posttranscriptional regulation by 

CPEB4151. 

Yet, CPEB4 functions do not end in the liver. Recently, CPEB4 has been related to the 

autism syndrome, regulating risk genes of the disease. In this scenario, patients suffering 

autism disorder expressed a high percentage of an specific isoform of CPEB4 mRNA152. 

This specific isoform entails a reduction of the polyA tail and subsequently reduces the 

expression of those genes of risk.  

Concerning neuronal system, CPEB family are widely expressed in the brain, being CPEB4 

necessary for hippocampal neuronal cell survival. It likely regulates mRNA processing 

required for neuroprotection against cellular stress153.                                

Thus, it is reflected how CPEB functions are important in many crucial pathologic 

processes. 
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 Objectives 

Despite constant progress in the field, the management of patients with chronic liver 

disease remains an important and frequent clinical problem, for which there are few 

therapeutic options available. Among the broad range of aetiologies, a very important 

risk factor for the development of chronic liver disease is the global epidemic of 

obesity/overweight, which has become a major societal challenge and is alarmingly 

affecting the world population. Obesity leads to non-alcoholic fatty liver disease (NAFLD) 

and its more severe form non-alcoholic steatohepatitis (NASH). Both are strong risk 

factors for liver fibrosis, cirrhosis and ultimately liver cancer.  

The pathogenesis of NAFLD is not fully understood, and the factors that contribute to 

disease progression from steatosis to NASH remain enigmatic. Previous studies on 

NAFLD have almost exclusively focused on the liver, leaving aside its extrahepatic 

manifestations, which may play a major role in the evolution and aggravation of the 

disease. 

Indeed, NAFLD is strongly associated with abdominal obesity and may be further 

complicated by the wide spectrum of splanchnic disturbances characteristics of liver 

disease. Growing evidence suggests that adipogenesis and inflammation in specific 

depots of white adipose tissue (WAT) has a key role in NAFLD progression, but 

experimental evidence for the involvement of WAT and the underlying mechanisms is 

still lacking. Filling this knowledge gap is imperative to have a deeper understanding on 

liver disease and improve human health. 

Thus, this thesis started with the need to understand more precisely the functional and 

therapeutic implications of obesity-induced inflammation in WAT on the development 

and severity of NAFLD. Our hypothesis was that posttranscriptional reprogramming 

mediated by the RNA-binding protein CPEB4 could regulate common mechanisms 

involved in the pathogenesis of obesity and chronic liver disease comorbidities, such as 

inflammation. We therefore, set ourselves two principal objectives with their specific 

goals.  

 

 

 

 



  
OBJECTIVES 
 

64 
 

1. To characterize the influence of obesity in the progression of chronic liver disease 

1.1 Determine if the obesity-related disturbances create a pathogenic 

microenvironment in the splanchnic organs that increases the predisposition and 

severity of chronic liver disease. 

1.2    Study specifically the behaviour of adipose fat pads in the presence of obesity 

driven liver disease. 

 

2. To unveil the contribution of Cytoplasmic Polyadenylation Element Binding 

Protein 4 in obesity driven NAFLD   

 

2.1  Characterize CPEB4 expression in adipose tissue. 

 

2.2  Understand the relevance of CPEB4 in pathologic adipocytes during obesity. 

2.3 Determine the contribution of CPEB4-mediated translational control on the 

adipocyte development.  

2.4 Determine the contribution of CPEB4 in the angiogenesis and inflammation 

processes that take place during adipose tissue expansion. 

2.5   Define CPEB4 target mRNAs in adipocyte during obesity-inflammation. 
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 Materials & Methods  

Animal studies 

Sprague-Dawley rats were purchased from Charles River Laboratories at the age of 6 

weeks old. Ubiquitous and constitutive depletion of CPEB4 mice were obtained by 

crossing CPEB4lox/lox mice with animals expressing DNA recombinase Cre under control 

of a human cytomegalovirus minimal promoter (B6.C-Tg(CMV-cre)1Cgn/J). Excision of 

exon-2 of CPEB4 gene leads to a frame shift in the mRNA generating several new 

premature stop codons, resulting in mice that are deficient in CPEB4 protein (CPEB4KO). 

Myeloid-specific Cpeb4 KO mice (Cpeb4MKO) were generated in the Raul Mendez Lab 

crossing conditional Cpeb4 knockout animals (Cpeb4lox/lox) with LysM-CreT/+ 

transgenic animals obtained from Jackson Laboratory. Both offspring were maintained 

in a C57BL/6J-129S mixed background.  

Both male rat and mice were grouped randomly into a 60% High fat diet (0% fat, 20% 

protein, and 20% carbohydrate; Research Diets Inc, USA) or Control diet (7.42% fat, 

17.49% protein, and 75.09% carbohydrate; Research Diets Inc, USA) group and fed ad 

libitum for a period of 16 weeks beginning at 6 weeks of age. For the Cpeb4MKO diet 

was administered for 15 weeks. In the Sprague-Dawley rats case, after these period all 

animals were randomly subjected to a partial portal vein ligation (n=26) or a sham 

control operation (n=26). 

All animal studies were approved by the Laboratory Animal Care and Use Committees of 

the University of Barcelona, and were complied with the National Institute of Health 

(NIH) guidelines on handling of experimental animals.  

 

Animal model of portal hypertension 

Portal hypertension was induced in male BALB/c mice and in Sprague-Dawley rats by 

partial portal vein ligation (PPVL). Briefly, under isoflurane anaesthesia a midline 

abdominal incision was made. The portal vein was dissected free of surrounding tissue, 

and a loose ligature of silk suture (size 3.0 for rats and 5.0 for mice) was guided around 

it. A blunt-end needle (20G in rats, 27G in mice) was placed alongside the portal vein, 

and a suture was tied snugly around the portal vein and needle. The needle was 

subsequently removed to yield a calibrated constriction of portal vein. In Sham control 

animals the portal vein was similarly manipulated but not ligated. After 7 days post-

surgery, animals were sacrificed. All animal studies were approved by the Laboratory 
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Animal Care and Use Committees of the University of Barcelona, and were completed 

with the National Institute of Health (NIH) guidelines on handling of experimental 

animals. 

 

Hemodynamic studies 

Rat hemodynamic studies were performed under anaesthesia with ketamine (100 

mg/kg) and midazolam (5 mg/kg). PE-50 catheters were introduced into the femoral 

artery and portal vein to measure mean arterial pressure (mmHg), heart rate 

(beats/min), and portal pressure (PP, mmHg). Perivascular ultrasonic flowprobes 

(Transonic Systems, New York, NY) were placed around the superior mesenteric artery 

(SMA) to measure SMA blood flow (SMABF, ml/min21/100g21), and portal vein to 

measure portal vein blood flow (PVBF, ml/min21/100g21). Portohepatic resistance 

(mmHg/ml21/min21/100g21) was calculated as: PP/PVBF. Portosystemic shunting was 

quantified by injection of yellow microspheres (15 lm diameter, Dyetrak, Triton 

Technologies, San Diego, CA) into the spleen, as collateralization (%)5(lung 

microspheres)/ (lung microspheres1 liver microspheres)x100. 

 

Stromal Vascular fraction isolation  

Epididymal fat pads from male C57BL/6 mice fed with normal diet or high-fat diet were 

excised and minced in Krebs-Ringer (2x) with 1% FAF-BSA and 2mM EDTA. Tissue 

suspensions were centrifuged at 500g for 5 min to remove free erythrocytes and 

leukocytes. Collagenase A (Sigma-Aldrich) was added to 1 mg/ml before incubation at 

37°C for 30 min with continuous shaking. The cell suspension was filtered through a 100-

μm nylon filter and spun at 300g for 5 min to separate top mature adipocytes from the 

stromal vascular fraction (SVF) pellet. The SVF pellet was re-suspended and incubated in 

4 ml erythrocyte lysis buffer (0.15M NH4CL, 10mM KHCO3, 0.1 mM EDTA) for 5 min. Cell 

suspension was filtered with a 40um nylon mesh and centrifuged at 500g for 5 minutes, 

previous final resuspension in sorting buffer (PBS with 1% fetal bovine serum, 1 mmol/l 

EDTA, and 25 mmol/l HEPES). 
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Flow cytometry 

SVF from mice eWAT was isolated as described above. Pellet was counted and incubated 

with Fc Block (BD biosciences) at a concentration of 1ug/106 cells for 5 minutes at 4ºC 

before staining with conjugated antibodies or their corresponding IgG controls for 30 

minutes at 4ºC. Abs used in these studies included: BV-711 anti-mouse CD11c, eFluor 

450 anti-F4/80 (clone BM8), PE- anti CD206 (MMR) (cloneMR6F3), APC- CD11b (clone 

M1/70). Additionally, fluorescence minus one and single stain controls were carried out 

for all experiments in order to gate and compensate. After incubation with primary Abs, 

cell suspensions were washed in 2 ml of sorting buffer and centrifuged at 500 × g for 5 

min. Cells at a concentration of 250.000/condition were suspended in 0.3 ml sorting 

buffer and analysed by flow cytometry with a BD FACSDIVA5 cytometer and FACSDiva 

v6.1.3 software (BD Biosciences, San Jose, CA). Live/Dead Near-IR (Termofisher) was 

used to exclude dead cells. Each sample was obtained from a pool of 5 to 8 mice (WT or 

KO). 

 

Cell Lines 

3T3-L1 preadipocytes were maintained and propagated in DMEM (Gibco) supplemented 

with 10%(v/v) new born calf serum (Sigma). Two days post-confluent (day 0) cells were 

induced differentiation with DMEM containing 10% (v/v) FBS (Reactiva) and 0.5mM 

IBMX, 1uM dexamethasone, 10ug/mL insulin and 2uM rosiglitazone until day 2. Cells 

were then cultured with DMEM supplemented with 10% FBS(v/v) and insulin (10ug/ml) 

for 3 days. After the differentiation period cells were cultured with DMEM containing 

10%FBS and 1% Penicillin/streptomycin. When indicated cells were treated with FFA 

500uM (300uM of Palmitic acid, 100uM Oleic Acid and 100uM Linoleic Acid). 

 

Preparation and treatment of fatty acid–albumin complexes  

Saturated palmitic acid, linoleic acid and monounsaturated oleic acid were used in this 

study. Lipid-containing media were prepared by conjugation of FFA with 2% BSA- fatty 

acid free at a final concentration of 500uM (300uM Palmitic Acid, 100uM Oleic Acid, 

100uM Linoleic Acid). The complex of fatty acid and FAF-BSA was prepared by dissolving 

and heating (70ºC) the different fatty acids with EtOH to a stock solution. The stock 

solution was sterile filtered and stored in dark at-20ºC. The stock solution was heated 

before use in the cellular experiment. The day prior to the treatment cells were 

incubated Overnight with DMEM 0,2% fatty acid free- BSA. 
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Adenoviral infection  

To generate 3t3-L1 CPEB4 KD cell lines, short hairpin RNA (shRNA) encoding sequences 

were delivered to the cell line through lentiviral infection. Lentivirus were produced by 

transfection of HEK293 packaging cells with the plasmids psPAX2 (Addgene, Watertown, 

MA), pCMV-VSV-G (Addgene) and pLKOPuro-IPTG-3xLacO (Sigma), using the liposome-

based DNA transfection reagent LipoD293 (SignaGen, Rockville, MD). The inducible 

pLKO-Puro-IPTG-3xLacO vector carried a sequence specific for CPEB4 short hairpin RNA 

(shRNA) expression (5’-GCTTGTAGGTGGCTTGGGGTG-3') or a scramble control sequence 

(5’-GCGCGATAGCGCTAATAATTT-3’). This vector contained a LacI (repressor) 1 2 3 4 5 6 

7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 

37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54 55 56 57 58 59 60 61 62 63 64 65 

8 and a modified human U6 shRNA promoter with three LacO (operator) sequences, 

affording both tight regulation and great gene silencing. In the absence of isopropylβ-D-

thio-galactoside (IPTG), an analogue of lactose, LacI binds to LacO preventing expression 

of the shRNA. When IPTG is present, the allosteric LacI repressor changes conformation, 

releasing itself from LacO-modified human U6 promoter, and subsequently allows 

expression of the shRNA. Media from transfected HEK293 cells were removed and 

replaced with fresh media every 24 hours. At 72 hours post-infection, media (containing 

the lentivirus but not the packaging cells) were harvested, filtered through a 0.22 m 

filter and used to infect LX2 cells grown on 6- cm dishes. Efficiently transfected 3T3-L1 

cells were selected with 4 g/ml puromycin to create stable CPEB4 knockdown 3T3-L1 

cells inducible with 1 mM IPTG. 

 

Primary adipocytes isolation from murine visceral adipose tissue 

White adipose tissue was isolated from the mouse epididymal depots. Adipose tissue 

from 2 to 3 mice were pooled and carefully minced and treated with collagenase (type 

II; Sigma). Several centrifugations and filtrates were carried out in order to separate the 

SVF from mature adipocytes. Mature adipocytes were discarded and the SVFs where the 

preadipocytes were present was plated and induced to undergo in vitro differentiation 

to adipocytes. Pellets containing the SVFs were suspended in 4 ml DMEM/animal for all 

tissues and seeded in six-well plates (2 ml cell suspension/10 cm2 /well; Corning). 

Medium was changed 1 day after seeding and subsequently every second day. Two days 

after cells reach confluency differentiation was induced by addition of the induction 

media. Differentiation-inducing medium consisted of Dulbecco modified Eagle medium 

(DMEM)/F12 (Sigma), 10% FBS, 10mg/ml insulin, 1mM Dexamethasone, 25mM IBMX, 
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6mM Indomethacin, 5% penicillin-streptomycin. Cells of SVF were cultured at 37°C and 

8% CO2. After 48h induction media was replaced with maintenance medium for 7 to 10 

days. 

 

Isolation of BMDM 

BMDM from 10-15 week-old mice were obtained from the femurs and tibias of C57Bl/6 

mice as described 154.Briefly, bone marrow is flushed out from the mice femur and the 

tibia with a 26-gauge needle. Bone marrow cells are harvested and cultured with DMEM 

containing macrophage colony–stimulating factor (M-CSF, Preprotech, 20ng/mL) in non-

treated p150 plates. After 7 days in culture, contaminating non-adherent cells are 

washed and eliminated while adherent cells are harvested for assays. Adherent bone 

marrow–derived macrophages are usually better than 90% pure. 

 

Scratch/ Wound Healing migration assay 

On day 1 isolated BMDMs were seeded in the ibidi Culture-Inserts at a concentration of 

80.000cells/insert. Cells were kept in medium without serum OVN. On the next day cells 

were treated with Mitomycin 10ug/µL for 1h at 37ºC. Inserts were then removed and 

the conditioned medias from 3T3-L1 cells lines were added to each BMDM condition. 

Pictures were taken at time 0 and 24h with AXioCAm MRc5 Zeiss. Cell migration was 

quantified by counting the number of cells that had invaded the scratch at 24 h, 

considering the reference area at time 0 h. Experiment was performed in triplicate. 

 

Transwell chamber migration assay 

Chamber migration assays were performed using 0.47 cm2 Transwell inserts with an 8 

μm pore size membrane (#140629, Thermo Scientific). Conditioned media from 

adipocytes treated with FFA for 24 h, medium containing 200 ng/ml MCP-1 (Biolegend, 

San Diego, CA) as positive control, or low-serum DMEM as negative control were placed 

in the lower chamber. One hundred thousand bone marrow-derived macrophages were 

suspended in DMEM medium containing 0.1% serum and seeded in the upper part of 

the chamber. Cells were incubated at 37°C and 5% CO2 for 3 hours. Cells that had not 

migrated and remained in the upper chamber were removed by gently swiping the 

membrane with cotton tips. Cells that migrated were fixed with 2.5% glutaraldehyde, 

permeabilized with 0.5% Triton-X-100 and stained with 0.1% crystal violet. Images were 
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taken using a DMR inverted microscope. The amount of cells that migrated was 

quantified from 6 fields of 10x magnification/condition using fluorescence microscope. 

The experiment was repeated twice. 

 

Human samples 

Human liver tissue of patients suffering from NAFLD and NASH (n = 62) was obtained 

during bariatric surgery at the St. Franziskus-Hospital in Cologne. The ethics committees 

of the North Rhine-Westphalian Chamber of Medicine (no. 2017110) and of the 

University Hospital Bonn (no. 194/17) approved the study. Experienced liver pathologists 

analyzed the biopsies, and Kleiner score was calculated based on histopathomorphology. 

NAFLD patients included in this publication had a Kleiner score of 3–4. Subjects belong 

to obese NAFLD (n=15), obese without NAFLD (n=12) and NASH (n=14) groups. Adipose 

tissue samples from vWAT were obtained during bariatric surgical procedures. All 

subjects gave written informed consent Samples were frizzed at -80ºC and proceed to 

extract protein and RNA. Control Samples (n=10 /BMI<25) and data from patients 

included in this study were provided by the FATBANK platform promoted by the 

CIBEROBN and coordinated by the IDIBGI Biobank (Biobanc IDIBGI, 

B.0000872), integrated in the Spanish National Biobanks Network and they were 

processed following standard operating procedures with the appropriate approval of the 

Ethics, External Scientific and FATBANK Internal Scientific Committees. 

RNA was prepared from samples using RNesay Lipid Tissue Mini Kit (quiagen). 

Concentration was determined using NanoDrop 100 (Thermo Scientific). 

 

Histologic analysis & Immunohistochemistry 

Liver and Epididymal fat pads were collected and fixed in formalin overnight. After 

paraffin embedding 5µm thick cuts were obtained and stained on Hematoxylin & Eosin 

entire epididymal fat pad cross-sections or leave it for immunostainings. 

For measuring adipocyte area, magnification was at 10x and a digital slide scanner was 

used to digitalize the image. Images were then imported for computer-assisted 

quantitative image analysis using ImageJ software (version 1.34s; National Institute of 

Health, USA). Pictures were converted into a binary black and white images (8-bit; grey 

scale). The ‘watershed’ function was used to mark the boundaries of individual fat 

clumps. The ‘analyze particle’ command was used to measure clump numbers and areas 



MATERIALS & METHODS 
 

73 
 

with ‘cellularity’ set at 0.70– 1 and ‘size’ set at 500-infinity. The command ‘measure all’ 

was used to automatically generate all measurements. 

For immunostainings 5µm paraffin sections were deparaffinised in Xylol and rehydrated 

in graded alcohol series after the staining. For epitope retrieval, sections were boiled in 

a streamer for 30min in citrate or EDTA buffer. Endogenous peroxidase was inhibited 

using 3%H2O2 and blocked with 5% goat serum for 1h at RT. Slides were incubated OVN 

with the following primary antibodies (CD68 ab125212 1.100 ,CD31 ab28364 1.50). 

Washing of the sections was performed with PBS previous to the incubation with the 

secondary DaKo Real EnVision Detection System for 30min at RT. Antibody binding was 

revealed using hydrogen peroxide as a substrate and diaminobenzidine as a chromogen. 

Haematoxylin was used as a counterstain. For negative control, primary antibody was 

omitted and then sections were incubated with the corresponding secondary antibodies 

and detection systems. Tissue samples were scanned in the Nanozoomer 2.0HT of the 

histopathology facility of the IRB. Scanned sections were visualized with the NDP.view2 

Viewing software.  

 

Quantification of circulating triglycerides 

Triglycerides from mice serum were analysed using the automated clinical chemistry 

analyzer FUJI DRI-CHEM 4000V (Fujifilm, Japan). Triglycerides (TG) between the range of 

10 to 500 mg/dl were obtained by using a total sample volume of 10µl of mice serum. 

The slide is incubated at 37ºC for 6 minutes and the optical density is measured at 

650nm, converting the optical density into triglyceride concentration using an already 

preinstalled reaction. 

 

Quantification of Liver triglycerides  

Frozen tissue was weighted and suspended in 9X PBS (137 mM NaCl, 10 mM Phosphate, 

2.7 mM KCl at pH= 7.4). 300mM Methanol, 700mM Chloroform and 100mM H2O were 

added to the mixture and centrifuged at 12000rpm for 10 minutes. Supernatant was 

mixed with premixed 1/5 dilution of Triton-100 and Chloroform. Resulting mix was dried 

overnight (o/n) with a dry-vacuum and suspended the next day with 100ul H2O. Finally, 

Triglycerides Reagent Set (Pointe Scientific Inc., USA) was added on each sample and 

measured using Epoch microplate spectrophotometer (BioTek, USA). Triglyceride 

content was measured using a standard regression curve. 
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ELISA  

MCP-1 levels in epididymal adipose tissue were determined by a specific sandwich ELISA 

by using capture/biotinylated detection antibodies obtained from Peprotech (London, 

UK) according to the manufacturer's recommendations. IL-10 was measured using the 

Multiplex Assays techonolgy (Merck) based on Luminex technology. 

 

RNA extraction and gene expression analysis 

Total RNA was isolated and purified from mouse tissue and cells using RNAspin Miki Kit 

(Quiagen). RNA was reverse transcribed with Quantitect Reverse Transcription Kit 

The synthesized cDNA was then amplified by real-time TaqMan PCR using mouse CPEB4 

(), PPArgamma (Mm00440940_m1), CBEPα Mm00514283_s1) GLUT4Mm00436615_m1), 

IL-6(Mm00446190_m1), IL-10(Mm01288386_m1), ACTB (Mm02619580_g1), HPRT 

(Mm00446968_m1) Human CPEB4 (Hs03929097_g1) TaqMan Gene expression assays 

(Thermo Fisher Scientific), in an ABI PRISM 7900 Sequence Detection System (Applied 

Biosystems, Foster City, CA). All PCR reactions were performed in duplicate, using 

nuclease-free water as control. Resulting expression levels of the mRNA of interest gene 

were normalized to endogenous control βactin and, or HPRT expression, which was 

unaffected in the different treatment groups. 

 

Immunoblotting 

Protein extract was obtained from frozen tissue homogenized or cells with cold RIPA lysis 

buffer (Sigma; R0278) supplemented with a protease and phosphatase inhibitor cocktail 

(Thermofisher, Waltham, MA; 78440). In the case of cells, lysates were sonicated 

previous to centrifugation to obtain total protein extract. Protein concentration in the 

resultant lysates was measured using the Bradford Protein assay (BioRad, Hercules, CA). 

Equal amounts of protein (10-25 g) were heated (95ºC, 8 minutes) in sample buffer 

containing sodium dodecyl sulfate (SDS) and βmercaptoethanol. Samples were resolved 

in different acrylamide percentage gels for SDS-Page and were subjected to immunoblot 

analysis in 0,45 µm pore size PVDF membrane (Sigma-Aldrich, USA). 

The following monoclonal and polyclonal antibodies were used: CPEB4 (ab83009, 

Abcam), VEGF (ab1316, Abcam), CD68 (ab125212, Abcam), CD206 (ab64693, Abcam) 

TNFα (ab66579, Abcam), TLR4 (sc-293072, Santa Cruz), IL1b (sc-1252, Santa Cruz) PCNA 

( NA03, Calbiochem), FLK1 (sc-315, Santa Cruz), iNOS (BD610432), CD163 (sc-59865, 
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Santa Cruz), GLUT4 (novus biological, NBP1-49533SS) C/EBPa (sc-365318, Santa Cruz), 

PPARγ (sc-7273, Santa Cruz), GLUT4 (Novus Biological, NBP1-49533SS), Perilipin-1 

(#9349, Cell signalling), pHSLSer565  (#4137, Cell signalling) pHSLSer660 (PA5-64494, 

Thermo Fisher), VEGFA (ab46154, Abcam). GAPDH (sc-32233, Santa Cruz), β-actin 

(A2228, Sigma) and tubulin (T9026, Sigma) were used as loading controls. Proteins were 

then detected using horseradish peroxidase-conjugated secondary antibodies 

(Stressgen) at 1:10.000 and the enhanced chemiluminescence detection system ECL (GE 

Healthcare). Quantification of protein signals was performed using computer-assisted 

densitometry. 

 

Immunofluorescence  

Tissue sections (5µm) were deparaffinised, and antigen retrieval and blocking were 

performed as described in the immunoblotting section. Primary antibody Perilipin 1 

(#9349S cell signalling 1.200) was used and incubated overnight 4ºC. For fluorescence 

visualisation of antibody reactions, Perilipin 1 primary antibody was detected using 

secondary antibody labelled with the fluorochrom Alexa Fluor (Alexa anti rabbit-488, 

Invitrogen). To detect Isolectin B4 an already conjugated antibody was used (Isolectin 

GS-B4 Alexa fluor 646 (132450 life technologies). To detect cell nuclei, tissues were 

counterstained with DAPI (Vector Laboratories) for 1 minute and mounted with 

Fluoromont mounting media. Negative controls were run omitting the primary antibody 

and incubating with secondary antibodies labelled with the fluorochromes Alexa Fluor. 

Images were obtained from slide scans. Scanned was performed in the Nanozoomer 

2.0HT of the histopathology facility of the IRB. Scanned sections were visualized with the 

NDP.view2 Viewing software and analysed with the QuPath 2.0 software using the 

positive cell detection command.  

 

Statistical analysis 

Data are shown as mean±SEM. Results that were normally distributed (P>0.05 from 

Kolmogorov-Smirnov test) were compared with parametric statistical procedures 

(Student t test and ANOVA followed by Bonferroni´s test for multiple comparisons). Non-

normally distributed results were compared with non-parametric tests (Kruskall-Wallis 

one-way ANOVA and Mann-Whitney-U test). Significance was accepted at P<0.05. All cell 

culture experiments were performed at least 3 times. 
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 Results 

5.1 Obesity impact in liver disease lies not only in the liver but also in the 
splanchnic territory  

 

To study the extrahepatic impact of obesity on liver disease we generated a model with 

Sprague Dawley rats of 6 weeks of age fed with high fat diet (60% Kcal of fat) or normal 

diet (13% kcal of fat) for 16 weeks. After this period, both groups were randomly 

subjected to a partial portal vein ligation (PPVL) or to a faked surgical operation (Sham). 

We used the PPVL model to mimic the extrahepatic alterations of chronic liver disease. 

All groups were studied 7 days after surgery (Figure 1A).  

As expected after 16 weeks of diet, high fat diet fed rats exhibited a significantly 

increased body weight compared to the normal diet fed rats (Figure 1B). This increase 

correlated with a higher energy intake and a lower food intake in the HFD fed group 

compared to their normal diet controls (Figure 1D). Moreover, measurement of body 

weight one week after surgery did show also a significant increase in the HFD-PPVL rats 

compared to their control ND PPVL rats, suggesting a possible exacerbation of the 

adiposity by the PPVL hit (Figure 1C). 
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Figure 1. Phenotypical characterization of the NAFLD model in rats. (A) Schematic 

representation of the NAFLD model protocol used in Sprague-Dawley rats. (B) Body weight profile 

on Normal diet (n=18) vs High fat diet fed animals (n=18) after 16 weeks of HFD exposure. 

*p<0.005 versus Normal Diet. (C) Body weight profile on ND vs HFD fed animals after one week 

of surgery (partial portal vein ligation, PPVL or sham operation, Sham) (n=9/condition/diet). 

*p<0.05 versus ND-PPVL. (D) Energy and food intake profile during the 16 weeks of control diet 

feeding. All studies were conducted in rats at 22 weeks of age after 16 weeks of diet. Statistical 

analysis was performed by t-student test. All results are expressed as mean ± SEM. 

 

Since liver disease is highly characterized by hemodynamic disturbances, we first 

measured the hemodynamic parameter behaviour after a PPVL plus a high fat diet insult. 

As expected, portal pressure (PP), superior mesenteric artery blood flow (SMBF) and 

portosystemic shunting were significantly increased in the portal hypertensive rats 

without relevant effects of the diet on the portal hypertensive group (Figure 2A and B). 

Moreover, neither PPVL surgery nor the high fat diet produced a systemic effect as 

reflected by no significant differences in the mean arterial pressure (MAP) values (Figure 

2D). 

 

Figure 2. Hemodynamic effects of the combination of HFD and PPVL in rats. (A and B) Effects on 

the portal pressure and the superior mesenteric blood flow of ND-PPVL (n=7-8), HFD Sham (n=8-

9) and HFD-PPVL animals (n=8-9). ND fed Sham animals were used as a control grup (n=6-9). (C) 

Portosystemic shunting. (D) Effect of both liver disease induction and high fat diet feeding on the 

mean arterial pressure. All results are expressed as mean ± SEM. 
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To further characterize the model, we put our focus into the extrahepatic territory, 

specifically on the adipose tissue. We sought to determine if the fat depot behaviour 

under a HFD exposure changed after the induction of the liver disease. As expected, HFD 

fed rats showed more adiposity exhibited by bigger white adipose tissue depots. Total 

visceral fat pat weight slightly increased in the PPVL obese rats compared to the obese 

Sham group without reaching significance (Figure 3A). When dissecting the different 

white fat pads, mesenteric and epididymal fat depots showed a tendency to present 

heavier fat depots, contributing to the final increase of the WAT (Figure 3B). 

 

 

 
 

Figure 3. Increased adiposity of white fat depots on PPVL mice fed with HFD for 16 weeks. (A) 

Total WAT weight derived from epididymal, mesenteric and retroperitoneal white adipose tissues 

from LFD or HFD fed rats under a Sham or PPVL operation. (B) Mesenteric, epididymal, and 

retroperitoneal individual fat pad weight. All results are expressed as mean ± SEM. 
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5.2 The pathogenesis and severity of the extrahepatic manifestations of 
liver disease is exacerbated in an obesity situation due to an increased 
proliferation and inflammation of the adipose tissue  

 

To further dissect the adipose tissue phenotype and behaviour in our model, we deeply 

investigated the mesenteric and epididymal adipose tissues. As extensively reported, 

adipocyte hypertrophy prevails in obesity. Thus, staining of mesenteric and epididymal 

adipose tissue on HFD fed rats revealed greater cell size in the HFD fed rats, indicating, 

as expected, hypertrophy of the adipose tissue in the groups fed with HFD (Figure 4A). 

Interestingly, both groups within the HFD fed rats presented a tendency to have bigger 

adipocytes. However, when dissecting adipocyte size by range we saw the presence of 

giant adipocytes (>5000 µm2) on the mesenteric adipose tissue from the HFD-PPVL rats, 

(Figure 4B) indicating a more pathologic adipose tissue. A comparable increase was seen 

in the epididymal adipose tissue (Figure 4C) where the majority of the biggest adipocytes 

(>8000 µm2) were also present in the HFD-PPVL group (Figure 4D). These findings 

suggest that obesity exerts an important extrahepatic effect on liver disease 

development. 
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Figure 4. Effect of a PPVL on the HFD-induced adipocyte hypertrophy. (A) Representative images 

of haematoxylin and eosin (H&E) staining in the mesentery of Sham or PPVL rats fed with ND or 

HFD. (B) Quantification of mesenteric adipocyte area (top) and frequency adipocyte distribution 

per area (bottom). ND Sham (n=8), ND PPVL (n=9), HFD Sham (n=9), HFD PPVL (n=6) *p<0.05 

versus ND Sham. (C) Representative images of haematoxylin and eosin (H&E) staining in the 

epididym depot of Sham and PPVL rats fed 16 weeks with ND or HFD. (D) Quantification of 

epididymal adipocyte size (top) and frequency adipocyte distribution per area (bottom). ND Sham 

(n=5), ND PPVL (n=9) HFD Sham (n=8), HFD PPVL (n=7). All results are expressed as mean ± SEM. 

Scale bars =250 µm (A, C) 

 

 

Under pathologic conditions, adipose tissue represents also a great source of 

inflammation. To investigate the effect of liver disease on adipose tissue inflammation, 

we measured first the expression of key inflammatory markers on mesenteric WAT. HFD 

fed animals showed increased CD163 and TNFα (Figure 5A) in the mesentery, consistent 

with an increase inflammatory infiltrate on the adipose tissue in HFD rats. Of note, 

CD163 macrophage marker increased in the HFD PPVL group compared with the ND 

PPVL control.  

Moreover, the proinflammatory cytokine IL1β and the macrophage marker CD68 were 

notably overexpressed only in the HFD PPVL rats in the mesenteric tissue (Figure 5A). In 

the same line, we observed a significant increase on the TLR4 expression, a key 

transmembrane protein of the innate immune system. 
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Figure 5. Increased expression of proinflammatory proteins in the mesentery of rats fed with 

HFD after a PPVL surgery. (A) Western blotting of CD163, TNFα, IL1b, TLR4 and CD68 in ND vs 

HFD fed rats after Sham or PPVL surgery. Densitometric quantification of protein expression 

relative to loading control b-actin or GAPDH is also shown. *p<0.05. Results are expressed as 

mean ± SEM. 

 

Based on the marked increased of CD68 by western blot, we wanted to follow up the 

study of the mesenteric inflammation. We performed an IHC of CD68 on the rat 

mesentery depot to study the macrophage distribution. Correlating with the 

immunoblotting result, HFD-PPVL rats presented a significant increase in CD68 

expression compared with their controls (Figure 6A,B). We next dissected the expression 

of CD68 in different mesenteric areas where macrophages could be acting. We found an 

important increase of CD68 expression in the outside layer (serous) of the mesentery, 

which is in contact with the peritoneal cavity and therefore with adjacent important 

organs (Figure 6C). Overall, these results suggest an aggravated inflammatory state of 

the adipose tissue in the portal hypertensive rats fed with HFD. 
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Figure 6. Mesenteric inflammation in HFD PPVL rats focalizes in the serous layer of the 

mesentery. (A) Representative immunostainings for the macrophage marker CD68 in paraffin-

embedded mesenteric sections of ND/HFD fed rats after 1 week of SHAM/PPVL surgery. (B) 

Quantification of CD68+ cells in all the mesenteric section followed by a quantification 

specifically of the serous layer. *p<0.05 versus HFD Sham. Results are expressed as mean ± SEM. 

Scale bars =250 µm (A). 

 

Mesentery has been recognized as a complex organ which, apart from being a white 

adipose tissue depot, constitute one of the most important microvascular networks 

during chronic liver disease. Thus, we next sought to determine if angiogenesis in the 

mesenteric vascular bed, as a result of a PPVL insult, was altered by a previous high fat 

diet. CD31 endothelial cell marker expression was increased in NC PPVL rats as expected 
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but this increase was not exacerbated by a HFD. On the contrary, CD31 positive vessels 

were reduced in portal hypertensive rats fed with high fat diet (Figure 7A,B). In the same 

line, the vasculogenic protein VEGF and its receptor implicated in angiogenesis, VEGFR2, 

were increased in PPVL groups, independently of the diet (Figure 7C). This result could 

suggest an impairment on the new vessel formation exerted by hypertrophic adipocytes. 

 

 

 

Figure 7. Neovessel formation does not increase for the effect of a PPVL in the mesentery of 

HFD fed rats. (A) Representative immunostainings for the endothelial marker CD31 in paraffin-

embedded ND/HFD fed rats after 1 week of SHAM/PPVL surgery. (B) Quantification of CD31+ 

vessels in ND Sham (n=6), ND PPVL (n=9), HFD Sham (n=7), HFD PPVL (n=7). Results are expressed 

as mean ± SEM. **p<0.005 versus ND PPVL. (C) Western Blotting of VEGF and VEGR2 markers of 

pathological angiogenesis. Scale bars =100 µm (A) 
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Even though knowing that the portal vein ligation mimics the extrahepatic liver disease 

effect without affecting directly the liver, we next wondered if these extrahepatic effects 

produced by both diet and portal vein ligation could impact eventually the liver and 

aggravate the outcome of the disease. We analysed the state of the liver and we found 

a significant increase of the portal inflammatory infiltrate in the portal hypertensive rats 

independent of diet (Figure 8B). Transaminases, however, were significantly increased 

in the PPVL rats when fed with a HFD, suggesting an increased liver damage (Figure 

8C,D). Sirius-red did not show signs of fibrosis in any group (Data not shown). 

 

Figure 8. HFD PPVL rats exhibited increased liver damage. (A) Macroscopic photographs of 

representative livers. (B) Semiquantitative portal inflammatory infiltrate. (C and D) Transaminase 

levels.  All results are expressed as mean ± SEM. **p<0.005, *p<0.05 versus ND PPVL. 

 

Since the liver represents also an important fat depot during obesity, we next measured 

the metabolic state of the liver after both insults, to see if the increased liver damage 

correlated with greater fat accumulation. High fat diet fed rats exhibited increased 

steatosis as expected in a NAFLD model (Figure 9A) as well as increased liver triglycerides 

and cholesterol even thought, any of them was exacerbated by the PPVL insult. All 
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together, these results suggest that the aggravated extrahepatic state due to a high fat 

diet could eventually affect the liver when there is a previous damage.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9. Liver lipid metabolism in HFD fed rats is not increased by a PPVL insult. (A) 

Representative images of haematoxylin and eosin (H&E) and oil red staining. Oil red staining 

semiquantification is also shown. ***p<0.0005 versus ND Sham (B and C) Liver triglyceride and 

Liver cholesterol levels in ND Sham (n=9), ND PPVL (n=9), HFD Sham (n=8) and HFD PPVL (n=)9 

group. All results are expressed as mean ± SEM. **p<0.005 * p<0.05 versus ND PPVL. 
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5.3 CPEB4 is overexpressed in pathologic adipose tissue  

In order to find the causality of the aggravated state of the extrahepatic adipose tissue 

in HFD fed animals with liver disease, we focused on the protein CPEB4. Previous 

published evidence linked CPEB4 with important lipid functions148 as well as with 

cirrhosis and pathological angiogenesis149. Furthermore, CPEB family of proteins have 

been bioinformatically predicted to regulate up to 20% of the whole human mRNAs. 

Based on these data, we hypothesize that CPEB4 could be regulating the translation of 

important mRNAs involved in adipose tissue expansion and inflammation. To further 

underscore the importance of CPEB4 in obesity driven NAFLD, we investigated first, if 

CPEB4 is regulated during obesity through measurement of its expression in visceral 

adipose tissue. We found CPEB4 overexpressed in the epididymal adipose tissue of the 

obese portal hypertensive rats (Figure 10A). Moreover, in a previous milder model we 

developed on the laboratory with a HFD of 45% fat for 16 weeks, we were already able 

to see in mesenteric tissue, how CPEB4 was clearly overexpressed compared to normal 

diet fed rats (Figure 10B). 

 

 

 

Figure 10. CPEB4 protein expression increases in pathologic rat white adipose tissue. (A) 

Western Blotting of CPEB4 in rat epididymal adipose tissue after 16 weeks of ND or HFD (60% 

Kcal derived from lipids) plus a PPVL or Sham operation for one week. (B) Western blotting of 

CPEB4 in mesenteric adipose tissue of rats fed with normal diet or HFD (45% Kcal derived from 

lipids) for 16 weeks. 

 

 

 



 RESULTS 
 

90 
 

We next generate a NAFLD model in mice to have the genetic tool to further on be able 

to generate KO models. Supporting the CPEB4 increased expression seen in rat’s adipose 

tissue, mice fed with HFD for 16 weeks expressed also increased CPEB4 expression in the 

epididymal adipose tissue (Figure 11B) compared to low fat diet (LFD) fed mice. Of note, 

this increase was exacerbated due to the PPVL (Figure 11A).  

 

 

 
 

Figure 11. CPEB4 protein expression increases in pathologic mouse adipose tissue. (A) Western 

blotting of CPEB4 expression in epididym of mice fed with LFD or HFD for 16 weeks and under 

Sham or PPVL operation for 7 days. (B) Western blotting of CPEB4 expression in epididym of mice 

fed with LFD compared to a HFD. 

 

 

To further validate the clinical impact of our results, we measured CPEB4 levels in 

omental adipose tissue of obese and obese NAFLD patients compared to lean controls. 

Interestingly, obese subjects showed increased protein levels of CPEB4 in visceral 

adipose tissue (Figure 12B). CPEB4 mRNA levels did not change between Lean and Obese 

patients nor even in NASH patients (Figure 12A) indicating a possible CPEB4 regulation 

through a post-translational mechanism in this scenario. All together, these results 

strongly suggest that CPEB4 could be participating in a process involved with obesity 

such as the adipose tissue expansion characteristic of obesity. 
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Figure 12. CPEB4 protein expression increases in obese human with and without NAFLD 

pathology. (A) Western blotting of CPEB4 expression in omental adipose tissue of lean, obese 

and obese NAFLD patients. (B) mRNA expression of CPEB4 in omental adipose tissue of Lean 

(n=7), Obese without NAFLD (n=12), Obese with NAFLD (n=13) and NASH (n=14) patients.  

 

 

5.3.1  CPEB4 promotes adiposity  

In order to elucidate the CPEB4 role in adipose tissue during NAFLD development, we 

used first, a global loss-of-function genetic mouse model (CPEB4KO). CPEB4KO mice as well 

as their control wild type (WT) mice at 6 weeks of age were fed with a HFD for 16 weeks 

to generate a NAFLD model (Figure 13A). Consistent with the literature, WT mice with 

high fat diet feeding resulted in a marked body weight gain. Interestingly, CPEB4KO mice 

gained less body weight than their controls WT (Figure 13B,C). This finding brought us 

to investigate the behaviour of the principal extrahepatic target organs affected by a 

high fat diet. 
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Figure 13. CPEB4 ablation results in reduced body weight in mice under high fat diet exposure 

for 16 weeks. (A) Schematic representation of the NAFLD model protocol used in mice. (B and C) 

Body weight profile and endpoint weight of WT and CPEB4KO mice fed with LFD (n=6-7/genotype) 

or HFD (n=12-20/genotype). Statistical analysis was performed by t- test. Data are expressed as 

mean ± SEM. ***P<0.001 

 

To ascertain whether the resistance of CPEB4KO mice to gain body weight in response to 

HFD feeding reflected a specific decrease in visceral adiposity, we measured the weight 

of fat depots. Total body weight decrease in the HFD fed animals lacking CPEB4 was 

correlated with a weight decrease of the white adipose tissue depots (Figure 14A). In 

accordance, when dissecting the individual visceral adipose tissue (mesenteric, 

epididymal and retroperitoneal), we found a comparable weight reduction in the three 

of them in HFD-fed CPEB4KO mice compared with WT mice on the same diet (Figure 14C). 

In addition, serum triglycerides after HFD feeding did also decrease when CPEB4 was 

ablated (Figure 14B). 

Remarkably, genetic ablation of CPEB4 in LFD fed mice, in which CPEB4 expression in 

WAT is low, had no effect on adipose tissue weight, relative to WT littermates on the 

same diet. These results suggest that CPEB4 plays a crucial role in the dysregulation of 

the adipose tissue homeostasis due to a high fat diet feeding. 
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Figure 14. CPEB4 ablation resulted in reduced white adipose fat pad weight in mice fed with 

high fat diet for 16 weeks. (A) Total WAT weight derived from epididymal (eWAT), mesenteric 

(mWAT) and retroperitoneal (rWAT) adipose tissues from WT or CPEB4KO fed with LFD or HFD. 

(B) Serum triglycerides (LFD n=6/ genotype) (HFD n=12-20/genotype). (C) epididymal, mesenteric 

and retroperitoneal individual weights. All results are expressed as mean ± SEM 

 

 

The observation that CPEB4KO mice had reduced susceptibility to obesity prompted us 

to examine whether white adipocytes might rely on CPEB4 dependent reprogramming 

to fuel cell hypertrophy during excessive intake of fat calories. To do so, we focused on 

the epididymal WAT. Adipocyte size quantification revealed the presence of smaller 

adipocytes in the CPEB4KO mice fed with HFD compared with the WT (Figure 15C,D). 

Correlating, the majority of adipocytes in the CPEB4KO HFD group were found to have 

around 5000 µm2 of area while in the WT HFD were bigger, with an area of more than 

6000 µm2. Interestingly, epididymal hypertrophy reduction was accompanied by a 

decrease adipose tissue proliferation as showed the PCNA levels (Figure 15B). No cellular 

changes in the normal adipose tissue architecture, including changes in adipocyte size 

and proliferation were observed in CPEB4KO mice compared to ET when both were fed 

on LFD. 
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Figure 15. CPEB4KOmice exhibit less hypertrophy and hyperplasia of the white adipose tissue 

when fed with a high fat diet. (A) Macroscopic photographs of representative epididymal fat 

depots of WT or CPEB4KO mice fed with LFD or HFD for 16 weeks. (B) Western blotting of the 

proliferative marker PCNA in WT versus CPEB4KO mice fed with HFD. (C) Representative images 

of haematoxylin and eosin staining in paraffin embedded epididymal mouse sections. (D) 

Adipocyte area and number quantification in WT LFD (n=7), CPEB4KO LFD (n=6) compared to WT 

HFD (n=7) and CPEB4KO HFD (n=6). All results are expressed as mean ± SEM. 
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5.3.2 CPEB4 deficiency attenuates angiogenesis and adipose tissue 

inflammation on diet induced obesity 

During obesity, white adipose tissue is hypervascularized and the adipose vasculature 

displays phenotypic and functional plasticity to coordinate with metabolic demands of 

adipocytes. Thus, adipose tissue microcirculation is heavily impacted by adipose tissue 

expansion, where angiogenesis is necessary to counter hypoxia arising as a result of 

tissue expansion155,55. In support of this notion, we found that HFD fed mice presented a 

marked increased angiogenesis. Interestingly in this context, we have demonstrated 

how adipose tissue from CPEB4KO mice under HFD present less vasculature than its WT 

control, as indicated by the marker Isolectin B4 (IB4) (Figure 16 A,B). Moreover, we 

found the pro-angiogenic factor VEGFA protein expression to be significantly reduced in 

two of its isoforms in CPEB4KO compared to WT littermates under HFD (Figure 1C). 
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Figure 16. CPEB4KOmice exhibit less angiogenic signal than WT mice when fed with a high fat 

diet. (A) Representative images from immunofluorescence double stained eWAT tissue slides 

with perilipin 1 and Isolectin B4 of WT or CPEB4KO mice fed with LFD or HFD for 16 weeks. (B) 

Isolectin positive signal quantification of WT LFD (n=5), CPEB4KO LFD (n=4) compared to WT HFD 

(n=8) and CPEB4KO HFD (n=6). (C) Immunoblotting of VEGFA isoforms in epididymal adipose 

tissue. All results are expressed as mean ± SEM, *p<0.05 Representative images of IB4 or CD31 

immunofluorescence and its quantification in the specified tissues (n=3-4/genotype). Scale bar 

500 μm.  

 

Since an excess of adipose tissue represents also a great source of inflammation, we 

wonder how the lack of CPEB4 affects the inflammatory state of the adipose tissue. We 

first demonstrated that WT mice displayed the expected inflammatory state within 

abdominal fat depots following prolonged HFD feeding, relative to LFD fed mice. 

Interestingly, CPEB4 depletion robustly improved this inflammatory phenotype as 

measured by CD68, TNFα and CD206 protein levels (Figure 17A). Consistent with this 

observation, we found that ablation of CPEB4 strongly reduced the formation of crown-

like structures (CLS, adipose tissue arranged around dead adipocytes) measured by 

CD68+ immunohistochemistry (Figure 17B-C). This result correlates also with a decrease 

in the macrophage chemoattractant protein-1 in CPEB4KO mice fed with HFD (Figure 

17D), master regulator in the macrophage recruitment. All together, these results 

suggest an important role of CPEB4 in the adipose inflammation process. 
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Figure 17. CPEB4KOmice present less adipose tissue inflammation. (A) Western Blotting of the 

macrophage and proinflammatory markers CD68, CD206 and TNFα in mouse epididymal adipose 

tissue. Protein expression quantification normalized by GAPDH is also shown. (B) Representative 

immunostainings for the macrophage marker CD68 in paraffin-embedded WT/CPEB4KO mice fed 

with LFD or HFD for 16 weeks. (C) Crown-like structures quantification based on CD68 

immunostaining in WT LFD (n=7), CPEB4KO LFD (n=6), WT HFD (n=10), CPEB4KO HFD (n=5) 

*p<0.0001. (D) MCP1 ELISA levels in epididymal adipose tissue of WT HFD (n=8) versus CPEB4KO 

HFD mice (n=7). *p<0.05. All results are expressed as mean ± SEM. 

 

To investigate mechanisms that might account for the reduced inflammation in the WAT 

of CPEB4KO mice, we defined changes in the macrophage adipose tissue population 

(ATM) in greater detail. To this end, we isolated the epididymal stromal vascular fraction 

of WT or CPEB4KO mice fed with HFD for 16 weeks and further performed flow cytometry 

analysis to characterize ATM populations. Consistent with the previous results, ablation 

of CPEB4 did modify the percentage of F4/80high+CD11b+ total adipose tissue 

macrophage population. Indeed, WT HFD fed mice showed increased ATM compared 

with the CPEB4KO with a clear cluster of population with high positive F4/80 expression. 

(Figure 18A). 
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Figure 18. CPEB4KO mice present less eWAT ATM than WT mice under high fat diet. (A) 

Representative flow cytometry plots (right) showing frequencies of F4/80+CD11b+ macrophages 

(ATM) among stromal vascular cells isolated from eWAT of HFD-fed WT or CPEB4KO mice. Gates 

are made using Fluorescent minus one (FMO) controls of F4/80 marker (left). 

 

We next performed further subfractionation of the purified ATM population (F4/80high+ 

CD11b+) using CD206 and CD11c markers, focusing on the metabolic macrophage 

population (Mme). Consistently with the previous observations, ablation of CPEB4 in 

obesity setting altered the activation status of the ATM. We found that the Mme 

proinflammatory population (F4/80+CD11b+CD206+CD11c+) was higher in the WT than 

in the CPEB4KO mice fed with HFD (Figure 19A). On the contrary, the strictly resolutive 

macrophage population M2 (F4/80+CD11b+CD206+CD11c-) was higher in the CPEB4KO 

compared to WT fed with HFD, consistent with the observation that CPEB4 deletion 

prevents the generation of low-grade inflammation in response to high-fat feeding. 

Moreover, TLR4, known to be the receptor through Mme macrophages, mediates their 

inflammatory responses to fatty acids was also decreased in the CPEB4KO mice fed with 

HFD compared to WT mice (Figure 19B). 
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Figure 19. Metabolic macrophage subpopulation content is higher in the eWAT of the WT than 

the CPEB4KO mice during diet induced obesity. (A) Representative flow cytometry plots showing 

(left) FMO controls of CD11c marker to gate the (right) Mme population (CD206+CD11c+) among 

the F4/80+hiCD11b+ cells of the WT and CPEB4KO phenotype fed with HFD. (B) Western Blotting 

of the macrophage TLR4 marker in mouse epididymal adipose tissue. **p<0.01 

 

These results suggest that CPEB4 ablation may dampen inflammation by inducing a 

phenotypic switching on alternative activation of macrophages towards an anti-

inflammatory phenotype, which in turn reduces pathological inflammation induced by 

high-fat diet and contributes to maintenance of tissue homeostasis. 
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5.3.3 CPEB4 deficiency does not exhibit increased WAT lipolysis in basal 

conditions 

During obesity, high levels of saturated fatty acids (SFAs) contribute to adipose tissue 

inflammation and dysfunction.  We wonder if the decreased adiposity and inflammatory 

state observed on the absence of CPEB4 could be partly due to an increase in the lipolytic 

activity of the adipose tissue and consequently an increase of circulating fatty acids. 

Although lipolysis is used to mobilize stored energy during fasting or exercise in fat 

adipocytes, we explored if CPEB4 could be perturbing lipolysis even in basal conditions. 

To molecularly verify it, whole eWAT depots were subjected to immunoblotting. 

Hormone-sensitive lipase (HSL), a key enzyme of the lipolytic pathway, is activated 

trough phosphorylation at Serine residues. Decreased protein levels of the active HSL 

forms were observed in the CPEBKO HFD fed group (Figure 16A). It is also known how 

under basal conditions adipocytes lipid droplets are coated by the specialized protein 

called perilipin.  In accordance with the pHSL decrease, Perilipin1 was increased in the 

CPEB4KO group compared with WT HFD, protecting the lipid droplet from lipolysis 

(Figure 20A).  

As a result of the lipolytic route activation, fatty acids and glycerol are released in the 

circulation. Nevertheless, in non-fasted conditions circulating NEFAs come not only from 

lipolysis of stored TG in adipocytes but also from the hydrolysis of circulating TG. Serum 

NEFA levels in CPEB4KO fed with HFD did not show a significant decreased compared with 

the WT (Figure 20B). 

All together, these results support the idea that limited white adipose tissue 

differentiation and adipogenic capacity, rather than an increased lipolysis, are the main 

contributors to the decreased visceral adiposity observed in the CPEB4KO mice under HFD 

feeding. 
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Figure 20. CPEB4KO mice show decreased lipolysis in fed conditions. (A) Immunoblot analysis 

(left) and quantification (right) of eWAT using the indicated antibodies. (B) Serum NEFA levels 

(n=6-17/genotype/nutritional status) *p<0.05. 

 

We next aimed to see if the CPEB4KO adipose tissue improvements were also taking place 

in the liver since its capacity to storage fat. CPEB4KO mice exhibited complete loss of 

CPEB4 protein also in the liver (Figure 21A). In contrast to the observed in white adipose 

tissue, the amount of CPEB4 in liver was not increased by high-fat diet feeding for 16 

weeks (Figure 21A). Regarding liver weight, it didn’t display differences at this stage 

comparing genotypes within the same diet group (Figure 21B). Transaminases increased 

as expected by the HFD feeding without showing differences for the presence or absence 

of CPEB4 (Figure 21C). Histological comparison failed to reveal any difference in the 

degree of hepatosteatosis compared HFD-fed WT mice. CPEB4KO mice exhibited the 

same amount of lipid droplets (Figure 21D) as well as triglycerides in the liver (Figure 

21E) comparing genotypes under the same diet. Liver fibrosis determined by Sirius red 

staining revealed also no apparent signs of fibrosis after HFD of CPEB4KO compared to 

WT mice (data not shown). These results state the importance of targeting CPEB4 in the 

extrahepatic territory and suggest independent dual roles of CPEB4 in the modulation of 

adiposity and fatty liver. 
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Figure 21. Liver state after total ablation of CPEB4 in mice fed with LFD or HFD for 16 weeks. (A) 

Immunoblotting and quantification of CPEB4 protein expression in mouse liver tissue of WT or 

CPEB4KO, fed with LFD or HFD. (B) Liver weight normalized by body weight in WT LFD (n=7), 

CPEB4KO LFD (n=6), WT HFD (n=22) and CPEB4KO HFD (n=12). (C) ALT in livers from WT and 

CPEB4KO mice fed ND or HFD (n=6 for ND fed mice, n=12 for HFD fed mice).  (D) Representative 

Oil-red staining in liver sections of the same animals.  (E) Liver triglyceride content normalized 

with liver weight from WT and CPEB4KO mice fed with ND (n=7 and 6, respectively) or HFD (n=9 

and 6, respectively). **p<0.005. All results are expressed as mean ± SEM. 
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5.4 CPEB4 is responsible for the adipocyte reprograming in a pathologic 
context. 

5.4.1 CPEB4 regulates adipogenesis in murine white adipose tissue  

Given that the predominant cell type present in adipose tissue are mature adipocytes 

we examined the specific role of CPEB4 in this cell type. CPEB4 mRNA and protein levels 

progressively increased over the course of adipocyte 3T3-L1 differentiation (Figure 

22A,B). We then isolated undifferentiated primary preadipocytes from epididymal WAT 

of 4 month old male mice. We chemically induced preadipocytes to differentiate into 

mature adipocytes and extracted mRNA. In line with the increased expression of CPEB4 

in mature 3T3-L1 adipocyte-like cells, mature primary adipocytes showed also increased 

levels of CPEB4 compared to their own preadipocytes (Figure 22C,D). These results 

indicate that CPEB4 could be important during the adipogenic process. 
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Figure 22. CPEB4 expression increases during adipogenesis. (A) Immunoblotting and 

quantification of CPEB4 protein expression during 3T3-L1 differentiation. (B) CPEB4 mRNA levels 

during 3T3-L1 differentiation. *p<0.05 (C) Phase contrast micrographs of adipocytes. Scale bar 

100µm. (D) CPEB4 mRNA levels on mice epididymal adipocytes compared with isolated 

preadipocytes. *p<0.05. All results are expressed as mean ± SEM. 

 

 

To functionally test for intrinsically altered white adipocyte differentiation potential 

after CPEB4 depletion, we conducted loss-of-function studies in vitro. We silenced CPEB4 

expression in 3T3-L1 cells using short hairpin RNAs (shRNAs). We transfected 3T3-L1 cells 

with recombinant lentiviruses expressing IPTG inducible shRNAs against CPEB4 

(shCPEB4), and compared with 3T3-L1 cells expressing a control scramble shRNAs 

(shSCR). Differentiated 3T3-L1 adipocytes, efficiently CPEB4 silenced, showed reduced 

levels of the adipogenic marker Perilipin1 (Figure 23A). Knowing that the adipocyte 

maturity depends on a first instance in its capacity of accumulate lipids and enlarge lipid 

droplet size, we assessed fat accumulation in these cells using an Oil-Red Oro staining. 

3T3-L1 shCPEB4 failed in accumulating mature lipid droplets compared to controls 3T3-

L1 shSCR cells (Figure 23B).  
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Figure 23. 3T3-L1 adipocytes are uncapable to accumulate mature lipid droplets. (A) CPEB4 

immunoblotting in differentiated 3T3-L1 adipocytes, transfected with scramble or CPEB4 shRNA 

with or without IPTG. (B) Representative image of ORO staining in 3T3-L1 adipocytes at day 8 of 

differentiation. 

 

Consistently, CPEB4 deficiency also greatly decreased genes encoding adipose markers. 

PPARy and C/EBPα expression significantly decrease both at mRNA and protein level 

during differentiation (Figure 24A-B). In addition, CPEB4 deficient adipocytes showed 

decreased expression of the glucose transporter type 4 (GLUT4) (Figure 24C-D). All 

together, these data indicate that CPEB4 enhances the adipogenic programme in 

preadipocytes. 
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Figure 24. Adipogenic transcription factors expression decrease in CPEB4 knockdown 

adipocytes. (A-C) C/EBPα, PPARγ and GLUT4 mRNA expression during adipocyte differentiation. 

(D) PPARγ, GLUT4 and C/EBPα protein levels in mature adipocytes transfected with scramble or 

CPEB4 shRNA. n = 3 independent experiments. *p<0.05. All results are expressed as mean ± SEM. 
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5.4.2 CPEB4 favours the migration and inflammatory infiltration in visceral 

adipose tissue 

We next used the knockdown of CPEB4 in mouse 3T3-L1 preadipocytes to further 

decipher the causal relationship between adipocyte CPEB4 expression and macrophage 

activation in obesity. CPEB4-depleted preadipocytes were induced to differentiate into 

mature adipocytes for 10 days, and then exposed to free fatty acids (palmitic, oleic and 

linoleic acids, which are abundant in obese WAT) for up to 24 hours, to mimic the in vivo 

context of high-fat diet feeding and WAT inflammation. We harvested cell-free 

conditioned medium from these mature adipocytes post stimulation and used it to treat 

primary mouse bone marrow-derived macrophages (BMDM) isolated from wild-type 

mice and placed in functional scratch migration assays with Ibidi silicone inserts. As 

controls, macrophages were incubated with conditioned media from 3T3-L1 adipocytes 

transfected with scramble shRNAs with or without IPTG, transfected with CPEB4 shRNA 

without IPTG, or left untransfected (Figure 25A). This in vitro system models the 

pathophysiology of obesity-related WAT inflammation where most of the WAT 

macrophages are derived from bone marrow. Interestingly, the migratory properties of 

macrophages were significantly impaired when exposed to conditioned media from 

CPEB4KD adipocytes (Figure 25B), which is consistent with a role for CPEB4 inducing the 

production of adipocyte-derived factors which paracrinely promote macrophage 

migration during obesity.  
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Figure 25. CPEB4 knockdown in 3T3-l1 adipocytes decrease macrophage migration in a scratch 

protocol. (A) Schematic representation of the migration protocol. (B) BMDM migration assay 

using conditioned media from 3T3-l1 cells transfected with scramble or CPEB4 shRNA for 24h. 

n = 3 independent experiments. **p<0.005. All results are expressed as mean ± SEM. 

 

 

To further define the role of CPEB4 regulating the crosstalk between adipocytes and 

macrophages, we analyzed the ability of macrophages to directionally respond to 

chemoattractants released by adipocytes. For this purpose, we designed cell migration 

transwell assays where conditioned medium from adipocytes was placed in the lower 

part of a chamber and bone marrow-derived macrophages were seeded in the upper 

chamber (Figure 26A). We found that conditioned medium from wild-type adipocytes 

(either untransfected or transfected with scramble shRNA) resulted in marked increase 

in macrophage migration, which was even greater than the migration elicited by the 

potent chemotactic factor MCP-1. This migratory ability was severely reduced in 

macrophages treated with conditioned medium from adipocytes lacking CPEB4 (i.e., 

transfected with CPEB4 shRNA) (Figure 26B), indicating that the CPEB4-dependent 

release of factor(s) from adipocytes was the trigger for the macrophage migration. 
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Figure 26. CPEB4 knockdown in 3T3-l1 adipocytes decrease macrophage migration in a transwel 

protocol. (A) Schematic representation of the migration transwell protocol. (B) Transwell cell 

migration assay showing that migration of macrophages is inhibited by conditioned media 

derived from CPEB4 shRNA-transfected adipocytes, compared with macrophages exposed to 

conditioned media from scramble shRNA-transfected or untransfected adipocytes. **p<0.005 

Images taken at 20x. 
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Interestingly, the supernatant from macrophages treated during 24 hours with 

conditioned media from FFA-treated CPEB4shRNA-transfected 3T3-L1 adipocytes 

exhibited increased protein expression of the potent anti-inflammatory cytokine IL10 

(Figure 27B), which is characteristically secreted by macrophages with an anti-

inflammatory profile, compared with macrophages treated with conditioned media from 

FFA-treated wild-type adipocytes. These results collectively suggest that differentiated 

obese adipocytes, which express high levels of CPEB4, generate and release factors that 

drive at least part of the migratory and inflammatory phenotype of adipose 

macrophages, in a critical process that is CPEB4 dependent since adipocytes lacking 

CPEB4 do not have this capacity. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 27. Macrophage response to adipocyte conditioned media in the presence or absence of 

CPEB4 (A) Phase contrast micrographs of isolated BMDM treated for 24h with conditioned media 

or controls. (B) Concentration of the anti-inflammatory cytokine Il10 in macrophages exposed to 

the conditioned media from shSCR or shCPEB4 transfected adipocytes treated for 24h with FFA. 

*p<0.05, n = 3 independent experiments. 

 

To address whether this reduced macrophage migratory capacity induced by CPEB4 

silencing in adipocytes was mediated by a direct effect of CPEB4 on mature adipocytes 

and not by the observed effect of CPEB4 on adipogenesis, and differentiation, we 

generated mice with tamoxifen-inducible CPEB4 deletion (CPEB4IKO). We isolated and 

cultured stromal vascular fraction preadipocytes from epididymal WAT of these mice. 
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Mouse primary preadipocytes were subjected to differentiation and then stimulation 

with free fatty acids. Differentiated, mature adipocytes were then exposed to tamoxifen 

(1 μM, from seeding to differentiation day 10) to induce depletion of CPEB4. Control 

adipocytes retaining CPEB4 expression were exposed to vehicle. Adipocyte-conditioned 

medium was collected and used to treat bone marrow-derived macrophages obtained 

from wild-type mice and measure their migration (Figure 28A). Notably, macrophages 

exposed to conditioned medium derived from CPEB4IKO adipocytes exhibited less 

migration capability than did macrophages exposed to conditioned medium derived 

from control wild-type adipocytes (Figure 28B), strongly indicating that this effect was a 

CPEB4-mediated cell autonomous effect on the already mature adipocyte and 

suggesting that this function is largely linked to the anti-inflammatory properties of 

CPEB4-depleted adipocytes rather than a defect in differentiation itself.  

 

 
 

 

 

Figure 28. CPEB4 knockdown in primary adipocytes decrease macrophage migration. (A) 

Schematic representation of the migration protocol. (B) BMDM migration assay using 

conditioned media from primary adipocytes isolated from inducible CPEB4KO mice for 24h. n = 3 

independent experiments. *p<0.05. All results are expressed as mean ± SEM. 
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So far, we have seen not only CPEB4 expression to be essential for the adipose tissue 

angiogenesis and inflammation but also that the effect seem to be adipocyte specific in 

our model. Since macrophages play also a crucial role in the obesity-driven inflammation 

of the adipose tissue, we wanted to discard the possibility of the phenotypic changes in 

the CPEB4KO mice coming not only from an adipocyte specific effect but also from an 

effect over the macrophage. To explore it, we used a specific myeloid CPEB4KO model 

(CPEB4MKO) fed with HFD for 15 weeks. After this period, we found that mice lacking 

CPEB4 exclusively in myeloid cells, when placed on a HFD, showed no difference in body 

weight gain nor in growth of visceral WAT compared to WT in the same diet (Figure 

29A,B). 

 

 
 

Figure 29. Myeloid specific CPEB4 knockdown does not alter the fat accumulation under a HFD. 

(A) Body weight profile of WT and CPEB4MKO mice fed with HFD for 16 weeks (n=6-10/genotype). 

(B) Absolute fat and lean mass measured with magnetic resonance imaging (MRI). Statistical 

analysis was performed by t- test.  

 

The histological evaluation of the eWAT by a pathologist showed a tendency in the 

CPEB4MKO mice to have a slightly more severe inflammatory infiltration. (Figure 30A,B). 

These findings rule out the possibility that the effects observed in the whole-body 

CPEB4KO mice on HFD were attributed to deletion of CPEB4 in macrophages. 
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Figure 30. Myeloid specific CPEB4 knockdown does not show significantly more WAT 

inflammatory infiltrate. (A) Representative images of haematoxylin and eosin staining in paraffin 

embedded epididymal mouse sections. (B) Histological score of WAT inflammatory infiltrate in 

the epididymal WAT. 
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 Discussion 

6.1 The obesity epidemic and liver disease  

Obesity is a growing epidemic worldwide and a major risk factor to suffer chronic liver 

disease. One of the earliest manifestations of obesity is non-alcoholic fatty liver disease 

(NAFLD), which may progress to non-alcoholic steatohepatitis (NASH), fibrosis/cirrhosis, 

and eventually liver cancer1-4. Obesity is in fact per se a risk factor for progression in the 

natural history of chronic liver disease.  

Understanding the cellular and molecular mechanisms underlying the interaction 

between obesity and chronic liver disease is essential to identify new and more efficient 

therapeutic targets to treat patients in the first stages of the disease and prevent the 

development of overt pathology. Most studies in this regard have been focused on 

obesity-related disturbances taking place within the liver. However, the implications of 

obesity on extrahepatic abdominal organs are of major relevance to get the whole 

picture of the disease. This is particularly important in the context of liver injury since 

pathologic processes occurring outside this organ play a major role in disease 

progression and aggravation. These processes would coexist with the typical obesity-

abdominal alterations, acting in a parallel or sequential and somehow synergic way to 

cause the full spectrum of the disease phenotype. 

Filling this knowledge gap was the aim of this PhD Thesis. 

6.2 Obesity aggravates extrahepatic manifestations of chronic liver 
disease  

To determine the impact of obesity on chronic liver disease, we used an animal model 

of high-fat diet feeding plus partial portal vein ligation. The use of this model with two 

hits is convenient and ideal because: (a) it develops all the abdominal manifestations of 

obesity resembling human disease; (b) it closely reproduces the extrahepatic alterations 

found in humans with chronic liver disease; (c) it mimics the pathogenesis of human liver 

steatosis; and (d) it shows a high homogeneity and reproducibility.  

We aimed to treat the complexity of the disease studying the implication of the 

extrahepatic territory in the CLDs development. In the first part of this work, we showed 

how obesity exacerbates the extrahepatic complications associated to liver disease 

affecting the adipose tissue depots. In line with previous reports156,157 we show the effect 
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of a HFD in the development of NAFLD increasing the adipose depot weight. It must be 

stressed here that the increase compared with normal diet fed rats was not as 

pronounced as expecting, thus creating a mild model with a low grade chronic 

inflammation. We tried to address how portal hypertension in an already stablished 

obese subject could affect the visceral adipose tissue and eventually the liver state. We 

show here how obese animals with the extrahepatic manifestations of liver disease due 

to the PPVL surgery present the most enlarged adipocytes in its epididymal and 

mesenteric white depots. All obese rats presented enlarged adipocytes compared to 

lean rats, as highly reported158,159, but interestingly, although without significant 

differences in adiposity, the portal hypertensive group showed the biggest adipocytes. 

Highly enlarged adipocytes have been described as a feature of a more pathologic 

adipose tissue 160,161,162. Thus, if obesity can aggravate the extrahepatic manifestations 

of chronic liver disease, it is tempting to speculate that it could also highly aggravate the 

liver disease phenotype in a more severe scenario such as liver failure. 

Indeed, many proinflammatory markers in the mesenteric adipose tissue were 

upregulated in NAFLD rats. Within the inflammatory response that occurs during obesity, 

adipose tissue macrophages (ATM) are considered responsible for the adipose tissue 

remodelling 163,67. In our study, CD163 macrophage marker, commonly associated with a 

resolutive inflammatory response was decreased in obese PPVL rats compared to the 

Sham group. In concordance, the proinflammatory macrophage marker CD68 was 

overexpressed in the mesentery of this same obese-PPVL group. This observation further 

reinforces the idea of a more proinflammatory adipose tissue in obese animals with a 

liver disease pathology.  

Whereas macrophages in lean mice and humans make up around 5% of the cells in 

adipose tissue, during obesity they constitute up to 50% of all adipose tissue cells 164,165 

with the consequences this implies. As well as increasing in number, adipose tissue 

macrophages (ATMs) change their localisation during obesity 67. We were able to 

evidence this observation in our model by measuring CD68 expression in different 

mesenteric regions. We show how in obese portal hypertensive rats, CD68 expression 

converges mainly in the serous layer of the mesentery. Considering the serous layer as 

the outer layer of the mesentery which is in contact with the abdominal and peritoneal 

cavity and so with important internal organs, this result points toward a more 

proinflammatory state in the abdominal region which could compromise the health-

span 166,167. 

The portal hypertensive model PPVL, largely described by our group and others, mimics 

the extrahepatic manifestations of the liver disease and so results in alterations in the 
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splanchnic territory rather than the liver 168,169. Nevertheless, with the obese component 

in the scene, exacerbating the extrahepatic inflammation, is there an affection in the 

liver? We propose that the increased inflammation in abdominal adipose tissues, which 

through the portal flux reach the liver, could increase the amount of proinflammatory 

cytokines arriving at the liver. Indeed, although not finding differences in liver lipid 

metabolism, we report here an increased transaminase levels in the liver of obese 

animals with a portal hypertension of only 7 days. This result suggests the profound 

command of the extrahepatic adipose tissue over other metabolic organs as the liver.  

Our next approach was to study if the angiogenesis results altered when there is a 

previous obese pathology. Knowing that tissue growth is dependent on its vasculature 
170,171, we expected in the HFD PPVL animals a worsen angiogenic state with more 

pathologic vasculature due to the need of the adipose tissue to expand and the harmful 

that obesity per se exhibits in our model. Instead, we show how in an obese established 

rat model the induction of portal hypertension does not correlate with an increase 

number of vessels in the mesentery. Our result goes in line with several publications 

supporting the idea that the synergy between adipose tissue expansion and 

vascularization appears to be lost during obesity 155,172,173. Sung et al. demonstrate that 

improving vascular network in adipose tissue protects obese mice against metabolic 

complications even at later stages of disease 174. Thus, it is likely that impaired 

vascularization in our model may contribute to metabolic perturbations as a result of the 

stress and inflammatory responses. All together these observations could explain, at 

least in part, the decreased vessel number observed in our PPVL model with a more 

inflamed adipose tissue. Nevertheless, more research should be done in the mechanistic 

behind the adipose tissue vasculature. 

6.3 CPEB4 as a key factor in the adipose tissue homeostasis disruption 

Several recent studies have unveiled important CPEB4 functions in health and disease. 

CPEB4 has been reported to regulate the lipid metabolism in hepatic steatosis in a 

hepatocyte specific way148. Moreover, numerous works unveil a role for CPEB4 in other 

chronic liver diseases. In previous results of our group we were able to demonstrate that 

CPEB4 protein expression is upregulated in the cirrhotic liver of human patients and 

animal models of liver fibrosis and cirrhosis. We also found that CPEB4 specifically 

regulates the pro-vasculogenic and pro angiogenic responses in cirrhotic livers and 

extrahepatic organs (mesenteric vascular bed, portosystemic collateral circulation)149,150. 

As a proangiogenic, CPEB4 is able to promote VEGF mRNA translation regulation, 

targeting specifically the pathologic angiogenesis. Regarding its pro-vasculogenic 
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response, CPEB4 has been demonstrated to regulate the transient-ampliying cells 

responsible to generate new vessels. More recently, we demonstrated that CPEB4 

induces a metabolic reprogramming in hepatic stellate cells that is essential to promote 

liver fibrosis151. 

All these results pointed us to study the possibility of CPEB4 being also involved in the 

extrahepatic manifestations of liver disease in a context of obesity. In this work we found 

for the first time an overexpression of CPEB4 in adipose tissue of obese animals. Not only 

that, but obese animals presenting also a portal hypertensive pathology showed even 

higher levels of CPEB4 in their white adipose tissues suggesting an overall link of CPEB4 

in the obese-liver disease relationship. Moreover, we further supported the relevance 

of this finding demonstrating how this CPEB4 increase in pathologic adipose tissue 

happens also in human obese patients. Both obese patients with or without a NAFLD 

pathology overexpressed CPEB4 suggesting a specific role of CPEB4 in pathologic adipose 

tissue.  

Knowing as well that CPEB4 expression is critical in response to a challenge, these 

observations brought us to hypothesize a possible implication of CPEB4 in the adipose 

tissue altered metabolism and therefore contributing to the adverse effects of obesity 

in liver disease. To test this hypothesis, we generated CPEB4 knockout mice and treat 

these animals and their wild-type littermates with high-fat diet or normal diet for 16 

weeks. Consistent with our hypothesis, we observed how adult mice with CPEB4 deletion 

display decreased adiposity in a NAFLD model of 16 weeks of high fat diet challenge. This 

reduction in the final white depot weight was the cause of the final body weight 

observed in the CPEB4KO mice compared to WT mice. 

6.4 Lack of CPEB4 ameliorates adipose tissue response to HFD 

Several mechanisms have been reported in the literature in order to explain adiposity 

alterations. Generally, they occur through changes in cell size or/and number 175,176. 

Excluding alterations in food intake, the reduction of adiposity in the CPEB4 depleted 

mice under a HFD exposure is likely due to a marked reduction in fat cell mass and in a 

decreased proliferation of white adipose tissue. Beside, we analysed if the main function 

of the adipose tissue was altered by the lack of CPEB4. Although an increased lipolytic 

potential could explain partially the decreased adiposity of the CPEB4KO mice, we report 

here how under HFD conditions and without a fasting stimuli, CPEB4KO mice exhibit a 

decreased lipolytic activity, ruling out its implication in the phenotype. 
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Not surprisingly, approaches that reduce adipose tissue depots attenuate 

proinflammatory adipokine levels and reduce the severity of their resultant pathologies 
177,178. In this line, we report here both a decrease in the angiogenic response as well as 

a decreased expression of the well-established proinflammatory markers in the CPEB4KO 

fed with a HFD.  Interestingly, most of these markers are macrophage-related. It is known 

that 90% of ATM are localized to dead adipocytes during chronic inflammation, forming 

crown like structures 179,180,67. Here, we report a remarkably decrease in the epididymal 

CLS of the CPEB4KO mice compared to the WT. This decrease was accompanied by a 

decrease in the monocyte recruiting factor, MCP-1. Moreover, in line with other 

studies181,182 we show how the percentage of CD11c+CD206+ ATMs with mixed M1/M2 

phenotype, increase in obese animals.  Phenotypically, macrophages exist along a 

spectrum, the poles of which have been designated classically as M1 and M2. This 

CD11c+/CD206+ mixed population has been recently described as metabolic 

macrophages (Mme), and correlate with the BMI and ROS production66,183, consequently 

associated with a more proinflamatory phenotype184. Interestingly, lack of CPEB4 was 

able to reduce the metabolic macrophage population. CPEB4KO mice exhibited a higher 

percentage of resident macrophages compared to proinflammatory ones, which express 

anti-inflammatory molecules, regulate adipocyte lipid metabolism and act as efferocytes 

to clear apoptotic cells and resolve inflammation. Moreover, Mme macrophages 

mediate their inflammatory responses to fatty acids through TLR4 expression185. In the 

same line we report a decrease of TLR4 expression in CPEB4KO Mice. We are able to 

demonstrate how in our model in the absence of CPEB4 during a high fat diet exposure 

the proinflammatory response is strongly reduced, specifically in terms of macrophages. 

These results raise a key question: is this CPEB4 effect direct or indirect on macrophages? 

In the last years, mRNA regulation by deadenylation has been described as a key element 

to regulate the intensity and duration of the inflammatory responses186. Indeed, CPEB4 

was found to participate in inflammation resolution by promoting the expression of 

negative feedback inhibitors of the inflammatory pathway187. Thus, it would be logical to 

expect an increase in the proinflammatory macrophage response on the CPEB4 absence. 

Indeed, the specific myeloid CPEB4KO model challenged with a HFD for 15 weeks showed 

a tendency to have a slightly more severe inflammatory infiltration than its WT. Thus, 

we believe the CPEB4 effect on the inflammatory response in our model results from an 

indirect effect on macrophages. Altogheter, these observations could explain, in part, 

the differential phenotype observed upon CPEB4 deletion in our study.  
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6.5 CPEB4, the good and the bad 

One of the most complex features of CPEB4 represent its capacity to fluctuate during the 

development of the disease. Maillo et al 148  showed how during an acute stress CPEB4 

acts beneficiously for the liver; hepatocyte CPEB4 levels increase to restore celular 

homeostasis, and its depletion exacerbates hepatosteatosis. Nevertheless, when the 

stress is more persistent and long-lasting over time such as 16 weeks of HFD, the CPEB4 

protein in the liver remains at low levels, even below normal (Figure 21A) and CPEB4 

depletion does not modify steatosis. But, does it stay at low levels during all the disease 

progression? Findings from our group demonstrate that CPEB4 protein expression is 

increased in the fibrotic and cirrhotic liver of human patients and animal models, where 

it plays a pathological role mediating angiogenesis and fibrogenesis. Ongoing research 

of our group indicates how in chronic stress scenarios CPEB4 is highly expressed and its 

depletion would be beneficial.  

To add a further degree of complexity, it’s known that CPEB4 differential expression not 

only fluctuate depending on the disease stage but also depending on the cell type where 

it is expressed. Recent published data provides new insights into the role of CPEB4 

mediating the fibrotic process in hepatic stellate cells through glycolisis151. CPEB4 

depletion in this scenario is able to reduce fibrogenesis in the liver.  

Altogheter, these results lead us to speculate a detrimental cell-specific role for CPEB4 

in the extrahepatic adipose tissue and specifically on the adipocyte cell type during HFD-

induced obesity.  

6.6 Adipogenesis is orchestrated by CPEB4 

Adipogenesis is mostly defined as the process by which preadipocytes get differentiated 

into adipocytes. It is reflected by both the appearance of various specific mRNA and 

protein markers and triglyceride accumulation. Adipogenesis takes place principally in 

the childhood and remains constant through adulthood, since during normal 

homeostasis there is not much requirement for adipose tissue expansion. In normal 

conditions only 10% of human adipocyte renewed every year188, although in rodent 

adipose tissue turnover is way higher, 0.6% adipocytes renewed every day 189. 

Nevertheless, in response to a long term obesogenic environment, is adipogenesis 

present? Many studies suggest that while fat tissue expansion in adulthood is initially 

achieved by hypertrophy, a long term high fat diet stimulates fat tissue hyperplasia190, 
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191,192. On the contrary, several studies with contrasting results claim that the pool of fat 

cells remains constant 188,193. To add another layer of complexity, other recent data 

suggests that overnutrition induces hypertrophy or hyperplasia depending on the 

location of the adipose tissue affected 194. Thus, although the debate is still open, what 

it is evident is that under a HFD, adipocytes need to expand, and if it happens through 

recruiting new adipocytes from the resident pool of progenitors, hyperplasia represents 

an increase in adipogenesis.  

Our results show that in the absence of CPEB4, adipocytes are uncapable of accumulate 

lipids to form big lipid droplets characteristic of a mature adipocyte. Moreover, the 

master transcription factors positively regulating adipogenesis showed also reduced 

expression in CPEB4 deficient adipocyte cell lines during its differentiation. These results 

indicate a role of CPEB4 regulating adipogenesis during obesity.   

6.7 The strong connection of CPEB4 in the adipocyte-macrophage 
crosstalk  

As stated before, the obtained results point towards a role of CPEB4 modulating the 

pathological inflammation induced by an obesogenic exposure. In this regard and 

besides the role of CPEB4 in adipogenesis, we have also underscored a key role of this 

protein regulating the essential crosstalk between the adipocyte and the macrophage. 

As stated before, adipose tissue macrophages (ATMs) are key players in the regulation 

of AT homeostasis and consequently in obesity-related metabolic disorders. Through 

migration assays, we have found how CPEB4 levels in inflamed adipocytes regulate the 

macrophage infiltration in the adipose tissue. Additionally, we have found this results to 

be independent of the CPEB4 adipogenic function described before. Cross-talk between 

fat cells and their environment is typically mediated in three ways: nutritional 

mechanisms, neural pathways, and via the elaboration of adipokines, being this last one 

the main contributor 45. Since all the validated targets described in previous works are 

secreted proteins, it is tempting to speculate the role of CPEB4 regulating the adipocyte 

secretory system.  

In conclusion in this study, we believe we have deepened our understanding in the 

pathophysiology mechanisms involved in the first NAFLD stages where obesity is crucial. 

These results suggest a previously unappreciated role for CPEB4 in the adipose tissue 

regulation during obesity, thereby turning it into a potential therapeutic target, where 

its specific inhibition could help to resolve the obesity-induced inflammation and to a 

bigger extend, the metabolic syndrome. 
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6.8 Limitations of the study and future perspectives 

As George Bernard Shaw state once, “Science never solves a problem without creating 

10 more”. Therefore, I would like to discuss how I would address the future of this 

project trying to unveil the new paths that we have opened during these years.  

Regarding the first part of this study, results obtained in the mild NAFLD model pointed 

towards an effect of the adipose tissue in the exacerbation of the extrahepatic 

manifestations of liver disease. In this line, we believe the use of a more severe disease 

model such as NASH or cirrhosis, could positively complement the results observed in 

the mild model presented here.  

On the second part of this project, the precise molecular mechanism underlying the 

phenotype observed upon CPEB4 deletion is still incompletely understood. HFD is largely 

described to change the host microbiome, producing a disruption in the intestinal barrier 

and thus, affecting several systemic organs. In this regard, an omission in the project is 

the participation of the gut in the whole observed phenotype after CPEB4 deletion. The 

aim of this thesis in a first instance was to study the role of CPEB4 in all the components 

of the gut-liver axis, as it is undoubtable important in the development of NAFLD. 

Although for a matter of time the intestine is still an ongoing focus of research, 

preliminary results pointed towards CPEB4 participating in the leakiness of the gut 

barrier during its disruption by a high fat diet. We are currently planning to confirm this 

result and assess in detail the mechanisms behind, using our total CPEB4 KO model. 

Indeed, if the absence of CPEB4 would be able to maintain the intestinal barrier integrity 

against a HFD insult, this result would support the healthier inflammatory state of the 

adipose tissue. 

On the other side, to fully understand the specific CPEB4 adipocyte function, one of the 

major limitations of this project has been the lack of an in vivo specific adipocyte CPEB4 

KO. Since the time limitation left, after discovering the potential role of CPEB4 in the 

adipocyte cell type, we decided to use an in-vitro approach to assess its functions and 

mechanisms on this cellular type. Thus, we strongly think, in order to bring the finding 

one step closer to the clinics, it is needed to demonstrate the cell specific CPEB4 KO 

effect in vivo. The results derived from the cell specific KO analysis will likely confirm our 

observations in vitro. However, if the specific KO phenotype does not follow the 

observations seen in the full body KO phenotype, it will point towards a global 

contribution effect of CPEB4 rather than a cell autonomous CPEB4 function on the 

adipocyte. 
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We also believe, in order to better understand CPEB4 dynamics in an obese context, it is 

necessary to investigate the mechanism behind the CPEB4 regulation of adipogenesis. 

Although the obtained results point towards CPEB4 controlling terminal adipogenesis in 

a pathologic context, to study the CPEB4 contribution on early-stage adipocyte 

differentiation, it would be necessary to use a mesenchymal stem cells approach, since 

3T3-L1 are already committed to an adipocyte lineage. 

Finally, and since CPEB paralogs have been demonstrated to be able to lead 

compensatory mechanisms by the CPEB4 absence, it would be interesting to explore 

how the other CPEB paralogs contribute in the adipose tissue response to an obesogenic 

insult. Although CPEB4 represents the CPEB isoform whose expression levels behave 

more similarly comparing in vivo and in vitro adipocytes and, since its expression 

increases during adipocyte differentiation (Supplementary Figure), we still cannot 

exclude the involvement of CPEB1, CPEB2 or CPEB3 on the system specially in the CPEB4 

absence. 

 

 

Supplementary Figure. CPEB4 paralog follows a similar expression pattern in 3T3-L1 

differentiation and primary adipocytes differentiation.  Expression levels of CPEB paralogs in 

adipocytes during (A) adipocyte differentiation of 3T3-L1 cells and (B) on primary mice isolated 

preadipocytes and adipocytes. 
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Regarding experimental settings, there is no doubt that the major challenge of this thesis 

was to obtain a non-degraded and pure immunoprecipitated RNA from fat adipocytes to 

further on sequence it (ongoing work).  Working with adipose tissue has been a constant 

challenge during all this thesis. Without time limitations and with the experience gained, 

we think it would be useful to perform the RNA-seq experiment in primary adipocytes 

and compare it with the in vivo data, since in vitro adipocyte could display specific 

features that may be different in tissue-resident adipocytes in vivo.  Therefore, our 

present data support that the anti-adipogenic and anti-inflammatory phenotype of the 

full CPEB4KO mice on HFD is mostly driven by the absence of CPEB4 in the adipocyte.
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 Conclusions 

The present study provides new insights into the contribution of the extrahepatic 

territory in the NAFLD development. 

Moreover, in this study we have found CPEB4 to be biological relevant in the adipose 

tissue during the obesity process. We describe a new CPEB4 role and we propose that 

CPEB4 function is required in vivo and in vitro for the adipose tissue expansion that takes 

place during obesity. 

The main conclusions of this work are the following: 

1. The pathogenesis and severity of liver disease is exacerbated during obesity, not only 

because of excessive accumulation of fat within the liver (steatosis), but also due to the 

presence of an enlarged and proinflammatory extrahepatic visceral adipose tissue which 

contributes to further increase the risk of progression and aggravation of the disease.  

3. CPEB4 is overexpressed in pathologic adipose tissue, both in humans and rodents. 

During obesity and obesity related diseases, CPEB4 protein expression increases in WAT 

and plays a major role orchestrating and contributing to the complex phenotype of the 

obese visceral adipose tissue. 

4. CPEB4 promotes adiposity by regulating adipocyte differentiation and proliferation 

in visceral adipose tissue. The knockdown of CPEB4 in adult mice exposed to a HFD 

limits the adipose tissue accumulation as well as improves all the associated adipose 

tissue state.  

5. The leaner phenotype of CPEB4KO mice is not a consequence of an increased 

lipolysis but the incapability of the adipocyte to accumulate fat 

6. CPEB4 promotes adipose tissue inflammation by regulating the crosstalk between 

adipocytes and adipose tissue macrophages. 

7. CPEB4 is responsible for the adipocyte posttranscriptional reprogramming in a 

pathologic context.  

8. Depletion of CPEB4 is beneficial to counteract the deleterious effects of obesity, by 

reducing adipogenesis and the proinflammatory state of the obese white adipose tissue. 
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