
From THE DEPARTMENT OF MOLECULAR MEDICINE AND 
SURGERY 

Karolinska Institutet, Stockholm, Sweden 
 
 
 
 
 

STUDIES ON THE MECHANISMS OF ACTION AND 
PHYSIOLOGICAL RELEVANCE OF SOCS PROTEINS 

 
 
 

Fahad AL-Zadjali 
 
 
 
 
 

 

 
 
 
 
 
 

Stockholm 2011 
  



 

 
 
Published and printed by Karolinska University Press 
Box 200, SE-171 77 Stockholm, Sweden 
© Fahad AL-Zadjali, 2011 
ISBN 978-91-7457-513-2 
* Cover is designed by Anna Nilsson & Fahad Al-Zadjali 



 
 

 
 
 
 
 
 
 
 

 
 
“LOVE FOR OTHER PEOPLE WHAT YOU LOVE FOR YOURSELF'' 

Imam Ali will to his son 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

T o m y fam i ly  



 



ABSTRACT 
Understanding systemic biological pathways and the key cellular mechanisms that 
dictate disease states, drug response, and altered cellular function in metabolic disorders 
is a significant challenge. Research in the last 20 years have made it clear that tissue 
communication, through the actions of endocrine, paracrine or autocrine factors play a 
significant role in pathogenesis of complex multiorgan diseases such as the metabolic 
syndrome. The actions of these factors are governed both at the site of production and 
through mechanisms that regulate the sensitivity of target tissues. 
 
The Suppressors of Cytokine Signaling (SOCS) proteins act as negative regulators of 
the main cytokine and growth factor signaling pathways in multiple tissues and as such 
have important physiological functions. The molecular basis for SOCS actions as well 
as their role in the pathogenesis of metabolic diseases is just starting to be understood. 
All SOCS proteins (SOCS1 to 7 and CIS) are characterized by the presence of 
structural motifs called SOCS box and a SH2 domain. SOCS are thought to act as 
substrate recognition subunits of multimeric Cullin/RING E3 ubiquitin ligase 
complexes. It has been proposed that the SH2 domain mediates the recognition of 
tyrosine phosphorylated signaling proteins to be targeted for ubiquitination and 
subsequently, proteasomal degradation, thereby inhibiting cytokine signaling.  
  
In this thesis we investigated the mechanisms of action of SOCS2 and SOCS6 in the 
inhibition of cellular signaling and the physiological consequence of their actions. We 
demonstrated that both SOCS2 and SOCS6 assemble a canonical ECS 
(Elongin/Cullin/SOCS) complex through the interaction of SOCS box with Elongin B 
and C, cullin 5 and Rbx2.  We also demonstrated that SOCS2 and SOCS6 exert E3-
ligase activity towards the growth hormone (GH) receptor and cKIT proteins, 
respectively. Our structural and binding studies confirmed the existence of substrate 
binding motifs mainly in the SH2 domains and the N-terminal domain of both SOCSs. 
The C-terminus harbours the cullin 5 recognition domain that controls both E3 ligase 
activity of the complex as well as the SOCS stability. We proposed that extended target 
recognition domain in the SOCS proteins may serve to broaden their specificity toward 
various targets and hence their ability to regulate various signaling pathways. On the 
other hand, the existence of a degradation signal within the Elongin C interacting 
domain of SOCS proteins may serve to secure their timely actions avoiding 
competition from SOCS that are not engaged in active E3 ubiquitin ligase complexes. 
 
The patho-physiological role of SOCS2 was studied in SOCS2 knockout (SOCS2-/-) 
mice. In line with the in vitro studies (paper I), we observed an increased GH 
sensitivity in SOCS2-/- mice, demonstrated by low plasma GH/IGF1 ratio. In the liver, 
this enhanced sensitivity was manifested through increased VLDL secretion and 
reduced hepatic triglycerides levels. SOCS2-/- showed reduced hepatic steatosis upon 
high fat feeding as compared to wild type littermates but also exhibited increased 
adiposity and fat deposition in the skeletal muscles accompanied by profound systemic 
insulin resistance. We also demonstrated the involvement of SOCS2 in the regulation 
of inflammatory pathways. SOCS2-/- mice showed an exacerbated response to a high 
fat diet, with increased expression of inflammatory cytokines such as IL-6, RANTES, 



IL1β both in the liver and adipose tissue.  We also identified possible mechanisms to 
explain these phenomena by demonstrating that macrophages isolated from SOCS2-/- 
mice showed higher phagocytic activity and higher LPS-induced NF-κB activity; 
indicative of SOCS2 negative regulation of TLR4 signals.  
 
Given the short half-life of SOCS proteins in the cells, the regulation of SOCS gene 
transcription is an important mechanism to control their function. The nuclear receptor 
LXR has regulatory functions on hepatic lipid metabolism that overlap with those 
controlled by the GH. Therefore, in order to understand the molecular basis for possible 
crosstalks between these two pathways, we studies how LXR ligands regulate the GH 
receptor signaling in liver. We showed that LXR agonist downregulates STAT5b 
protein levels and suppresses GH receptor activity in hepatocytes through a mechanism 
involving SREBP1. The regulation by SREBP1 occurs through the modulation of 
STAT5b protein stability and results in reduced expression of GH target genes such as 
SOCS2. These results provide a plausible explanation for the hepatosteatosis observed 
upon LXR agonist treatment in vivo. 
  
In conclusion, through structural, in vivo and in vitro studies, we provide mechanistic 
and functional data on SOCS2 and SOCS6; information that may lead to a better 
understanding of the distinct physiological functions of these proteins. Given our 
demonstration on the key role of ubiquitination on SOCS functions, future mechanistic 
studies of SOCS2 and SOCS6 function should focus on the identification of 
ubiquitination targets of these proteins. Are the physiological functions ascribed to 
these proteins a result of the degradation of a few target proteins or do they have many 
targets? If the later is the case, how is SOCS target-specificity structurally determined 
and how is their activity regulated in time and cellular location? The demonstration that 
SOCS2 regulate both GH receptor and TLR4 signaling offers system where these 
questions can be addressed. At physiological levels, the SOCS2-/- mice constitute a 
novel model system for the study of the metabolic syndrome with unique features that 
are relevant to the human disease. In the SOCS2-/- mice, insulin resistance and 
production of inflammatory cytokine are exacerbated by high fat feeding and associated 
with obesity and deposition of triacylglycerides in the muscle. In these conditions 
reduced accumulation of TG in liver is observed. This model presents opportunities for 
future investigations aiming to distinguish between steatotic versus inflammatory 
causes for insulin resistance. 
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1 INTRODUCTION 
Fatty liver disease also known as hepatic steatosis is a pathological condition 
characterized by the retention of lipids in the hepatocytes exceeding 5% of the liver 
weight1 that may result from impairment in the synthesis or mobilization of 
triacylglycerides (TAG)2. Fatty liver disease is classically divided into alcoholic fatty 
liver disease in individuals with ethanol intake >20g/day and non-alcoholic fatty liver 
disease (NAFLD) 3. 
 
Patients with NAFLD are usually asymptomatic although fatigue and upper abdominal 
discomforts are commonly reported4. The prevalence of NAFLD in the general 
population is estimated to be 20–30% in the Western countries 2 and it is more frequent 
among individuals with type 2 diabetes (50%) and obesity (76%) 5, 6. The histological 
spectrum of NAFLD spans from simple steatosis to hepatocellular inflammation with 
cellular damage (nonalcoholic steatohepatitis, or NASH) that may be further 
complicated to fibrosis and can ultimately progress to cirrhosis. The extent and pattern 
of fat deposition in the hepatocytes further subdivides hepatic steatosis into 
microvesicular and macrovesicular steatosis 7. In the latter case, the fat vacuoles are 
large enough to displace the cytoplasm and push the nucleus to the periphery. This 
histological classification provides an indication about the duration of lipid 
accumulation (chronic or acute) and also about the etiopathogenesis. The most common 
form of NAFLD is primarily caused by mediators of metabolic syndrome, such as 
insulin resistance and obesity. Secondary causes of NAFLD are listed in Table 1 and 
reviewed elsewhere 2, 8. 
 
NAFLD is clinically important since it occurs frequently in the general population and 
it may potentially progress to become an advanced hepatic and extrahepatic disorder. 
Identification and understanding of the predisposing factors leading to NAFLD gives 
better prognostic information in an individual patient 9. Due to the high risk for 
development of NAFLD-related complications, the mortality rate for patients with 
NAFLD is higher than for age and sex-matched controls 10, 11.  Retrospective studies 
indicate that 38% of patients with NAFLD with histological necroinflammation 
progress to liver fibrosis 12 and 30-70% of patients with cryptogenic cirrhosis had end-
stage NASH 9. Furthermore, 13% of hepatocellular carcinoma cases were attributed to 
NASH-related cirrhosis 13. NAFLD is also known to occur after normal liver transplant 
surgery to patients with NASH 14. Taken together, these statistics show the importance 
to further study the molecular basis of NAFLD.  
 

 
1.1 PATHOGENESIS OF NAFLD AND NASH: 

Mechanisms that govern the progression of simple hepatic steatosis to NASH are 
multifactorial. The two-hit hypothesis has been suggested by Day and James15 to 
explain how this process occurs.  Accumulation of hepatic lipids, caused by changes in 
uptake, synthesis, and secretion of lipids, constitutes for the first insult. A variety of 
factors have been implicated as the second “hit” driving the progression to NASH. 
These include the actions of inflammatory cytokines, oxidative stress, mitochondrial 
dysfunction and gut-derived bacterial endotoxins 15, 16.  The two-hit hypothesis suggests 
that TAG accumulation acts as an inert bystander. Hence, an alternative hypothesis was 
presented first by Heribert Thaler that considers the central role of lipotoxicity from 
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TAG and fatty acid metabolites in the hepatocellular injury observed in NAFLD 17, 18.  
Figure 1.1 summarizes the contributing factors involved in the development of NALFD 
and NASH and these will be discussed further in this chapter. 

 
Table 1: Secondary factors contributing to the development of non-alcoholic 
fatty liver disease 

Genetic/metabolic 
Wilson’s disease 
Lipodystrophy 
Cholesterol ester storage disease 
Hemochromatosis 
Reye’s Syndrome 
Hypobetalipoproteinemia 
Wolman’s disease 
 

Drug induced 
Glucocorticoids 
Estrogen 
NSAID’S 
Methotrexate 
Hypervitaminosis A 
Tamoxifen 
Calcium antagonists 
Anti-retroviral drugs 
Tetracycline 

Nutritional 
Total parental nutrition 
Intestinal bypass 
Rapid weight loss 
Prolonged starvation 
High carbohydrate diet 
Protein malnutrition 

Toxins 
Toxic mushrooms 
Petrochemicals 
Phosphorus 

Extrahepatic causes 
Cardiac failure 
Irritable bowl syndrome 
Infected diverticulosis 
Hypothyroidism  
GH deficiency 
Pregnancy 
Polycystic ovarian syndrome 

Infection 
Hepatitis C 
Hepatitis B 
Intestinal bacterial growth 

 
	
  
1.1.1 Factors enhancing lipid delivery to the liver 

Non-alcoholic fatty liver disease is a multifactorial disorder linked to 
hypertriglyceridemia, insulin resistance and obesity. The primary cause of hepatic 
steatosis is an elevated supply of fatty acids to the liver, either from nutritional sources, 
excessive adipose tissue lipolysis, defective lipid mobilization or increased hepatic de 
novo lipogenesis (DNL). The relative importance of these factors depends on their 
primary cause. For example, rapid weight loss as well as obesity is related to the 
development of fatty liver, in the first cases it is due to increased lipolysis in adipose 
tissue while in obesity, the dietary intake has a prominent role.  
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Figure	
   1.1:	
   The	
   two	
   hit	
   theory	
   of	
   the	
   development	
   of	
   non-­‐alcoholic	
   steatohepatitis	
   (NASH).	
  
Factors	
  involved	
  in	
  the	
  development	
  of	
  the	
  first	
  hit	
  (blue)	
  include	
  enhanced	
  fatty	
  acid	
  delivery	
  to	
  
the	
  liver,	
  enhanced	
  de	
  novo	
  lipogenesis	
  and	
  impaired	
  disposal	
  of	
  triacylglycerides	
  (TAG).	
  Factors	
  
involved	
  in	
  the	
  development	
  of	
  the	
  second	
  hit	
  are	
  in	
  red.	
  Further	
  details	
  are	
  in	
  the	
  text.	
  
 
1.1.1.1 Nutritional factors 
Diet plays a critical role in the development of NAFLD in humans. Fatty liver is the 
most common histological finding in patients receiving total parenteral nutrition (TPN) 
19. TPN increases the load of glucose, lipid or total calories and leads to fat 
accumulation in the liver20. Other nutritional factors include an imbalanced diet of high 
carbohydrate consumption, which in excess get converted into fat and predispose to 
obesity and insulin resistance 21. Collectively, an increased dietary supply of calories 
enhances the delivery of fat or the synthesis in the liver. NAFLD is also observed in 
extreme malnutrition. Kwashiorkor, a form of severe protein deficiency, is associated 
with fatty liver most likely due to the accompanied insulin resistance22. Deficiencies in 
both carnitine, involved in fat oxidation, and choline, involved in VLDL assembly, as a 
result of malnutrition or post-TPN have been associated with NAFLD 23,24. 
Gastrointestinal bariatric bypass surgical procedures causes profound fasting, protein 
calorie malnutrition and rapid weight loss which increases the flux of free fatty acids 
into the liver, which even in short term may cause deterioration of liver functions 25. 
However, these effects are transient in which numerous observational studies have 
demonstrated that bariatric surgery may cause regression of NAFLD in line with 
improved whole body insulin sensitivity and enhanced mitochondrial function 25, 26.  
 
In rodents, methionine-choline deficient (MCD) diet impairs VLDL secretion due to 
inhibition of phosphatidyl choline synthesis and can induce fatty liver within 2-4 weeks 
of feeding 27. However, rodents fed with this diet do not develop obesity and insulin 
resistance in contrast to what is observed in humans with NASH and other diet-induced 
NAFLD28, 29. On the other hand, the choline-deficient diet induces dyslipidemia, insulin 
resistance and results in a less severe fat accumulation, inflammation and necrosis in 
the liver when compared to methionine-choline deficient diet 30, 31. High fat diet (HFD) 
is also well known to induce obesity and insulin resistance in rodents. It increases 
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hepatic lipid content quite rapidly, before a significant increase in fat accumulation in 
the peripheral tissues is observed. However, HFD in rats induces a milder steatosis 
when compared to the methionine-choline deficient diet and the rats show fewer signs 
of inflammation and fibrosis 32, 33.  
 
1.1.1.2 Increased peripheral lipolysis 
The sources of hepatic free fatty acids are primarily adipocyte triacylglyceride lipolysis 
and hepatocyte de novo lipogenesis (DNL). In normal individuals, fasting DNL 
contributes to about 5% of the total free fatty acids (FFA) but it increases up to 26% in 
patients with NAFLD 34, 35. Other minor contributors include the uptake of short chain 
fatty acids delivered through portal circulation and lysosomal breakdown of lipoprotein 
remnants and autophagosomes, containing limited TAG34. The liver lipoprotein lipase 
(LPL) is normally not expressed in adults but its expression increases as a response to 
infection, cancer cachexia and cytokine stimulation 36. Liver specific expression of LPL 
increases hepatic uptake and accumulation of TAG 37. Circulating triacylglycerides are 
not a direct source of fat for the liver and therefore pharmacological reduction of serum 
TAG levels might not have a significant direct beneficial effects on the liver 34. 
 
Peripheral lipolysis is regulated by hormonal, neural and pharmacological stimuli that 
releases FFA into the circulation and later deposits them in the liver and skeletal 
muscles. Table 2 summarizes the factors that regulate adipocyte lipolysis (reviewed in 
ref. 38). Genetic mouse models of high plasma FFA levels such as CD36 knockout mice 
and muscle specific deletion of LPL develops hepatosteatosis due to increased FFA 
flux to the liver 39, 40.  It is worth to mention that the impact of increased peripheral 
lipolysis associated with prolonged starvation or insulin resistance on the liver is 
modulated by the oxidative capacity of the muscle. Muscle specific lipoprotein lipase 
(LPL) knockout mouse models are spared from the deleterious effect of high plasma 
FFA on the muscle but show severe hepatic steatosis39. Similarly, the SJL/J mouse 
strain tolerates fasting induced hepatic steatosis because of the enhanced compensatory 
muscle fat oxidation41.  This collectively emphasizes the role of enhancing peripheral 
fatty acid oxidation through exercise in the therapeutic management of NAFLD.   
 
1.1.2 Increased hepatic de novo lipogenesis  

Hepatic de novo lipogenesis refers to the process where excess glucose is converted to 
fatty acids. Enhanced DNL, has been demonstrated in both humans and murine models 
of steatosis 42. Sterol regulatory element-binding protein-1c (SREBP-1c) is a key 
transcription factor that mediates insulin stimulation of hepatic lipid synthesis 43. 
Similarly, elevated glucose levels also activates DNL via the carbohydrate response 
element-binding protein (ChREBP) 44. ChREBP, triggered by high plasma insulin or 
glucose, enhances the expression of liver pyruvate kinase, a key regulatory enzyme in 
glycolysis. A third transcription factor that participates in the development of hepatic 
steatosis in rodents is PPAR-γ. In human, hepatic PPARγ expression is very low 
compared to rodents 45, 46. In animal models, hepatic expression of PPARγ is low but 
significantly increases in conditions of insulin resistance and fatty liver 47. Hepatic 
knockout of PPAR-γ in livers of obese mice markedly attenuates the development of 
hepatic steatosis, independent of the presence of hyperinsulinemia or hyperglycemia 48; 
while viral mediated hepatic overexpression of PPARγ in mice leads to hepatic 
steatosis with upregulation of a wide range of PPARγ-responsive genes. PPARγ exerts 
other functions, especially those relevant to the development of NASH. PPARγ shows 
antifibrogenic actions in which it reverses the activation of hepatic stellate cells toward 
a resting state 49, 50.  
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Table 2: Factors that regulates adipose tissue lipolysis  

Effect on lipolysis Mechanism 

Decrease lipolysis  
Insulin Activates Akt , lowers cAMP and inhibits HSL 

PPARγ Promotes lipid droplet formation and 
stabilization 

Adipocyte PLA2 Releases arachidonic acid for PGE2 synthesis 

Increase lipolysis  
Catecholamines Enhances camp through adrenergic receptors 
Glucagon Enhances cAMP 
Growth Hormone Enhances HSL activity 
ACTH Enhances cAMP 
Methylxanthines Enhances cAMP and releases catecholamines 
Adipocyte triacylglyceride lipase 
(ATGL or PNPLA2) Hydrolysis of TAG 

Adiponutrin (PNPLA3) Hydrolysis of TAG 
HSL Hydrolysis of TAG 
Perilipins Activates ATGL 
TNFα Activates JNK and induces insulin resistance 

JNK Serine phosphorylation of insulin receptor 
substrate-1 

ACTH,	
   adrenocorticotropic	
   hormone;	
   cAMP,	
   cyclic	
   adenosine	
   monophosphate;	
   HSL,	
   hormone	
  
sensitive	
  lipase;	
  PPAR,	
  peroxisomal	
  proliferator	
  activated	
  receptor;	
  JNK,	
  c-­‐Jun	
  N-­‐terminal	
  kinase	
  
 
 
1.1.3 Impaired disposal of hepatic triacylglycerides 

1.1.3.1 Decreased oxidative capacity 
Fatty acids are oxidized to carbon dioxide and water through β-oxidation 
(mitochondrial and peroxisomal) and ω-oxidation (endoplasmic reticulum). All these 
oxidative pathways are strongly regulated by the PPARα nuclear receptor 51. PPARα 
serves as a sensor for a broad array of lipophilic species and it heterodimerize with the 
retinoid X receptor to induce genes that regulate fatty acid oxidation 51. On the other 
hand, the nuclear receptor PPARγ, which also senses lipophilic species, promotes the 
formation and export or storage of fatty acids as triacylglycerides. 
 
The shuttling of FFA for either oxidation or formation of TAG is tightly controlled. In 
the liver, β-oxidation is inhibited in the fed state as a result of insulin actions. Cellular 
levels of malonyl-CoA and ATP are potent inhibitors of β-oxidation. Deletion of the 
ACC2 gene or Adenoviral-mediated expression of malonyl-CoA decarboxylase in mice 
lowers the cellular levels of malonyl-CoA which in turn enhances β-oxidation and 
therefore these mouse models are protected from diet-induced NAFLD 52, 53. Animal 
models of reduced oxidative capacity includes the carnitine deficient mouse, i.e. 
juvenile visceral steatosis (JVS), that develop severe hepatic steatosis within days after 
birth 54.  
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Mitochondrial dysfunction, genetic or acquired, is a well-known observation in patients 
with NASH 55  Peroxisomal β-oxidation can take over when the mitochondrial 
oxidation is dysfunctional. Acyl-CoA oxidase (AOX) catalyzes the first step of 
peroxisomal β-oxidation. Substrates of AOX include very long chain fatty acids, 
arachidonic acid metabolites, leukotriene B4, and 8(S)-hydroxyeicosatetraenoic acid. 
Inhibition of peroxisomal β-oxidation leads to NASH and stimulation of peroxisomes 
by PPARα agonists protects againsts NASH 56-58. The AOX deficiency disease 
(pseudoneonatal adrenoleukodystrophy) manifests in the neonatal period with 
hypotonia and children die between ages 4-5 years 59. AOX knockout mice show 
defects in peroxisomal β-oxidation with severe age-progressive hepatic steatosis 29.   
 
Microsomal ω-oxidation via the smooth endoplasmic reticulum cytochrome P450 
(CYP) oxidizes a variety of lipid compounds including the FFA. Upregulation of 
various CYP isoforms, e.g. CYP4A11, have been reported in patients with NASH 60. 
CYP enzymes catalyze the first step of ω-hydroxylation forming dicarboxylic acids 
which then are conjugated to CoA by the action of the microsomal acyl-CoA 
synthetase. Dicarboxylic acids can impair mitochondrial function by uncoupling 
oxidative-phosphorylation 61, 62. Yet, the importance of microsomal oxidation in the 
progression to NASH has not been confirmed.  
 
Triacylglyceride in tissue are hydrolyzed under the action of lipases. In adipose tissues, 
TAG is hydrolyzed by adipose triacylglyceride lipase (ATGL or desnutrin) and DAG is 
hydrolyzed by HSL 63. In the liver, the expression levels of ATGL are much lower 
compared to adipose tissue 63. Mice with ATGL deletion display higher adipose tissue 
mass and knockdown of liver-ATGL causes steatosis 64. PNPLA3 or adiponutrin is 
another TAG lipase predominantly expressed in the adipose tissue and liver. It has very 
high homology with ATGL and it is involved the re-esterification of TAG in the 
hepatocytes 64, 65. The hepatic expression of PNPLA3 in mice is upregulated by high fat 
feeding and fasting downregulates its expression 66. This suggests that PNPLA3 has 
important function in the hepatic lipid mobilization. Indeed, point mutations in 
PNPLA3 genes are strongly associated with NAFLD in children and adults 67, 68.  
 
1.1.3.2 Decreased TAG assembly and secretion 
 
Hepatic export of TAG, as very low-density lipoprotein (VLDL), is accomplished by a 
regulated protein machinery. Studies on livers from patients with NASH showed 
disturbed VLDL metabolism and secretion69. The rate-limiting step of VLDL assembly 
is controlled by the microsomal TAG transfer protein (MTTP), located in the 
endoplasmic reticulum. Mutations in this protein in human are responsible for the 
autosomal recessive condition abetalipoproteinemia, which is characterized by severe 
hepatic steatosis and cirrhosis70, 71. Several commonly used drugs (e.g. doxycycline and 
tetracycline) are known to affect β-oxidation and inhibit MTTP activity in animal 
models of drug-induced steatosis 72.   
 
1.1.4 Progression of hepatic steatosis to NASH. Introducing the 2nd hit 

Extensive studies have been carried out to understand the mechanisms of how 
intrahepatic lipid accumulation progresses to the development of inflammation and 
fibrosis.  One third of patients with hepatic steatosis are estimated to progress to 
steatohepatitis 73. NASH is characterized by cumulative defects in cellular organelles 
(e.g. mitochondria), elevated systemic and local levels of cytokines and recruitment of 
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inflammatory cells. Fatty acid accumulation results in increased generation of reactive 
oxygen species (ROS), induction of cellular stress responses [e.g., activation of protein 
kinase C (PKC), mitogen-activated protein kinase (MAPK), Jun N-terminal kinase 
(JNK), nuclear factor-κB (NF- κB)], and subsequent expression of pro-inflammatory 
cytokines, such as tumor necrosis factor α (TNFα) and interleukin 6 (IL-6) 74. These 
cytokines are involved in the activation of Kupffer cells and also the transformation of 
stellate cells to a fibromyoblastic cell type, contributing to the progression from 
steatosis to steatohepatitis 75. In this section we will further discuss the molecular basis 
of lipid toxicity and the development of inflammation.  
  
1.1.4.1 Lipotoxicity 
 
Lipotoxicity describes cellular injury and death caused by free fatty acids, their 
metabolites, and even by lipid droplets and triacylglycerides, although the later two are 
found to be generally inert.  
 
Triacylglycerides: TAG accumulation is associated with tissue injury and insulin 
resistance in the muscle and liver 76. However, current data suggest that this association 
lacks causality.  Diacylglycerol acyltransferase 2 (DGAT2) catalyzes the last step of 
TAG synthesis. In mice, overexpression of DGAT2 leads to hepatic TAG accumulation 
and endoplasmic reticulum (ER) stress, shown by the enhanced phosphorylation of 
PERK (protein kinase R-like endoplasmic reticulum kinase) 77. However, the 
accumulated TAG did no increase the activity of proinflammatory pathways such as 
JNK and NF-κB 77. In contrast, blocking of DGAT2 causes lower hepatic TAG 
accumulation but increased FFA levels resulting in lipotoxic cell injury 78. Furthermore, 
cellular injuries or inflammatory responses were not observed after TAG accumulation 
caused by blocking the MTTP-mediated TAG incorporation to VLDL 79. In β−cells, 
overexpression of perilipin increases TAG accumulation and protects against palmitate-
induced suppression of glucose mediated insulin secretion 80.  Overall, these studies do 
not support a direct role of TAG in lipid mediated liver injury but do not exclude that 
the stored TAG could serve as a source of other lipotoxic intermediates.  
 
Other studies have suggested that lipid droplets by themselves have metabolic actions 
in regulating cellular signaling; in particular those that regulate lipid storage and 
disposal. Lipid droplets construct a continuous intracellular membrane system 
(membrane flow hypothesis) that enables exchanges between lipid droplet and lipid 
mobilizing organelles such as peroxisomes and mitochondria 81. Studies have 
confirmed the role of lipid droplets in the regulation of lipid oxidation 81, 82. Reduction 
of adipophilin, a component of lipid droplets, leads to enhanced expression of lipogenic 
genes in mouse models of NAFLD 83. The close proximity between lipid droplet and 
these organelles regulates the substrate availability for oxidation. In fact, studies on 
yeast shown that some lipid droplets contain extension of peroxisome and hence named 
as pexopodia 81.   
 
 
Free fatty acids: FFA has deleterious effects on biological systems and hence is found 
bound to proteins such as albumin in circulation and fatty acid binding proteins (FABP) 
inside the cells. Studies on mice show that knockout of liver-FABP can block TAG 
accumulation after treatment with a MTTP inhibitor 84, 85. The net flux of FFA into the 
liver is relatively more important than the actual concentration for the development of 
NASH 34. Cellular concentrations of FFA in the liver remain fairly constant despite the 
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increase in circulating levels in patients with NASH 86. In the cells, FFA can induce 
cellular damage by activating inflammatory and apoptotic pathways, some of which 
can be initiated by vinding of saturated fatty acids to Toll-like receptor 4 (TLR4) 87. 
Furthermore, FFAs induce the translocation of the proapoptotic Bax protein to the 
lysosome and subsequently enhances lysosome permeability and the release of 
cathepsin B which initiates the cellular death program, (Figure 1.2) 88. Beside 
mitochondrial dysfunction, cathepsin B induces NF-kB activity and subsequent TNFα 
expression88. FFAs also serve as ligands for PPARγ and PPARα to regulate storage or 
disposal of lipids89. Additional cytotoxic effects of FFA occur via the formation of 
acyl-CoA90. Inhibition of FFA esterification with CoA by triacsin C significantly 
blockes palmitate induced pancreatic β-cell deaths 90. In hepatocytes, triacsin C 
treatment also blockes the palmitate-induced inhibition of insulin signaling. All 
together, these data suggest that palmitoyl CoA ester formation is critical in mediating 
the cytotoxic effects of FFA91. 
 
Ceramides: Ceramides are mainly found in the plasma membrane and are composed 
of sphingosine and fatty acids. They serve as cellular signals for proliferation, 
differentiation and apoptosis, most importantly activation of protein kinase Cθ  leading 
to an inhibitory serine/threonine phosphorylation of IRS1 and 2 92, 93. Cellular levels of 
ceramide are increased in livers of patients with NASH 94. However, blocking the 
ceramide synthesis does not abolish the palmitate-induced steatohepatitis 92, 93. Further 
studies are required to determine the importance of ceramides in the development of 
NASH. 
  
Diacylglycerol (DAG): DAG acts as an important second messenger that modulates 
the function of several signaling proteins. The plasma membrane levels of DAG 
increase upon stimulation of a multitude of cellular signaling pathways. DAG is 
primarily synthesized by the action of PI2-specific phospholipase C isoenzymes, which 
are activated by G-coupled protein receptors, Ca2+, protein receptor tyrosine kinases 
and Ras. Phospholipase C produces DAG and PI3, which in turn lead to Ca2+ 
mobilization and further activation of the DAG synthesis and downstream signaling.. 
DAG, in synergy with Ca2+, binds to and regulates the function of various downstream 
signaling molecules in particular protein kinase C (PKC), a serine/threonine kinase. 
PKC activates JNK, ERK and NF-κB which all activate the transcription of 
inflammatory cytokines 95. DAG has been proposed to contribute in the progression of 
NAFLD. Serine/threonine activity of PKC induces insulin resistance and indeed the 
content of DAG and its activation of PKCε are found to be the best predictor of hepatic 
insulin resistance in human liver samples 96. Although the hepatic cellular levels of 
DAG are found to be high in biopsy samples obtained from patients with NASH 86, 97, 
no differences are observed when comparing to simple steatosis 86.  
 
Lysophosphatidyl choline: phosphatidyl choline or lecithin is synthesized from DAG 
and it is a major component of plasma membrane, lipid droplet, and VLDL particles. 
Lysophosphatidyl choline (LPC) is formed from lecithin under the action of 
phospholipase A2. Hepatocytes may undergo steatosis if the DAG→TAG pathway 
prevails or may enter apoptosis if the DAG→PC→LPC pathway predominates 93. The 
balance of these two pathways might depend on a “second hit,” such as inflammatory 
cytokines 93. LPC is known to cause direct cellular injury and stimulation of immune 
cells, thus mediates the progression to NASH 98. Similar to DAG, LPC also activates 
PKC in cells and induces apoptosis 93, 99. Unlike DAG’s inhibition, the inhibition of 
LPC synthesis blockes the palmitate-induced apoptosis in cultured and primary human 
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hepatocytes 93. Studies have shown that LPC impairs mitochondrial permeability and 
causes the release of cytochrome c, which ultimately activates caspase reaction and 
initiates apoptosis 93, Figure 1.2. LPC is also known to activate JNK and subsequently 
enhance proinflammatory pathways 93, 100.  
 

 
Figure 1.2: Cellular apoptotic pathway. Mitochondrial damage and increased membrane permeability 
causes release of cytochrome c that activates the caspase pathway which ultimately activates apoptotic 
cell damage pathways. Mitochondrial damage is achieved by binding to Bid, BAX and cathepsin B 
molecules. BAX is activated by proinflammatory signals from circulating cytokines or by the lysosomes. 
Free fatty acids (FFA), reactive oxygen species (ROS) and hypoxia induced by hepatic steatosis 
introduces damage to lysosomes and mitochondria and activate endoplasmic reticulum stress. 
 
1.1.4.2 Oxidative stress and mitochondrial dysfunction 
 
Oxidative stress has been implicated as an etiological factor in many progressive liver 
diseases including alcoholic steatohepatitis, Wilson’s disease, hepatitis C and toxin 
induced liver failure. Reactive oxygen species (ROS), including superoxide (O2-), 
hydrogen peroxide (H2O2), and hydroxyl radical (OH.), and reactive nitrogen species, 
including nitric oxide (NO) and peroxynitrite (ONOO-) are physiologically generated in 
normal hepatocytes and at low concentrations are critical for normal physiological 
processes, including oxidative respiration, apoptosis, and microsomal defense pathways 
101. In macrophages or Kupffer cells, ROS are also generated by the action of NADPH 
oxidase and myeloperoxidase101. ROS cellular toxicity encompasses their interaction 
with cellular macromolecules, denaturing or inactivating enzymes and causing DNA 
damage.   
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Lipid peroxidation can lead to the destruction of biological membranes and to 
production of reactive aldehydic products such as malondialdehyde or 4-
hydroxynonenal. These lipid hydroperoxides have longer half lives than ROS and 
diffuse more to introduce damage to distant intracellular organelles and extracellularly 
102. Mechanisms by which these hydroperoxides potentiate development of NASH 
include ER stress, mitochondrial dysfunction, glutathione depletion, and the attenuation 
of VLDL secretion 103. These products can also directly activate hepatic stellate cells 
and are chemotactic for neutrophils inducing further hepatocyte necrosis, inflammation, 
and liver fibrosis  
 
ROS are direct cause of mitochondrial dysfunction due to their interference with 
oxidative phosphorylation and damage of the mitochondrial DNA 104. Mitochondrial 
dysfunction blocks the normal electron flow for the reduction of oxygen to water. This 
will results in the transfer of free electrons to oxygen or lipids enhancing the generation 
of ROS.  
 
Mitochondrial dysfunction in NASH pathogenesis may also result from the action of 
inflammatory cytokines. TNFα, produced by Kupffer cells, hepatocytes or adipocytes, 
activates Bax translocation to the mitochondria, which enhances the permeability of the 
outer membrane and blocks the electron flow105, Figure 1.2. In addition, TNFα 
activates caspase 8 which enhances the release of cathepsin B from the lysosomes. 
Cathepsin B acts on the mitochondria and increases their membrane permeability and 
blocks the electron flow by releasing cytochrome c 106, Figure 1.2. The enhanced ROS 
production further leads to damage of mitochondrial DNA, membranes and proteins 101. 
Collectively, enhanced mitochondrial permeability and cytochrome c release leads to 
the release of caspase 3 which later initiates cellular processes of apoptosis106. 
Apoptosis then further stimulates Kupffer cells activity and thus generates a vicious 
cycle. Oxidative stress is also known to promote the proliferation of stellate cells, and 
expression of adhesion molecules, which promote infiltration of immune cells 107, 108. It 
is noteworthy that serum levels of ICAM-1, an adhesion molecule, are significantly 
elevated in patients with NASH 109.  
 
Excessive ROS production is normally counteracted by enzymatic and non-enzymatic 
antioxidants. These enzymes include: superoxide dismutase, catalase, and glutathione 
(GSH) peroxidase. Another adaptive mechanism is the increased expression of 
uncoupling protein-2 (UCP-2) which reduces the cellular levels of ROS104, 110. 
Uncoupling of oxidative phosphorylation by UCP-2 allows the backflow of H+ to the 
mitochondrial matrix and thereby oxygen tension is reduced. Upregulation of hepatic 
UCP-2 has been confirmed in liver biopsies from NASH patients110. However, this 
adaptive response may increase the hepatic susceptibility to other stressors such as 
hypoxia, TNFα- and drug-induced toxicity 104, 110, 111. Hypoxia may result from 
impaired microcirculation observed in severe steatosis and this may further increase 
liver injury 112. 
 
Non-enzymatic antioxidants include GSH, Vitamin E and C, and ubiquinone101. GSH, 
an endogenous antioxidant, is present at high concentrations in hepatocytes and 
mitochondria which helps to eliminates reactive molecules generated during oxidative 
stress113. Thus, the balance between oxidative stress and GSH levels may influence the 
development of NASH. Yet, the depletion of hepatic glutathione has not been reliably 
shown to occur in NASH 113. However, treatment with antioxidants, e.g., vitamin E, β-
carotene, and n-3 polyunsaturated fatty acids (PUFAs), alleviates hepatic steatosis and 
the extent of liver injury in humans and animal models 114, 115.  
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1.1.4.3 Proinflammatory cytokines 
 
Together with the hepatocyte damage and fibrosis, inflammation is a marker of 
progression from simple steatosis to steatohepatitis and a great potential target for 
therapeutics. Inflammation in the liver results from the cross talk between parenchymal 
and nonparenchymal cells through circulating and paracrine cytokines. These cytokines 
are involved in the activation of hepatocytes, Kupffer cells and the transformation of 
stellate cells to the fibromyoblastic cell types75. Furthermore, pro-inflammatory 
cytokines and adipocytokines have been shown to play a role in the pathogenesis of 
NAFLD by modulating insulin resistance and lipid oxidation 101, 116. Plasma 
adiponectin and resistin levels are negatively correlated with hepatic steatosis and 
inflammation in NASH 117. TNFα is positively correlated with ongoing liver damage 
and inflammation 118.  Treatment with TNFα leads to functional and morphologic 
alterations in mitochondria while treatment with anti-TNFα antibodies improved 
mitochondrial function, inflammation, and alleviated hepatic steatosis in mouse models 
of NASH 119, 120. Proinflammatory cytokines also induce gene expression and secretion 
of chemokines, which attract and activate other immune cells. These cells include T-
cells and natural killer cells that upon activations cause cytotoxic damage. In the non-
inflamed human liver, several chemokines, including the regulated on activation, 
normal T cell expressed and secreted chemokine (RANTES), monocyte 
chemoattractant protein-1 (MCP-1), macrophage inflammatory protein-1 (MIP-1) and 
IL-8, can be detected in vascular endothelium of portal tracts and their expressions 
increase markedly with inflammation 121, 122. 
 
TNFα and IL-6 activate specific intracellular pathways that can enhance peripheral 
lipolysis and mitochondrial dysfunction. NF-κB homodimers and heterodimers are 
generated by association of five members of the Rel family that become activated upon 
assembly of a kinase complex formed by two catalytic subunits, IKK1 (IKKα) and 
IKK2 (IKKβ), and a regulatory subunit, IKKγ (NEMO) 123. The IKK kinase complex 
phosphorylates a group of inhibitory proteins, named IκB, leading to their degradation 
through the ubiquitin–proteasome pathway124. The NF-kB dimers migrate to the 
nucleus and regulate gene transcription. NF-κB pathway is activated in the livers of 
rodent models and in patients with NASH123. Experimental activation of NF-κB is 
sufficient to induce low-grade inflammation and insulin resistance 125. On the other 
hand, inhibition of IKKβ enhances insulin sensitivity 126. The other inflammatory signal 
mediator is JNK which belongs to a family of intracellular mitogen activated protein 
(MAP) kinases. JNK mediates phosphorylation and inactivation of Bcl-2 and promotes 
apoptosis. In fat-induced cell toxicity, JNK also leads to Bax activation and initiation of 
apoptosis 127, Figure 1.2. TNFα can activate JNK directly, early activation, or indirectly 
and persistently by TNFα-induced ROS in the late persistent phase128. The persistant 
activation of JNK by TNFα may contribute to the liver damage128. Further evidence for 
the role of JNK in NASH development comes from studies on JNK1 null mice. 
Methionine-choline defiecient (MCD) diet-fed JNK1 null mice have significantly lower 
hepatic TAG accumulation, inflammation, CYP2E1 expression, lipid peroxidation, 
liver injury, and apoptosis compared to the wild-type littermates 129.  
 
Toll-like receptors (TLR) are pattern recognition receptors that recognize microbial 
pathogens leading to the activation of innate immune system. Liver tissue from TLR4 
knockout mice showed absence of inflammatory gene expression after high fat feeding 
130. This supports the role of TLR4 in the pathogenesis of diet induced NASH. In 
Kupffer cells, medium chain fatty acids activate TLR4 signaling, whereas the 
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polyunsaturated fatty acids and docosahexaenoic acid inhibit activation of various 
TLRs 131. Palmitic acid activation of TLR4 triggers the activation of NF-κB and 
upregulation of its target genes TNFα, type I interferon, NO, IL-1 and IL-6 in 
leukocytes and Kupffer cells, all together contributing to the development of NASH 132.  
 
IL1β is another cytokine implicated in the development of NASH. IL1β is primarily 
produced by the Kupffer cells and its expression increases after TLR4 or TLR9 
activations 133. Deletions in mice of either TLR9 or its signaling mediator Myd88 
suppress the release of IL1β and produces phenotypes which resembles the one 
observed in mice lacking the IL1β receptor 133. All these mice models are protected 
from diet induced NASH development 133. Furthermore, treatment of hepatocytes with 
IL1β causes accumulation of TAG and induces cellular injury 133. In addition, IL1β 
also stimulates hepatic stellate cells and induces fibrogenesis.  
 
IFNγ in the liver is mainly produced by T-cells and exerts anti-proliferative and growth 
inhibitory actions on hepatocytes. IFNγ receptors are also present in Kupffer cells and 
stellate cells 134, 135. IFNγ has been shown in numerous reports to be anti-fibrogenic, 
both inhibiting the activation of hepatic stellate cells in culture and attenuating drug-
induced liver fibrosis136. IFNγ is currently being used in trials as an anti-fibrogenic 
therapeutic agent in patients with chronic liver disease 137, 138. However, studies on mice 
fed with a choline-deficient diet demonstrated that liver fibrosis is enhanced when mice 
were treated with IFNγ and reduced in IFNγ-deficient mice 139, 140. This finding is 
crucially important when applying IFNγ as a therapeutic target. 
 
IL6 is generally elevated in conditions of NASH, insulin resistance and obesity. IL-6 in 
circulation is produced by adipose tissue, skeletal muscle and liver parenchymal and 
Kupffer cells 141. Presently, the role of IL-6 in insulin resistance is unclear and still the 
subject of debate 141. Long-term administration of IL-6 to lean rodents causes hepatic 
insulin resistance in mice but increases whole body insulin sensitivity and glucose 
tolerance in rats142, 143. Overexpression of IL-6 in mice causes a pronounced 
proinflammatory state but does not cause hepatic steatosis 144.	
  In mice, IL-6 deficiency 
causes insulin resistance and obesity. However, when fed with high fat diet these mice 
showed no differences in insulin sensitivity and adiposity when compared to the wild 
type littermates but developed exacerbated HFD-induced hepatic insulin resistance and 
inflammation 145,146, 147. Similarly, deletion of the liver IL-6/gp130-STAT3 axis leads to 
hepatic steatosis and inflammation 148.	
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1.1.5 Role of non-parenchymal cells in development of NASH 

Hepatocytes constitute the largest proportion of liver mass. Sinusoidal structures are 
lined with endothelial cells and the hepatic resident macrophages, know as Kupffer 
cells (KC). KC constitute 5% of liver cells and 31% of the non-parenchymal 
subpopulation of cells149. The biliary canaliculi are formed by cholangiocytes and 
stellate cells of mesenchymal origin, and it lies scattered in the space of Disse, Figure 
1.3. Cross talk and exchange of proinflammatory cytokines between these cells is 
thought to contribute to the pathogenesis of NASH. Other circulating lymphocytes also 
play a role in the inflammatory-mediated progression of NASH and in particular 
polymorphonuclear leukocytes, T-cells and natural killer (NK) cells, Figure 1.2. 

 
 
 
 

Figure 1.3: Subpopulation of cells in the liver. Liver is composed of parenchymal cells (hepatocytes) and 
nonparenchymal cells including endothelial cells, stellate cells, cholangiocytes and Kupffer cells (KC). 
Other immune cells (T-cells, NK cells, or leukocytes) can infiltrate the liver in disease conditions such as 
NASH. 
 
Sinusoidal endothelial cells are generally activated in NAFLD due to increased 
circulating levels of proinflammatory cytokines, endotoxins, ROS and VEGF 150. 
Activation of endothelial cells leads to the production of cytokines, which further can 
activate other immune cell 151. Furthermore, local release of chemotactic molecules and 
cytokines from damaged hepatocytes activate the expression of adhesion molecules 
(ICAM, CD31, and E-selectin) in endothelial cells leading to infiltration of leukocytes 
152.  
 
Kupffer cells activation is positively correlated with NASH 153, 154. Activation of KC in 
hepatic steatosis is achieved by multiple pathways. Circulating endotoxin and alarmins 
released from necrotic hepatocytes such as DNA fragments, heat shock proteins (HSPs) 
and nuclear high mobility box protein 1(HMBP1) activate toll-like receptors on KC 155, 
Figure 1.4. Other activating factors also include ROS, FFA, lipid hydroperoxides, 
hypoxia, MCP-1 and complement factors C3 and C5a 155. Most recently, prostaglandin 
E2 produced by KC has been shown to stimulate the secretion of oncostatin M from 
KC which induces SOCS3 expression in the hepatocyte and causes hepatic insulin 
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resistance and steatosis156. Upon activation, KC express adhesion molecules 
(CD11b/CD18), which attract and recruit leukocytes to the liver 75. Further, KC 
releases cytokines such as TNFα, IL-1β, nitric oxide and IL-6, which activate other 
immune cells and amplify the immune response 75. Direct activation of NADPH 
oxidase (NOX-2) in KC and leukocytes leads to the production of ROS which causes 
further damage and stimulation of proinflammatory signaling in the liver 75. It is 
noteworthy to mention that KC also a play critical role in the resolution of 
inflammation by clearing out the infiltrated leukocytes 157.   
 
Additional cross talks originate from the stellate cells.  Release of TNFα and TGFβ1 
triggers transformation of stellate cells from the vitamin A-storing phenotype to the 
myofibroblastic phenotype, resulting in production of collagen types I and III and 
development of fibrosis 105. Stellate cells can also be activated by long-chain 
polyunsaturated fatty acids and ROS, which may explain the observed low-grade 
hepatic fibrosis associated with obesity, insulin resistance and after high fat feeding 105.  
 

 
Figure 1.4: Cross talk between Kupffer cell and hepatocyte in the 
pathogenesis of NASH. Proinflammatory cytokines and molecules 
generated from stressed and damaged hepatocytes stimulate 
Kupffer cells to release further cytokines. Furthermore, these 
cytokines attract other immune cells to the liver and amplify the 
damage further. HSP: heat shock proteins. CXC: chemotactic 
substances  
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1.1.6 Role of anti-inflammatory pathways in development of NASH 

Eicosanoids (prostaglandins, prostacyclins, thromboxanes and leukotrienes) are 
signaling molecules that are synthesized from arachidonic acid, docosahexaenoic acid 
(DHA) or eicosapentaenoic acid by the action of two families of enzymes 
cyclooxygenase (COX) and lipooxygenase 158. They display anti-inflammatory actions 
and play a major role in the interaction between hepatocytes and endothelial cells with 
KC and other immune cells.  
 
The enzymatic action of COX 1-2 (targets of NSAIDs drugs) leads to the formation of 
prostaglandin H2 which is later converted into different types of prostaglandins and 
thromboxanes 158, 159. The COX-derived PGE2 from Kupffer cells was demonstrated to 
inhibit basal and TGFβ1-mediated collagen synthesis by the stellate cells 160. More 
positive effects of PGE2 are evident in the improvement of liver microcirculation and 
suppression of LPS-induced TNFα, NO, and ROS release through the stimulation of 
PGE2 receptor EP4 161-163. However, contradicting findings were obtained from a study 
in which in vivo treatment with a COX-2 inhibitor attenuated the progression to NASH 
in a steatotic mouse model 164.  In this model, COX2 inhibitor treatment caused 
decreased hepatic TAG accumulation via the upregulation of PPARα 165, 166, hence 
eliminating the first hit.  However more studies should be conducted before considering 
the therapeutic role of PGE2 in the development of NASH. Studies have shown some 
unwanted effects of PGE2 on hepatocytes. PGE2 attenuated insulin signaling in rat 
hepatocytes by an EP3-R mediated activation of ERK1/2 that causes serine 
phosphorylation of IRS 167. PGE2 also stimulates the secretion of oncostatin M from 
Kupffer cells which acts on hepatocytes and induces insulin resistance and steatosis 
through the activation of lipogenesis and inhibition of VLDL secretion 156.  
 
Lipoxins are generated from arachidonic acid via the lipoxygenase-mediated 
transcellular biosynthesis. The latter term describes the process of synthesis of a 
metabolic intermediate by a donor cell and the formation of the active metabolite by 
another cell 168, 169. In the liver, this process has been shown in the interactions between 
KCs, endothelial cells and hepatocytes. Hepatocytes express the 15-lipoxygenase 
enzyme that generates 15-hydroxyeicosatetraenoic acid (15-HETE) from arachidonic 
acid. 15-HETES is then catalyzed to lipoxin LXA4 by the Kupffer cell enzyme 5-
lipooxygenase (5-LO) 170.  In addition, in the KCs 15-HETE is also generated by the 
action of aspirin-acetylated COX-2 enzyme which later gets transformed by the KC or 
neutrophil 5-LO into the aspirin triggered 15-epi-LXA4 170. 15-epi-LXA4 and LXA4 
have been found to modulate the actions of transcription factors (e.g., PPARα) and 
regulate cytokine production and chemotactic properties of hepatic cells 171-174. 
Furthermore, lipoxins and aspirin-triggered leukotrienes inhibit proinflammatory 
actions and the recruitments of neutrophils to the liver 171. Recently, it has been shown 
that lipoxins stimulate lipid disposal by enhancing the expression of PPARα in 
hepatocytes suggesting additional NAFLD protective actions173.  
	
  
1.1.7 Insulin resistance in NASH progression 

The action of insulin is initiated through its binding to the extracellular α-subunit of the 
insulin receptor which activates the intracellular tyrosine kinase domain of the β-
subunit 175. Receptor autophosphorylation results in insulin receptor substrate (IRS-1 
and 2) phosphorylation and IRS-associated phosphatidylinositol 3 phosphate kinase 
(PI3K) activation. PI3K consists of a regulatory subunit, p85, and a catalytic subunit 
p110. Phosphatidylinositol (3,4,5)-trisphosphate, generated by PI3K, recruits the 
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protein kinase B (PKB or Akt) to the plasma membrane, which then gets activated 
through the phosphorylation of serine 473 by mTORC2 and threonine 308 by PDK1 
175. Akt activation mediates the downstream effects of insulin such as inhibition of 
gluconeogenesis and glycogenolysis. Insulin resistance results from defects in the 
insulin signaling cascade and is commonly observed in patients with NAFLD and 
NASH. In inflammatory conditions, serine phsophorylation of the insulin receptor or 
IRS inhibits signal transduction and activation of downstream Akt176. Figure 1.5 
summarizes some of the factors which inhibit the insulin signaling cascade including 
ceramides, DAG activated PKC isoforms and ROS 177-180.  

 
Figure 1.5: Mechanism of cellular insulin resistance. Excess lipid intermediates in the TAG biosynthetic 
pathway, such as diacylglycerol (DAG) and free fatty acid (FFA) cause insulin resistance by activating 
several serine/threonine kinases, including protein kinase C (PKC), mammalian target of rapamycin/p70 
S6 kinase (mTOR/S6K), and c-Jun N-terminal kinase (JNK), which inhibits insulin signaling either 
directly through serine phosphorylation of insulin receptor substrates (IRS)-1 and IRS-2 or indirectly 
through a series of transcriptional events mediated by nuclear factor NFkB. This, in turn, results in 
reduced insulin activation of phosphatidylinositol (PI) 3-kinase and Akt. Ceramide can also impair insulin 
action through interactions with Akt. Increased levels of monomeric p85 competitively inhibit the binding 
of the p85/p110 heterodimer (PI3K) to the phosphorylated IRS-1.   
 
 
Peripheral insulin resistance results in enhanced lipolysis and impaired lipid storage as 
a result of reduced inhibition of hormone-sensitive lipase (HSL) and reduced activity of 
transcription factors involved in lipid droplet formation, such as PPARγ 181. High 
plasma insulin, FFA and glucose all together enhance DNL in the liver and cause 
hepatic steatosis 107. Insulin resistance in obesity is also accompanied by elevated levels 
of plasma proinflammatory cytokines TNFα, IL-6 or IL-1β, which promote liver 
toxicity as described earlier 182. This data indicates that insulin resistance could be 
considered a causative factor for NAFLD. However, several mouse models have shown 
that NAFLD or NASH can occur without major deterioration in whole body insulin 
sensitivity 183. Such models include those with defective uptake of lipid in peripheral 
tissues like CD36 and skeletal muscle specific-LPL deletion. In addition, mouse models 
of reduced hepatic β-oxidation or VLDL secretion are non-obese but present with 
hepatic steatosis; these include the MCD-fed mice and mice with deletion of PPARα, 
MTTP, or ACOX 39, 183. In humans, SNPs identified in the DGAT2 and PNPLA3 
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genes, involved in TAG packaging, has been shown to be associated with fatty liver but 
not with insulin resistance 184, 185. This suggests that the pattern of lipid mobilization 
and partitioning plays a major role in the dissociation/association between insulin 
resistance and hepatic steatosis.  
 
 
1.2 ROLE OF GROWTH HORMONE IN REGULATION OF HEPATIC LIPID 

CONTENT 

Growth Hormone (GH) is the key regulator of body size in mammals and an important 
regulator of lipid and glucose metabolism. GH is secreted by the pituitary gland and 
binds the GH receptor in target cells where it activates various signaling pathways 
including JAK2, STAT5b, PI3K, MAP kinase, PKC, and phospholipase A2 186. In the 
liver, the GH signal cascade induces the transcription of specific genes, such as IGF-1, 
IGF-binding proteins (IGFBPs), the acid-labile subunit (ALS), and SOCS proteins 186. 
GH metabolic actions can be exerted directly or indirectly, by IGF-1 or adipocytokines, 
or can be part of GH antagonism of insulin signaling 186. The main actions of GH are 
anabolic in muscle resulting in increased lean body mass from the promotion of protein 
synthesis combined with a reduction of nitrogen excretion. By promoting adipose tissue 
lipolysis and hepatic lipid mobilization GH increases circulating fatty acids and 
promotes their utilization in muscle at the expense of glucose. The end result is that GH 
has hyperglycemic (diabetogenic) actions. The lipolytic actions of GH in adipose tissue 
results from enhancing hormone-sensitive lipase activity and stimulation of the β-
adrenergic receptors 187. GH does not increase the lipoprotein lipase (LPL) activity in 
the adipose tissue which suggests no direct effects of GH on triacylglyceride uptake in 
adipose tissue 188. Finally, GH also reduces circulating leptin and increases resistin 
levels, while the effect on adiponectin remains controversial 188. In liver and unlike its 
action on adipose tissue, GH induces triacylglyceride uptake by increasing LPL, 
hepatic lipase and LDL receptor expression 188. Furthermore, GH induces hepatic DNL 
through the induction of fatty acid synthase (FAS) and Stearoyl-CoA desaturase 
(SCD1) expression. These activities are counteracted by enhanced hepatic VLDL 
secretion 189, 190 in connection to GH induction of apoB48 and MTTP proteins levels189, 

190. The end result of GH actions in liver is reduction of TAG accumulation. Patients 
with NAFLD have lower plasma GH levels than controls 191. Adult GH deficiency 
(GHD) is associated with NAFLD 192, 193 and patients characteristically develop 
abdominal obesity with increased total plasma cholesterol and triacylglycerides and 
decreased high-density lipoprotein (HDL)-cholesterol levels, resembling the metabolic 
syndrome 194. In addition, 29% of children with GH deficiency developed NAFLD after 
cessation of GH therapy 194.  Reduced steatosis is observed in GH transgenic mice and 
after GH replacement therapy in adults with GH deficiency.  
 
The protective action of GH on liver steatosis has also been highlighted in genetic 
studies showing hepatic inactivation of the GH receptor (GHR) 195, 196, its associated 
kinase, JAK2 197 or its downstream signaling intermediary STAT5b 198 leads to hepatic 
steatosis. Due to the disruption of hepatic IGF-1 production, the negative feedback 
regulation on GH secretion is disrupted and these mice exhibit elevated circulating 
levels of GH. A very recent study showed that abrogation of GH rescued the 
development of fatty liver in the JAK2 knockout mice 199. In this context, increased 
steatosis was attributed to the GH-augmented adipose tissue lipolysis and subsequent 
increase in circulating FFA levels197.  The net effects of GH on hepatic lipid 
metabolism might be influenced by GH antagonism of insulin signaling 200. Compared 
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to treatment with GH alone, in vivo co-stimulation with insulin results in lower hepatic 
TAG content despite lower VLDL secretion 201. These findings suggest that the effect 
of GH on hepatic triacylglyceride secretion is dependent on the GH antagonism of 
insulin actions in the liver while hepatic TAG content may also be influenced by the 
GH antagonism of insulin anti-lipolytic actions in adipose tissue.  
 
 
1.3 METABOLIC ACTIONS OF SOCS PROTEINS 

The suppressor of cytokine signaling (SOCS) protein family comprises eight different 
intracellular proteins (SOCS 1-7 and CIS) whose functions are to regulate cellular 
sensitivity to cytokine and growth factor signals. SOCS regulate JAK kinase associated 
cytokine receptors (e.g. those for leptin, GH, interferons and erythropoetin) but also 
tyrosine kinase receptors such as those responsive to insulin, IGF-1, SCF and EGF 186, 

202. Studies using genetic inactivation of different SOCS proteins in mice have 
demonstrated that individual SOCS protein have specific physiological functions. 
   
All SOCS proteins are characterized by a centrally located SH2 domain, an amino-
terminal domain of variable length and sequence, and a carboxyl-terminal 40-amino-
acid module known as the SOCS box. The function of the SOCS box is the recruitment 
of an ubiquitin-transferase system. The SOCS box interacts with Elongins B and C, 
Cullin5, Rbx 2 and E2 ubiquitin conjugating enzymes to form an E3 ubiquitin ligase 
complex. Thus, CIS/SOCS family proteins, as well as other SOCS-box-containing 
molecules, probably function as E3 ubiquitin ligase to mediate the ubiquitination and 
possibly the proteasomal degradation of targeted proteins 203. The recognition of 
targeted proteins by SOCS is thought to be mediated by the SH2 domain binding to 
tyrosine phosphorylated targets. Additional mechanisms may also be involved SOCS 
regulation of cellular signaling. Both SOCS1 and SOCS3 exhibit homology within a 
12-residue sequence known as the kinase inhibitory region (KIR) 204. The KIR binds to 
the activated JAK and can act as a JAK pseudosubstrate preventing the access of other 
legitimate substrates to the JAK catalytic pocket, thus inhibiting its activity. .  
 
1.3.1 SOCS-1 and SOCS-3:  

In multiple cell lines, SOCS1 and SOCS3 have been shown to bind IRS-1 and IRS-2 
and promote their ubiquitination and proteosomal degradation 205. Mutations in the 
SOCS box domain of SOCS1 inhibit the ubiquitination and degradation of IRS-1 and 
IRS-2 205. Hepatic expression of SOCS1 and SOCS3 has been reported to be elevated 
in rodent treated with GH and in models of obesity and insulin resistance 206. 
Furthermore, db/db mice treated with SOCS1 and SOCS3 antisense oligonucleotides 
show improvement in insulin signaling and hepatic lipid accumulation 206. In addition, 
hepatic short-term overexpression of SOCS1 or SOCS3 attenuated STAT3 activity 
which causes induction of lipogenesis via SREBP1c activation206. In vivo over-
expression of SOCS3 in adipocytes leads to a reduction in IRS-1 protein which causes 
diminished glucose uptake and reduced lipogenesis 207, 208. In addition, these SOCS3 
transgenic-mice were resistant to the development of diet-induced obesity and its 
associated insulin resistance. On the other hand, TNF-α-induced IRS-1 and IRS-2 
degradation was suppressed in adipocytes of SOCS3 deficient mice209 
 
The previous results suggest that SOCS3 negatively regulates insulin signaling 
contributing to hepatic steatosis. However, opposite findings were observed when this 



 

 

19 

concept was tested in SOCS3 liver specific knockout mice.  These mice developed 
hepatic steatosis after high fat diet feeding 210. The author hypothesized that the 
differences observed are due to unknown hypothalamic effects of liver specific SOCS3 
deletion that result in increased food intake and decreased energy expenditure 210, 
which were absent in other short-term in vivo or cell culture based studies 205 206. 
 
SOCS1 exerts negative inhibition of the INFγ signaling and SOCS1-/- mice die before 
weaning from multiorgan inflammatory disease that is manifested in liver by severe 
steatohepatitis. This phenotype could be rescued by concurrent deletion of the INFγ 
gene 211. In the liver, SOCS1 also downregulates hepatic growth factor (HGF) signaling 
and displays anti-oncogenic properties in the liver 212. Inhibition of hepatic SOCS1 
expression in db/db mice enhances hepatic insulin sensitivity and reduces of hepatic 
steatosis 206 suggesting a role for SOCS1 in the pathogenesis of NASH.  
 
1.3.2 SOCS 6 and 7: 

Recent studies have shown the involvement of SOCS 6 and 7 in insulin signaling 213, 

214. SOCS6 has been shown to bind to the monomeric p85 regulatory subunit of PI3 
kinase enhancing the activity of the catalytic subunit and increasing insulin sensitivity 
213. Accordingly, over-expression of SOCS6 in mice results in improved glucose 
tolerance and insulin sensitivity 213. On the other hand SOCS6-/- mice do not display 
any abnormalities in glucose homeostasis 215 suggesting that SOCS6 activity on insulin 
signaling may be redundant. SOCS7 is a close homolog of SOCS6, sharing greater than 
50% identity in the SH2 domain, and it has also been reported to interact with PI-3 
kinase. SOCS7-/- mice display improved glucose tolerance and enhanced insulin 
sensitivity compared to the wild-type mice 214. These mice display increased islet size 
due to enhanced insulin sensitivity at the β-cells level.  
 
1.3.3 SOCS2: 

GH receptor activity is counteracted through a negative feedback loop exerted by 
SOCS2, which interacts and inhibits GH receptor signaling 216, 217. The gigantism 
observed in SOCS2–/– mice is not observed in other mouse models of SOCS 
inactivation and identifIes this proteins as the key negative regulator of GH receptor 
signaling in vivo 186. In agreement, overgrowth in SOCS2-/- mice was attenuated in the 
double SOCS2/STAT5b knockout mice or in SOCS2-/- mice made GH deficient 218. 
GWAS studies have identified SNPs in the vicinity of SOCS2 associated to increased 
postnatal growth 219. A single patient has been identified with a mutation within the 
SH2 domain of SOCS2, he presented with acromegaly with normal plasma GH levels 
and plasma IGF1 in the upper limit of normal 220. In a Japanese cohort, several SNPs in 
the SOCS2 gene promoter region were found to be associated with increased risk of 
type 2 diabetes 221. Further studies are needed to elucidate the exact mechanism 
whereby SOCS2 acts on insulin signaling. 
 
Despite the increased GH activity in SOCS2-deficient mice (SOCS2-/-), these mice 
show normal glucose tolerance and insulin sensitivity, which may be attributed to the 
increased lean body mass and reduced levels of GH observed in these mice 222. Under 
normal dietary conditions, SOCS2-/- mice exhibit reduced TAG accumulation in the 
liver. SOCS2 has been shown to have other functions related to neuronal development, 
bone growth, estrogen and glucocorticoid signaling and inflammation 223. The later 
SOCS2 function is relevant in our discussion of the role of inflammation in the 
progression of NAFLD. SOCS2 has shown anti-inflammatory properties and its mRNA 
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and protein levels were induced by anti-inflammatory mediators such as lipoxin 
(LXA4) 223. In addition, aspirin’s anti-inflammatory actions and inhibition of NF-κB 
signaling is found to be SOCS2 dependent in mice 223.  Furthermore, SOCS2-/- mice 
have abnormal leukocyte infiltration, an uncontrolled production of proinflammatory 
cytokines leading to higher mortality observed after infection 223. Recently, SOCS2 was 
implicated in the acceleration of dendritic cell (DC) maturation, an antigen-presenting 
cell of the innate immune system 224. Furthermore, SOCS2 deletion in DC enhanced 
TLR signaling and increased the STAT3 mediated expression and secretion of IL-1β 
and IL-10 225 224. Overall, the anti-inflammatory role of SOCS2 might suggest a 
protective role in the development of NASH.  
 
1.3.4 Cullin-RING-Ligase system 

SOCS are thought to target cellular signaling intermediates for degradation via the 
ubiquitin-proteasome system. Ubiquitin, a small conserved protein of 76 amino acids, 
is first conjugated to the E1-ubiquitin activating enzyme. This is an ATP-requiring 
thioesterification reaction between the C-terminal glycine residue of ubiquitin and the 
sulfahydryl group of cysteine residue in the E1. Ubiquitin is then transferred from the 
E1 to a cysteine residue of the E2 (ubiquitin conjugating enzyme, UBC) enzyme. 
Almost 30-40 UBCs exist in the human genome. Finally, through the action of a 
ubiquitin ligase (E3), ubiquitin is transferred to a lysine residue in the target protein, 
Figure 1.6. The Lys48-linked polyubiquitination chain on target proteins makes them a 
substrate for the 26S proteasome 226.   
 

 
Figure 1.6: Protein ubiquitination system. Ubiquitin (UB) molecule is activated by 
the ubiquitin activating enzyme (E1) and then conjugated to the ubiquitin 
conjugating enzyme (E2). The ubiquitin ligase (E3) recognizes the target substrate 
and catalyzes the transfer of UB molecule.  

 
Two main classes of E3 are evident at the primary sequence level: those bearing a 
HECT (Homologous to E6-AP C-Terminus)-type catalytic domain and a prominent 
class containing a RING (Really Interesting New Gene) domain. In contrast to HECT-
type E3 enzymes, which contain an active cysteine residue and form an obligate 
thioester bond with ubiquitin prior to transfer to the substrate. RING-type E3s serve as 
a docking site for the ubiquitin-activated E2, which provides the catalytic activity 226.  
 
The largest E3 superfamily consists of the multisubunit Cullin-RING ligases (CRLs). 



 

 

21 

CRLs consist of an extended cullin scaffold interacting with a catalytic RING-
containing protein, either Rbx1 or Rbx2 226. The human genome encodes at least seven 
cullins including CUL1, CUL2, CUL3, CUL4A, CUL4B, CUL5 and CUL7.  They 
form around 300 distinct CRL complexes in different subfamilies (CRL1 containing 
CUL1, CRL2 containing CUL2, etc.). SOCS2-7 and CIS interact with the 
Cullin5/Rbx2 complex while SOCS1 interacts with Cullin2/Rbx1.  
 
1.3.4.1 Substrate recognition by CRL 
 
Even though CRL subclasses contain the same catalytic core, they use different 
substrate-recognition modules. In most cases these modules use a BTB (Bric-a-Brac, 
Tramtrack and Broad complex)-fold adaptor to interact with the amino-terminal 
domains of cullins, and thus provides specificity for the interaction with the various 
substrate-recognition modules 227. In the classical SCF (Skp1-Cullin-F-box), the BTB-
fold adaptor SKP1 connects	
   the CUL1 to F-box proteins, which recognize their 
substrates through various substrate interaction motifs, such as WD40 motifs or 
Leucine Rich Repeats (LRR). In CRL2 and CRL5 complexes, the BTB-fold adaptor 
Elongin C connects CUL2 and CUL5 to BC-box proteins (e.g. SOCS box), which in 
turn binds their substrates primarily through LRR, ankyrin repeats or SH2 domains228. 
Despite the fact that both CUL2 and CUL5 use the same adaptor, they engage different 
classes of substrate-recognition subunits, termed VHL-box and SOCS box proteins 
respectively 228.  The ubiquitin-like protein Elongin B is also part of CRL2 and CRL5. 
In CRL3 complexes, a single polypeptide fulfils the function of SKP1/ElonginC and F-
box/BC-box dimers and bridges CUL3 to substrates 227. Illustrations of these examples 
are displayed in Figure 1.7. 
	
  
1.3.4.2 Catalytic domain of CRL 
 
The C terminal of CRL consists of the same catalytic core composed of a cullin-RBX1 
heterodimer bound to the E2-ubiquitin, except for CUL5, which also binds RBX2. In 
the CRL complex, the ubiquitin molecule on the E2 is spatially distant from the 
substrate and hence to activate the ubiquitin transfer the cullin protein gets covalently 
neddylated at a conserved lysine residue present in all cullin family members, Figure 
1.8. Neddylation requires the ubiquitin-like protein NEDD8 (Neural precursor cell 
Expressed Developmentally Down-regulated protein 8) 229. NEDD8 attachment 
stimulates multiple CRL ubiquitin E3 activities by promoting the binding to E2-
ubiquitin, enhancing ubiquitin transfer from the E2 active site, and by positioning the 
E2 active site adjacent to the substrate. The NEDD8 conjugation is catalyzed by two 
NEDD8-specific E2s, Ubc12 and UBE2F, that interact with the two different RBX 
proteins to modify specific cullins 230. For example, UBE2F and Rbx2 neddylate 
CUL5. Cullins get deneddylated by a multisubunit enzyme named the COP9 
Signalosome (CSN) 229. The catalytic component, CSN5, is a member of the zinc 
metalloproteinase family. Another mechanism of CRL activation might include 
dimerization through the substrate recognition motif or the NEDD8-cullin; although 
CUL2 and CUL5 CRL complex has only been observed as monomers 231, 232. It is 
worth mentioning that CRL can be inhibited via CAND1 (Cullin-Associated and 
Neddylation- Dissociated 1). CAND1 binds specifically to free cullin-Rbx complexes 
lacking NEDD8 and inhibits CRL assembly and NEDD8 activation 233. 
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Figure 1.7: Composition of cullin-RING E3-ligases (CRLs). CRLs are formed around a cullin scaffold 
protein, which recruits the substrate-recognition module (SRM) through its N-termini and the catalytic 
site through its C-terminal part. The basic composition of a CRL with CUL1, CUL2, CUL3 and CUL5 
are illustrated and described in the text.  The catalytic module contains the RING domain (Rbx1 or 
Rbx2) and hosts the E2 enzyme which catalyzes the transfer of ubiquitin to the substrate. The N-terminal 
of cullin contains a docking site for a BTB domain present in the adaptor molecules. In CRL2 and 5, the 
substrate interaction motif (SIM) represents the SH2 domain in SOCS protein which specifically bind to 
phosphorylated substrates 
 
 

 
 
Figure 1.8: Regulation of the CRL system. Neddylation of CRL is catalyzed by conjugation of NEDD8 
via E2 enzymes Ubc12 and UBE2F. CSN and CAND1 are involved in the deactivation of the CRL 
complex.  
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2 AIM OF THE STUDY 
The main goal of this thesis is to evaluate the mechanism of actions and physiological 
significance of SOCS2 and SOCS6 proteins. We hypothesised that SOCS2 and SOCS6 
play important roles in the regulation of hepatic insulin and GH signalling and also 
hepatic lipid content. We therefore aimed to: 
 
 

• To explore the E3-ligase activity of SOCS proteins toward cytokine and growth 
factor receptors. Paper 1 and 4. 

• To investigate the physiological of role of SOCS2 in the control of hepatic 
metabolism in conditions of dietary stress. Paper 2 

• To investigate the role of growth hormone-SOCS2 axis in understanding the 
pharmacological actions of the LXR ligands on hepatic lipid metabolism. 
Paper 3 

• To characterize the structural binding of SOCS6 to target proteins. Paper 4 
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3 MATERIALS AND METHODS 
3.1 ANIMAL AND CELL MODELS 

In the studies presented in this thesis we have used the SOCS2-/- mice (C57BL/6J) 
previously described 234. Animal experiments were held in the animal facilities at the 
university Las Palmas of Gran Canaria, Canary Islands, Spain and Karolinska Institutet, 
Sweden. To induce diet-induced insulin resistance and obesity, mice fed a regular chow 
diet (CD) (SAFE-diet A04, Panlab SLU, Barcelona, Spain) or high fat diet (HFD, 
OpenSource DIETS, D12492) ad libitum for 2 and 4 months. The high-fat diet 
contained 34.9% fat, 26.3 % carbohydrate, and 26.2 % protein per unit weight. Bone 
marrow derived macrophages were isolated from SOCS2-/- mice, cultured and used to 
study TLR4 receptor signalling. Primary human hepatocytes were isolated from healthy 
human liver tissue from donors in hepatic transplants. All human and animal 
experimental protocols were according to the Karolinska Institutet and University of 
Las Palmas Gran Canaria ethical guidelines (ethical permits No. 2010/678-31/3, 
N415/08, N46/11 and N363/08). Isolated hepatocytes were obtained from the liver cell 
laboratory, KI-CLINTEC, Huddinge University Hospital. Cells were maintained in 
Williams E medium as described previously 235. GH signaling was studied in BRL4 
cells, which are stably transfected with the rat GHR gene and express endogenous 
JAK2 and STAT5b 236 (paper III). To study the ubiquitin ligase activity of SOCS2 and 
SOCS6, transient transfection of GHR and c-KIT were performed in HEK293T cells 
(paper I and IV). 
 

Table 3: Calorie contents of diets used in the study (% of total calories) 
 Control diet (CD) High fat diet (HFD) 
Fat 3 % 60% 
Carbohydrates 60% 20 % 
Proteins 16% 20% 

 
3.2 MEASUREMENT OF WHOLE BODY INSULIN SENSITIVITY 

Insulin sensitivity was assessed in vivo by measurement of fasting blood glucose, 
fasting plasma insulin, intraperitoneal glucose tolerance test (ipGTT), intraperitoneal 
insulin tolerance test (ipITT), and homeostatic model assessment of insulin resistance  
(HOMA-IR). Plasma insulin levels were measured using commercial ELISA kits.  For 
ipGTT, mice were fasted 16 h overnight followed by an i.p. injection of D (+)-glucose 
(20% in 0.9% NaCl) at a dose of 2g/kg body weight. Blood glucose levels were 
measured using a glucometer (Roche Diagnostics, Basel, Switzerland). For ipITT, 
human insulin was intraperitoneally injected into 4-h fasted mice at a dose of 0.75 U/kg 
body weight and glucose levels were determined as explained above. HOMA-IR was 
calculated as follows: fasting insulin (ng/mL) × fasting glucose (mM).  
 
3.3 ASSESSMENT OF PANCREATIC FUNCTION 

We characterized the SOCS2-/- pancreatic phenotype by measuring plasma insulin at 
fasting and 10 minutes after ipGTT (index of insulin secretion). We also analyzed 
pancreatic insulin content and insulin/glucagon ratio by immunohistochemistry (IHC). 
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Insulin extractions were carried out overnight on pre-weighed homogenized pancreas at 
4°C under constant shaking followed by centrifugation. Supernatants were diluted 1000 
fold and insulin concentrations were determined using an ELISA kit (Ultra. Sensitive 
Rat Insulin ELISA; Crystal Chem, Downers. Grove, IL, USA). Paraffin embedded 
tissue was sectioned for insulin and glucagon immunostaining. Primary antibodies were 
detected with an appropriate biotinylated secondary antibody in conjunction with 
Vectastatin ABC peroxidase kit (Vector Laboratories, Carpenteria, CA) and chromogen 
diaminobenzidine (Sigma, St. Louis, MO). Slides were counterstained in hematoxylin 
and eosin. We further calculated HOMA-β cell function as follows: 20 × fasting insulin 
(µU/mL)/fasting glucose (mmol/L) − 3.5.  
 
3.4 IN VIVO HEPATIC TRIACYLGLYCERIDE SECRETION ASSAY 

Triacylglyceride secretion rate in vivo was measured by intravenous administration of 
Triton WR-1339 (Sigma, St. Louis, MO, USA) which blocks the peripheral hydrolysis 
of triacylglycerides. The animals were fasted for 6 h to avoid the influence of 
chylomicrons from the intestine. Thereafter, they were injected intravenously with 
Triton WR-1339 diluted in saline (200 mg/ml) via the tail vein (500 mg/kg body 
weight). Blood samples were taken before the injection (baseline fasting 
triacylglyceride concentration) and 30, 60 and 90 min after Triton WR-1339 
administration. The triacylglyceride accumulation was linear during this time period. 
Total plasma content of triacylglycerides was calculated using the published plasma 
volume in male mice (0.071 ml/g). Hepatic triacylglyceride secretion rate, expressed as 
total µmol TAG/min was calculated from the slope of the curve. 
 
3.5 MULTIPLEX IMMUNOASSAY 

Multiplex technology allows the simultaneous qualitative or quantitative analysis of 
analytes using color-coded microspheres in a single tube or well. We utilized flow 
cytometric multiplex arrays, also known as bead-based multiplex assays. Different bead 
sets employ properties (e.g. size or fluorescence), which are distinguishable under flow 
cytometry. Each bead set is coated with a specific capture antibody, and fluorescence or 
streptavidin-labelled detection antibodies bind to the specific cytokine-capture antibody 
complex on the bead set. This allows the identification and quantification of various 
analytes using one sample volume. 
 
In our study we employed multiplex technology to quantify cytokine levels IL1β, IL-6, 
interferon (IFN) γ, TNFα, and RANTES. Cytokine levels were measured both in 
plasma and media collected from cell cultures. The multiplex assay was also used to 
quantify AKT, JNK , and  IRS1 phosphorylation in tissue homogenates. Traditional 
single analyte ELISA kit were used to measure plasma GH, IGF1, leptin and insulin 
levels.  
 
3.6 PLASMID CONSTRUCTION AND IN VITRO MUTAGENESIS 

In paper IV, we constructed the pFlag-SOCS6 expression plasmid using PCR-based 
technology and ligation, Figure 3.1. The human SOCS6 open reading frame was 
obtained from a commercial source (Invitrogen, Carlsbad, CA). A DNA fragment 
containing the full length human SOCS6 was amplified by PCR using a high fidelity 
Pfu DNA polymerase and cloned into the pFlag-CMV2 vector (Sigma-Aldrich) to 
express a N-terminally Flag-tagged version of hSOCS6 in mammalian cells. To insert a 
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mutation in the cloned gene, we applied site-directed mutagenesis. Two complementary 
primers are designed to carry the mutation of interest. Thereafter, these primers anneal 
with the wild type methylated plasmid and create a mismatch at the mutation site. Then 
PCR reaction is carried out using a high fidelity DNA polymerase to synthesize a new 
non-methylated plasmid from the two primers carrying the mutation. Before cellular 
transformation, the wild type plasmid is removed by the action of the Dpn1 enzyme, 
which digests the methylated DNA only, Figure 3.1. Insert and mutant sequences were 
then confirmed by DNA sequencing. 

 
Figure 3.1: In vitro site directed mutagenesis. The wild type plasmid 
contains the SOCS gene of interest tagged with a Flag peptide sequence 
at the N terminal. The expression of the Flag-SOCS gene is driven by a 
strong cytomegalovirus promoter (CMV). Mutant plasmid can be 
generated by PCR reaction using set of complementary primers (red). 
Newly in vitro synthesized plasmid (red) will be non-methylated while 
the methylated-wild type plasmid (blue) will be digested by the enzyme 
Dpn1. 

 
 
	
  
3.7 IN VITRO E3-LIGASE ASSAY  

To determine the E3 ligase activity of SOCS2 and SOCS6, cells were transiently 
transfected with Flag-tagged SOCS2 or SOCS6.  Elongin B and C were co-transfected 
to increase the stability of the SOCS proteins. Complexes of SOCS proteins and their 
associated proteins were immunoprecipitated by anti-Flag-agarose beads (Sigma-
Aldrich). The E3 ligase assay was carried out on the precipitated SOCS protein 
complexes by adding the other components of ubiquitination reaction in an appropriate 
buffer: E1 enzyme (human recombinant, Enzo Life Sciences, Inc.), E2 (UbcH5b), 
ubiquitin, HA-tagged ubiquitin, ATP, MgCl2, creatine phosphate, rabbit skeletal muscle 
creatine kinase (Calbiochem, La Jolla, CA).  Reactions were carried at 37 oC for 30 min 
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and stopped by the addition of protein electrophoresis sample buffer, followed by SDS-
PAGE. An anti-HA antibody was used to detect incorporation of ubiquitin into high 
molecular weight protein conjugates. The intensity of this signal was used to evaluate 
ubiquitin ligase activity. To detect polyubiquitination of specific target proteins, a 
parallel set of experiments was carried and reactions were stopped by addition of 
EDTA (to chelate Mg+2 ions), followed by elution with Flag peptide (Sigma-Aldrich). 
This is to recover the SOCS6-containing complexes from the anti-flag agarose beads. 
Then target proteins were immunoprecipitated from the elution samples using specific 
antibodies followed by immunoblotting with anti-HA to detect ubiquitin or a specific 
antibody to detect the shift in molecular weight of the target protein. Figure 3.2 
illustrates the steps of the E3 ligase assay.  
 

 
Figure 3.2: In vitro E3-Ligase activity. Western blot against anti-HA is used to detect HA-tagged 
ubiquitin (HA-Ub) in the ubiquitinated target proteins. E3 ligase activity can be stopped by EDTA and 
flag-beads are eluted by flag peptide. Ubiquitination of a specific target protein can be detected after 
immunoprecipitation and immunoblotting against the target protein or against HA-ubiquitin  
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3.8 LUCIFERASE ACTIVITY ASSAY 

The luciferase reporter assay has been widely used to study gene promoter activity. 
The pGL2 luciferase reporter vectors are designed for quantitative analysis of factors 
that potentially regulate mammalian gene expression. These vectors carry the coding 
region of wild-type firefly (Photinus pyralis) luciferase. In our study, the luciferase 
activity of pGL2 vectors was driven by the GH response element of the human 
SOCS2 gene promoter region, containing a SREBP1 binding site (E-box) and two 
STAT5b binding sites in close proximity 237. After the vector was transfected into 
cultured cells, the luciferase activity was measured using a luminometer. The light 
intensity reflects the amount of luciferase, which reflects the transcriptional activity 
of the inserted SOCS2 promoter region in relation to specific experimental condition. 
The luciferase activity was normalized to the protein content or to the β-galactosidase 
from a cotransfected vector expressing the β-galactosidase gene. 
 
3.9 CYCLOHEXIMIDE CHASE EXPERIMENTS 

Cycloheximide chase is an experimental tool used to determine the half-life of a 
specific protein. In cells, proteins are constantly being synthesized and degraded. 
Cycloheximide inhibits protein synthesis by interfering with the translation-elongation 
step. Cells are homogenized after treatment with cycloheximide at indicative time 
points. Protein cellular levels drops after cycloheximide treatment and are detected by 
western blot using specific antibodies. In this thesis cycloheximide chase experiments 
were used to examine the regulation of SOCS protein stability by Elongin C and B. In 
addition, stability of SOCS target proteins, GH receptor and c-KIT was studied after 
overexpression of SOCS2 or SOCS6 respectively.  
 
3.10 TRANSCRIPTION FACTOR BINDING ABCD ASSAY  

The ABCD assay (avidin, biotin, complex, DNA) is an experimental tool to study the 
binding of proteins such as transcriptional factors to a DNA molecule. It is an 
alternative to chromatin immunoprecipitation, in which protein-DNA complexes are 
immunoprecipitated using a specific antibody and then followed by the detection of 
target DNA elements by polymerase chain reaction. In the ABCD assay, protein-DNA 
complexes are immobilized by biotinylated oligonucleotides to a streptavidin bead 
matrix followed by detection of the bound transcription factors using a specific 
antibody by western blotting. Biotinylated oligonucleotide containing the binding site 
for a transcription factor is mixed with lysates from cells treated under different 
conditions. The mixtures were incubated overnight to allow the binding of transcription 
factors to the DNA element. This was then followed by the addition of streptavidin 
agarose beads to pull down the biotinylated oligonucleotide-protein complexes 
followed by detection of bound proteins by western blotting. In this thesis, we used the 
ABCD assay to study the binding and competition of SREBP1 and STAT5b to their 
response elements in the SOCS2 promoter.  
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4 RESULTS AND DISCUSSION 
4.1 PAPER I 

The SOCS2 Ubiquitin Ligase Complex Regulates Growth Hormone Receptor 
Levels 
 
Some of SOCS2 physiological functions are exerted through feedback inhibition of 
GHR signaling. GH activated STAT5b binds the promoter of SOCS2 to induce its 
expression, in turn SOCS2 binds at least two phosphorylated tyrosines on the GHR to 
negatively regulate JAK2 and STAT5b activation 218, 237. The molecular basis for these 
actions of SOCS2 is not entirely clear. In this study we tested whether SOCS2 can 
assemble an E3 ubiquitin ligase complex that targets the GHR and can modulate its 
turnover.  
 
We have demonstrated that SOCS2 interacts with elongin B and C, cullin5 and Rbx2 to 
form a canonical ECS (elongin/Cullin/SOCS) complex. (Figure 4.1A). In vitro assays 
demonstrate that this complex has intrinsic ubiquitin ligase activity and can ubiquitinate 
the GHR. This strongly suggests that this is the mechanism whereby SOCS2 controls 
GH sensitivity (Figure 4.1B). In support of this conclusion, we show that GHR levels 
decreased in cells overexpressing SOCS2 as a result of accelerated GHR degradation. 
Accordingly, elevated GHR levels were observed following SOCS2 reduction in cells 
or in livers from SOCS2-/- mice.  Our data provide a mechanistic explanation for the 
negative actions of SOCS2 on the GH activated signaling pathways.  
 

 
Figure 4.1: SOCS2 forms a stable complex with CRL5 and mediate ubiquitination 
of GHR. A, HEK293T cells were transfected with Elongin B, Elongin C and 
Myc-Cullin5 and either an empty vector (lane 1), wild type (lane 2 and 8) or a 
mutant form of FLAG-SOCS2 (lanes 3-7) as denoted in the picture. B, In vitro 
E3 ligase assays shows enhanced protein ubiquitination of target proteins in 
samples overexpressing SOCS2. Upper panel demonstrate the ubiquitination of 
GHR after E3 ligase reaction 
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Unliganded GHRs undergo constant endocytosis via clathrin-coated vesicles and are 
subsequently transported to lysosomes for degradation238. Endocytosis of the GHR is 
dependent on ubiquitination. A motif has been identified in the cytosolic portion of the 
receptor (UbE motif) that controls the GHR ubiquitination level. Mutations in this 
region hinder GHR endocytosis and degradation causing enhanced cellular sensitivity 
to GH 239. Interestingly basal GHR endocytosis can proceed even when all Lysine 
residues in the intracellular domain are mutated to Arginine 240, indicating that 
ubiquitination of associated proteins but not the GHR itself may drive this process. The 
F-box protein β-transducin repeat-containing protein (βTrCP) serves as the substrate 
recognition subunit in the SCF (βTrCP) ligase (Skp1, Cul1 and Rbx1) and has been 
shown to mediate GHR recognition through the UbE motif and promote its 
ubiquitination 241. βTrCP seems to be involved in the continuous and constitutive 
ubiquitin-dependent endocytosis of GHR 242 . In fact, the close proximity of the JAK2 
(box-1) and βTrCP (UbE) binding sites on GHR seems to preclude the regulation of 
activated GHr by this ligase. Indeed, upon GH stimulation, the phosphorylation and 
binding of JAK2 inhibits the βTrCP mediated-GHR ubiquitination and endocytosis 242. 
Mice where βTrCP gene has been inactivated do not show obvious disruption in growth 
rate implicating that either basal turnover of GHR contribute little to GH sensitivity or 
that additional E3 ligases can target the GH receptor complex in the absence of βTrCP. 
 
Endocytosis of the GHR is accelerated by ligand binding indicating the existence of a 
second E3 ligase preferentially targeting active GH receptors. Our finding that SOCS2 
mediated GHR degradation depends on the phosphorylation of Tyr487 suggest its 
involvement in the GHR downregulation after GH stimulation. This is in agreement 
with a study showing that phosphorylation of cytosolic tyrosine residues is important 
for the GH-induced GHR endocytosis 243.  The importance of SOCS2 in the control of 
GH sensitivity is validated by the gigantism observed in SOCS2-/- mice. The ability of 
SOCS2 to regulate the levels of the active mature GHR suggests that it has a pivotal 
role in conditions of altered GH sensitivity such as chronic wasting, infection and 
hyperinsulinemia 244.   

 

4.2 PAPER II 

SOCS2 inactivation protects against hepatic steatosis but worsens insulin 
resistance in high fat diet fed mice 
 
Non-alcoholic fatty liver disease (NAFLD) is associated with a wide spectrum of 
clinical and pathological manifestations. Accumulation of fat in the liver is strongly 
related to insulin resistance and associated metabolic alterations e.g. abnormal glucose 
tolerance and alterations of serum lipids. The underlying mechanisms for the 
association between insulin resistance, obesity and hepatic steatosis are not fully 
understood but recent studies show that a reduction of hepatic steatosis in obese mice is 
sufficient to restore insulin sensitivity 53. 
 
Growth hormone (GH) is a key metabolic regulator of liver triacylglyceride (TAG) 
content. Hepatic steatosis is a prominent feature in GH-deficient patients and can be 
corrected by GH replacement therapy 192. These effects are due to direct effects of GH 
on the liver as recently demonstrated by liver specific inactivation of the GH receptor 
and its downstream signaling intermediaries, JAK2 and STAT5, which in all cases lead 
to severe steatosis 245. The Suppressor of Cytokine Signalling 2 (SOCS2) is a subunit of 
an E3 ubiquitin ligase responsible for the downregulation of GH receptor signalling in 
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vivo 218. Deficiency of SOCS2 leads to an increased GH sensitivity and therefore 
SOCS2-deficient (SOCS2−/−) mice grow larger without elevation of GH circulating 
levels. In contrast to GH transgenic mice or GH-treated patients, SOCS2−/− animals do 
not exhibit deterioration of insulin sensitivity.  Sensitization to GH through SOCS2 
inhibition may provide a novel approach to regulate hepatic lipid load avoiding some of 
the limitations associated with direct GH treatment. Here we tested this concept by 
analyzing the metabolic response of SOCS2−/− mice to high-fat feeding.  
 
We found that SOCS2−/− mice are protected from high-fat diet (HFD)-induced hepatic 
steatosis through mechanisms that involve enhanced expression of genes involved in 
TAG synthesis coupled to increased hepatic TAG secretion. Paradoxically, we found 
that the effect of HFD on reducing systemic and hepatic insulin sensitivity was 
substantially more notable in SOCS2−/− mice. When investigating possible reasons why 
SOCS2−/− animals have an increased sensitivity to dietary stress, we observed enhanced 
expression of genes encoding inflammatory cytokines (IL-6, INFγ, and RANTES) in 
the liver and adipose tissue and elevated levels of these cytokines where also detected 
in blood from HFD fed SOCS2-/- mice. Measurements of macrophage cell markers and 
histological examination of SOCS2-/- mice livers did not detect any overt inflammatory 
cell infiltration, suggesting that enhanced cytokine production is due to over activity of 
the liver resident macrophages. This notion is further supported by findings that NFκB 
activity is enhanced in liver tissue of SOCS2-/- fed a HFD. By using bone marrow 
derived macrophages we could show that SOCS2 inactivation enhanced phagocytic 
activity, augmented NF-κB activation and increased production of inflammatory 
cytokines upon lipopolysaccaride (LPS) stimulation. Therefore, our findings indicate 
that SOCS2 has an important role in the regulation of hepatic homeostasis under 
conditions of dietary stress through actions on hepatic TAG secretion and in the control 
of toll-like receptor 4 signalling. These findings may be of relevance for the 
pathogenesis of NAFLD given that SOCS2 gene expression is reduced in liver from 
obese individuals 246. The reduced levels of liver SOCS2 mRNA, may be a 
consequence of reduced GH secretion that is commonly associated with obesity. 
Likewise, stimulation of SOCS2 expression by GH may be a contributing factor to the 
reversal of hepatic inflammation during replacement treatment in GH deficiency 192.   
 
The recognition that SOCS2 acts on macrophages to limit cytokine production in 
response to LPS suggest that SOCS2 could be a link for cross talk between GH 
receptors and Toll-like 4 receptors and this provides a novel mechanism for GH to 
modulate the inflammatory activity of macrophages 218, 222. Possibly, it may also help to 
explain why GH treatment exacerbates inflammation in LPS-treated rodents and can be 
life threatening when given to critically ill patients 247. 
 
In conclusion, we identified SOCS2 as a novel regulator of hepatic homeostasis in 
conditions of dietary stress. The HFD-fed SOCS2−/− mice provide a novel model to 
understand the complex relationship between inflammation and steatosis in the control 
of hepatic glucose homeostasis. Future use of this model may help to outline the 
contribution of different mechanisms related to lipid overload or inflammatory stress in 
the development of fat-induced hepatic insulin resistance.  
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Figure 4.2: Effect of SOCS2 deletion on hepatic lipid content and development of insulin resistance. 
Enhanced growth hormone sensitivity results in enhanced hepatic de novo lipogenesis coupled with 
enhanced VLDL secretion resulting in less hepatic lipid accumulation. Enhanced TLR-4 signaling in 
Kupffer cells or hepatocyte enhances the expression of inflammatory cytokines predisposing to insulin 
resistance.  
 
 
4.3 PAPER III 

A Liver X Receptor agonist Downregulates Hepatic Growth Hormone Signaling 
 
The nuclear receptor Liver X receptor-α (LXRα) controls a complex transcriptional 
network involved in the control of hepatic intracellular non-esterified cholesterol levels. 
Known LXR target genes include membrane transporters promoting cholesterol efflux, 
enzymes involved in cholesterol catabolism and genes involved in de novo 
lipogenesis248. Treatment of animals with the LXR agonist T0901317 reduces 
circulating cholesterol levels, improves insulin sensitivity but also causes severe hepatic 
steatosis and hypertriglyceridemia 249. On the other hand LXRα/β knockout mice 
(LXR-/-) are resistant to hepatic steatosis induced by high fat diet feeding 250, 251. In 
contrast GH actions promote lipid mobilization from the liver, fatty acid oxidation in 
muscle and can lead to insulin resistance.  Because of the apparent antagonistic actions 
of LXR agonist and GH, in this study we analyzed how hepatic GH signaling is 
affected by LXR activation. 
 
We showed that LXR activation impairs GH signaling in hepatocytes. LXR agonist 
treatment attenuated GH transcriptional activity in BRL-4 cells while inducing the 
expression of SREBP1c, SREBP1a and SREBP2. The inhibitory effect of the LXR 
agonist can be recapitulated by overexpression of the LXR downstream-regulated 
factors SREBP1a and SREBP2 in hepatic cells. Likewise, the activity of a reporter 
vector, driven by the STAT5b response element of the SOCS2 gene, was inhibited by a 
simultaneous treatment with LXR agonist or by overexpression of SREBP1a or 
SREBP2. Additional experiments show that SREBPs induce the degradation of 
STAT5b. Furthermore, LXR activation of primary hepatocytes results in reduced levels 
of GH receptor parallel to the down regulation of STAT5b.  Collectively, these findings 
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suggest that the mechanisms of LXR mediated inhibition of GH signaling involve the 
downregulation of the transcriptional factor STAT5b and the GH receptor.  
 
The empirical findings of LXR interference with hepatic GH signaling assist in our 
understanding of the mechanisms of GH insensitivity observed after feeding or during 
conditions such as in hyperinsulinemia. Previous studies have shown that insulin 
inhibits growth hormone activation of JAK2 and STAT5b in hepatoma cell lines 252, 253. 
Insulin is a known inducer of LXR-dependent SREBP1 expression and this may 
contribute to antagonize the diabetogenic actions GH in fed-states 252, 254. Overall, these 
findings have important implications for designing a new LXR agonist treatment 
protocols for the management of hypercholesterolemia and insulin resistance since GH 
antagonism may have wide physiological implications in multiple tissues.  More 
broadly, additional research is needed to determine the in vivo pharmacological effect 
of LXR activation on hepatic growth hormone signaling.  
 
4.4 PAPER IV 

Structural Basis for c-KIT Inhibition by the Suppressor of Cytokine Signaling 6 
(SOCS6) Ubiquitin Ligase 
 
SOCS6 was first described to associate to the IRS-4/PI3 kinase complex 213. Later 
studies have shown that SOCS6 positively regulates insulin signaling in vivo and in 
vitro. In addition, SOCS6 255, as well as SOCS1 256, 257, SOCS2, SOCS3258 can inhibit 
SCF induced cKIT-mediated cell proliferation. Furthermore, SOCS6 expression is 
downregulated in various human cancers 259 and tumour cell lines, suggesting that 
SOCS6 may also act as a possible tumour suppressor. 
 
Tyrosine kinase signaling from the SCF receptor, c-KIT is essential for the proliferation 
of mast cells, but must be tightly regulated to avert the onset of multiple human 
tumours 260, 261. We have demonstrated that SOCS6, via its SH2 domain, interacts with 
c-KIT to promote its ubiquitination and regulates c-KIT receptor turnover. The 
interaction site in the juxtamembranous region, c-KIT pY568, binds to the SOCS6 SH2 
domain with high affinity and conforms to the preferred recognition sequence 
determined for SOCS6 (pYVYI) 215. The SH2 loop arrangement is similar to SHP2, 
which also binds c-KIT pY568, but displays striking differences to other SOCS family 
members, including SOCS3, which target other cytokine receptors.  
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Figure 4.3 Binding of cKIT to SOCS6 and its ubiquitination. A, Ribbon structural demonstration of cKIT 
peptide binding to the SH2 domain pocket in SOCS6. cKIT pY568 residue is projected into a positive 
pocket between the βD and βC loops. B, In vitro  E3 ligase activity of SOCS6 and subsequent 
ubiquitination of cKIT after the ubiquitination reaction. 
 
	
  
All SOCS family members are thought to be part of Cullin/Ring ubiquitin ligase 
complexes, were they act as the substrate recognition subunits (see Fig 1.7). Within the 
SOCS proteins, the SH2 domain is thought to recognize tyrosine phosphorylated 
substrates allowing the preferential targeting of signaling active proteins. The 
distinction of active and inactive targets (tyrosine phosphorylated or not) by SOCS is 
essential if they are to act as negative feedback regulators as is widely believed. E3 
ligase recognition of posttranslationally-modified substrates provides temporal and 
spatial specificity to their actions that may have important implications for their 
biological function. This is well exemplified by the differences between βTRCP and 
SOCS2 in the control of GH sensitivity but less understood for other SOCS family 
members 262.  
 
A key issue to understand the SOCS system is how substrates are recognized.  In this 
study, we show that the SH2 domain of SOCS6 binds the cKIT pY568 peptide with a 
strong affinity (Kd = 0.3 µM) comparable to the binding of SOCS4 to the pY1092 in 
the EGFR (Kd = 0.5 µM ) 263 or of SOCS3 to the pY595 of the gp130 cytokine receptor 
subunit (Kd=0.152 µM) 264. Accordingly, SOCS6 ubiquitinates c-KIT in an SH2 
dependent manner. On the other hand, several other substrates have been proposed for 
SOCS6 actions, including the phosphatidylinositol 3-kinase regulatory subunit (PIK3R) 
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1 and 2, p56LCK and STAT3 265, 266; all proteins with regulatory role in metabolism 
and inflammation. A close inspection of the known tyrosine phosphorylated residues in 
the PIK3R1 and PIK3R2 fails to recognize sites that conform to the preferred 
recognition sequence for the SOCS6-SH2 domain (pYVYI). This suggests that either 
SOCS6 can recognize substrates through lower affinity interactions, as it is the case for 
SOCS2 (Kd=1.6 µM for GHR Tyr 595) 262 or additional domains may contribute to 
substrate recognition. Indeed, the N-terminal domain of SOCS6 has been implicated to 
bind to p56LCK and STAT3265, 266 while similar domain in SOCS4 participate in the 
binding to the EGFR 263. The N-terminal domain of SOCS2 is also necessary for full 
activity towards the GH receptor 267. Additional studies are needed in order to define 
the structure of full-length SOCS proteins bound to substrates are needed, as this 
information will lead to a better understanding of the distinct physiological functions of 
these proteins. 
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5 CONCLUSIONS AND GENERAL DISCUSSION 
1. SOCS proteins exert an E3-ligase activity toward cytokine and growth factor 
receptors. 
In this thesis, we characterized the ubiquitin ligase activity of SOCS2 and SOCS6. 
Both SOCS2 and SOCS6 were demonstrated to interact with Elongin B and C, cullin5 
and Rbx2 assembling a canonical ECS (Elongin/Cullin/SOCS) complex and they exert 
E3-ligase activity towards GHR and cKIT proteins, respectively. The E3-ligase activity 
results in degradation of these receptor and reduction in the cellular sensitivity toward 
GH and SCF. We have also displayed the importance of SH2 domains of both SOCSs 
in the binding to their target substrate. However, single point mutation in the SH2 
domain did not completely abolish the binding of SOCS6 to cKIT or SOCS2 to GHR 
suggesting that additional binding sites exist outside the SH2 domain that contribute to 
substrate recognition. This may provide SOCS proteins with a broader flexibility for 
targets recognition and hence widens their ability to regulate various signalling 
pathways. The physiological implication of this hypothesis is illustrated by the ability 
of SOCS2 of modulate GHR and TLR4 signalling, modulating the physiological 
response to high fat feeding.  
 
2. SOCS2 is in control of hepatic metabolism in conditions of dietary stress. 
We observed that SOCS2-/- mice on a high fat diet exhibit higher fat deposition in 
adipose tissue and skeletal muscle. This indicates a shift in fat mobilization to 
peripheral tissues in these mice. This effect could be a consequence of higher GH 
sensitivity, which results in a low plasma GH/IGF1 ratio. In this context, reduced 
circulating GH levels would cause a reduction in adipose tissue lipolysis and muscle 
lipid oxidation that cannot be compensated by the increase in GHR activity derived 
from SOCS2 deletion. In contrast, the increased hepatic GH sensitivity in SOCS2-/- 

mice results in enhanced VLDL secretion. The overall effect is a reduction of TAG 
accumulation in the liver; protecting mice from HFD induced steatosis. This model of 
control of lipid metabolisms would implicate that certain tissue such as muscle and 
fat may be less sensitive to SOCS2 inactivation. In other words, it seems that in 
muscle and adipose tissue, GH actions are primarily determined by its serum levels 
while GH liver actions can be modulated to a larger extent by SOCS2 regulation of 
GHR responsiveness. In support of this hypothesis is data showing comparatively 
higher expression of SOC2 mRNA in liver than in adipose tissue and muscle 268.  
 
Interestingly, the low hepatic steatosis was associated with significantly higher 
systemic insulin resistance indicated by both glucose and insulin tolerance tests. This 
was also associated with local insulin resistance observed in adipose (not published), 
skeletal muscle and the liver. It is possible therefore, that the observed insulin 
resistance in SOCS2-/-mice may result from the diabetogenic effect of enhanced GH 
actions in liver, alone or in combination with the proinflammatory pathways that are 
enhanced after SOCS2 deletion. We detected higher phagocytic activity and higher 
LPS-induced NF-kB activity in macrophages isolated from SOCS2, implying a role 
for SOCS2 in the regulation TLR4 signaling. No exogenous GH was added in this in 
vitro assays, suggesting that other SOCS2 targets than the GHR exist in the TLR4 
signaling pathway. On the other hand, GH is a component of the fetal bovine sera 
used to culture the cells and we cannot exclude paracrine production of GH by bone 
marrow derived macrophages. It is still possible that increased GH receptor content or 
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activity in macrophages of SOCS2-/- mice may crosstalk with TLR4 activated 
signaling pathways to enhance cytokine production. This is certainly a possibility in 
vivo and further experimentd in SOCS2-/- mice are warranted to ascertain the possible 
role of GH in the immunoregulatory actions of SOCS2224.   
  
3. The growth hormone-SOCS2 axis is perturbed by LXR ligands. 
SOCS are cytokine inducible proteins with a short half-life and their activity depends 
on their transcriptional activation. Therefore, SOCS actions can be altered by 
signaling factors regulating gene transcription. In the case of SOCS2, factors that 
modulate the GH activation of STAT5b would modulate SOCS2 function. We have 
demonstrated that LXR and SREBP1 significantly downregulates growth hormone 
signaling by targeting the STAT5b activity in hepatocytes resulting in reduced 
SOCS2 expression. A similar effect has been observed in macrophages where LXR 
activation interfere with LPS induction of SOCS3 and SOCS1 expression 269

. 
However, It is unclear how SOCS2 is regulated in macrophages by LXR activation 
and if STAT5 downregulation may contribute to the known anti-inflammatory actions 
of LXR agonist in this tissue. It is worth noting that GM-CSF utilizes the 
JAK2/STAT5 signal transduction pathway and it is therefore possible that LXR may 
modulate macrophage differentiation triggered by this factor 270.  
 
An altered sensitivity towards hormonal/cytokine signals is a common disease 
causing mechanism, best exemplified by the insulin resistance associated to type 2 
diabetes. It will be interesting to learn how the SOCS system relates to insensitivity 
syndromes towards GH or pro-inflammatory cytokines in patients. In the case of GH, 
an inactivating mutation in the SOCS2 gene has been recently found in a human 
patient 220. In line with our findings in the SOCS2-/- mice, this patient exhibits an 
increased GH sensitivity defined by low GH and high IGF-1. A similar pattern of GH 
and IGF-1 is observed in obese patients 271 suggesting that SOCS2 downregulation 
may contribute to obesity. Genetic association studies have identified polymorphisms 
in SOCS2 that influence postnatal growth rate 219. It will be interesting to observe 
whether these individuals exhibit increased sensitivity to develop metabolic disorders 
with increased food intake and if those with metabolic syndrome will exhibit less 
NAFLD. It is yet an open question if there are pathological situations where the 
SOCS2 system is activated to reduce GH sensitivity. GH insensitivity is found in 
patients with GHR mutations but also after treatment with glucocorticoids, estrogen 
or androgens which induce SOCS2 expression 223, 272. GH resistance is also associated 
with kidney disorders 273 and certain metabolic conditions 274 where the role of 
SOCS2 deserves further studies.  It will be interesting to identify subpopulation of 
patients with unique disease features that can be attributed to SOCS protein actions. 
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6 FUTURE PERSPECTIVES 
The findings in this thesis increase our knowledge about the SOCS2 and SOCS6 
mechanism of action and of the physiological role of these proteins.  This in turn has 
generated novel questions for further studies to gain a better understanding of how 
SOCS proteins control metabolism and their role in the pathogenesis of other human 
diseases. 
 

Ø Our study suggests an anti-inflammatory role of SOCS2 through its regulation 
of TLR4 signaling. Further investigations are needed to define the signaling 
molecules within the TLR4 pathway that are targeted by SOCS2 and the 
possible role of GH signaling in this process.  
 

Ø Further studies are needed to understand the contribution of GH signaling to 
the SOCS2-/- reactivity to high fat diet. One possible approach is to cross 
breed the SOCS2-/- mice with GH deficient mice in order to understand GH-
independent functions of SOCS2. An alternative approach is to use systemic 
treatment with GH or GH receptor antagonist in order to reverse or enhance 
the effects observed in SOCS2-/- mice. 
 

Ø High fat diet induces hepatic inflammation and insulin resistance in SOCS2 
knockout mice. Therefore, we need to further investigate whether there is a 
causal relationship between inflammation and the development of insulin 
resistance.  Experiments that involve Kupffer cell ablation in SOCS2-/- mice 
and its substitution by SOCS2 WT macrophages will create chimeric mice 
where the role of hepatic inflammation can be studied. Other approaches may 
include systemic treatment of SOCS2-/- mice with NFκB inhibitors.  
 

Ø Our structural models of SOCS6-KIT binding have revealed some of the 
structural elements involved in substrate recognition. It will be very 
interesting to obtain similar data for the interaction between SOCS6 and the 
p85 regulatory subunit of the PI3 kinase complex. This would allow an 
increased understanding of how a single SOCS protein interacts with different 
substrates. Likewise, a complete understanding of SOCS2 actions on the GH 
receptor would require structural information regarding their interaction.  
 

Ø Recently a missense mutation in the SOCS2 gene has been identified in 
human. Other genome wide associated studies have identified polymorphisms 
in the vicinity of SOCS2 that are related to increased longitudinal growth. The 
knowledge accumulated in these studies using mice models may help to 
interpret the phenotype of these subjects and contribute to their clinical 
management. 

  
 
 



 

 

39 

7 ACKNOWLEDGEMENTS 
At the beginning, I would like to thank my main supervisor Professor Amilcar Flores 
Morales for his guidance and support during my time as a PhD student. I have 
always told my friends how lucky I am to be supervised by you. Your constant 
supervision has no distance limits and I have not ever felt that you are far away.  I 
wont forget your fatty liver talks while am cooking, driving, on train, with visa office, 
and sorry sometime when am in the toilet. Thank you for your open-minded 
approach, love to science, knowledge, support, supervision, encouragement, 
enthusiasm, for seeing things from different angle, and for the amount of freedom I 
was given and the trust. It was fun to have a supervisor, who shares the freakiness of 
dancing ‘’50 cent’’, swimming in the Canaries and acting in Gröna Lund. I truly 
gained a best friend and you are part of family now….. Believe it, Oman is close by 
and your home is there for you. You are indeed a role model for balancing the duties 
as scientists and a father at same time.  
 
I would like to express my gratitude to Professor Gunnar Norstedt. You are really a 
gifted professor with a magical smile. The smile is always there in you in the ups and 
downs. Your kindness is in the mind of all our group members. Thank you for 
establishing an exciting field of research and trying your best to attract attention to its 
important. I felt honored to have your support as my co-supervisor.  You opened the 
door for me to come to Karolinska and I am glad I took the right choice.  
 
I also would like to express special thanks to all present and past members of Gunnar 
Norstedt Group. We all work as one team with one hand. This was very prominent 
whenever we have our group activity. We have shared excellent moments in the 
outdoors and indoor activities especially bouling and curling; I am really a talented 
person on ice. Thank you Dr. Petra Tollet-Egnell for the lovely brainstorming 
sessions with the taste glucose, butter, PPARγ, SREBP1 and in particular chocolate. I 
was an excellent laboratory model for the chocolate phagocytic experiments. Dr. 
John Flanagan, thank you for the American atmosphere in the group; you were a 
walking talking book when explaining science to your students. Keep on rocking n 
rolling with the androgen stocks. Karl Olsson ‘’ Kalle the Killer’’, thank you for the 
friendly talk and remember that I must take you to the mountains in Oman. Dr. Jin 
Hu, Am lucky to have a surgeon sitting next to me; someone who can fix cut-fingers. 
Thank you for teaching me Chinese from the news websites you visit everyday and I 
appreciate the lovely Chinese dry fruits. Anna Nilsson, our lovely future doctor, you 
are really ambitious and full of energy; you have always given me the feeling that 
there is no limit in seeking knowledge. Thank you Erik Wahlström for the very 
delightful thoughts about life and missions. To Sandra, Thank you very very very 
much for standing the mess I create on my bench. You are a sweet mother and very 
caring. We are all lucky to have a girl and I don’t forget the German way of taking a 
screwdriver and fixing lab. machines. A special Thanks goes to all our past 
colleagues in the group: Ola Nilsson, Roxana, Yin-Choy Chuan, Diego Iglesias 
Gato,  Anenisia Andrade, Carolina Gustvasson, Torun Ekblad, Erik Hedman, 
Daohua Lou, Michael Chau, Stephan Spath, Torbjörn Persson and Anna-Karin 
Andermo. A special appreciation goes to Mattias Vesterlund. You are not only a 
best friend but also a brother too me. You have a big heart and a big mind. 
Throughout the 4 years in CMM, I never saw you rejecting to help anyone in the lab.; 
I am sure everybody agrees with me. I really appreciate your tremendous help in 
translating Swedish letters to me. Thank you very much to make me a supporter for 



 

 

40 

Luleå ice-hocky team and you are lucky with your lovely family Eva, Tobias and 
Cecilia. Luleå will miss a unique supporter like me; a supporter who can drive 
goalkeepers crazy. Remember that there is no one can sing  ‘’ Lilla snigel akta dig’’ 
better than me. Please don’t forget our memories in the Canary trip, and the 
magnificent and most spectacular historical loss of Mattias, The don of mini-golf.    
 
Thanks to all co-authors and collaborators, especially Dr. Leandro Fernandez-
Perez. I truly enjoyed working with you and I hope we keep the connection between 
Las Palmas and the Omani Institutes. Say with me : ‘’ Dulce de leche con leche 
condensada’’.  Ruyman Santana Farre, you are indeed a unique PhD student with 
your rock band, Thank you for all the nice moments. Thank you Mercedes Mirecki 
for all the good time and the nice drive to that special unforgettable festival and I still 
love the car sticker you gave me. You are a hard worker and I wish you all success in 
your career. I thank all staff at University of Las Palmas Gran Canaria for the good 
moments and laughter and special thanks to Carlos J Mateos Diaz, Raquel and 
Yeray Casillas (I like your T.shirts). I would also like to thank Professor Martin 
Rottenberg and his student Berit Carow; I really appreciate your collaboration.  
 
All my friends in the lab corridors and in CMM, especially: Agneta, for always 
sharing your marvelous positive energy. Vladana and Jamila, for great discussions 
on various matters. Pinar, Deniz, Loui, Andrew, Hong, Luqman, Omid, Muneera 
and Stephano, for all the good laughs and the good work atmosphere. Calara and 
Tiang Ling, Thank you for the great company and time together at lunchtime, I love 
making sushi. Anna-Maria Marino, I always love to hear your laugh and to tease 
you. I will always hunt you even if I am 90yrs old.  
 
Now, I would like to acknowledge all beautiful friends and people that have a huge 
share in the way to my PhD degree. My friendly Egyptians: Rami, Hatem and Suad, 
Ibrahiem, Mohammed Haloos and Mona, Mohammed Yusri and Family, Eiman, 
Mohamed Salim and Hamdi; I wont forget the lovely moments and the Egyptian 
accent which plays as music in our ears. Special gratitude to Sudanese community; 
Hussam and family, Kamal, Amir, Mohammed Hamza and family, Maisra, Al-
Noaman, Badr Al-Dien, Salah and Zafir. Thank you for being true and caring; you 
guys act like one big family. Hussam, your are my best cinema mate, with you I got a 
golden membership in the Svenska Film; really wish you a blessed life with your kind 
wife. To Luay and Hiba, thank you for your kindness and the Arabic generosity. No 
one denies the good food you make in our parties. Luay, restaurant business is very 
fruitful.  To Maha and Ayda, Thank you for your friendly presence and wish you 
luck in your study. To my football team; Captain Robin, Yassir, mohammed and 
others. We are a perfect team and we can play in the EU league. To Najeeb, I 
appreciate your delightful talk and discussion with the presence of lovely Libyan 
food. To all my good neighbours: Israr, Shazad, Imran, Irfan, Aalim Darr, 
Ahmed Sharain and your families. Thank you for bringing the home environment of 
having neighbours and being as one family.  
 
A special appreciation to the Omani community in Sweden. A special thanks goes for 
Sulaiman and family, Abullah AL-Maniri and Family, and Abdullah Al-Hanai and 
family. We have proven together that the Omani culture and gesture is ubiquitous, 
wherever we go we are always one soul. Our new ambassadors Ameera and Hajir, 
we wish you all success and fun in Sweden. A special appreciation also goes to my 
best friend Mohammed Al-Balushi and his family. You are indeed a true kind friend. 
I will miss all the fun moments and laughter together.  



 

 

41 

 
Finally I would like to thank my family for their help and support. To DaD and MoM 
for making me who I am. To my siblings Issa, Abdullah, and Fathya for all your 
supports. Am really lucky to have you all. Special thanks for the flower of my life , 
my sweet wife Nabila. Thank you honey for your inspiration and the protection I 
always need. To my lovely children Eyas and Zainab; for making me a computer 
game addict. Eyas you must forget Barcelona go for Manchester united.  
 
 
The PhD scholarship is supported by a grant from the Sultan Qaboos University. 
 



 

 

42 

8 REFERENCES 

 
1. Hoyumpa AM, Jr., Greene HL, Dunn GD, Schenker S. Fatty liver: biochemical and clinical 

considerations. Am J Dig Dis. Dec 1975;20(12):1142-1170. 
2. Bellentani S, Scaglioni F, Marino M, Bedogni G. Epidemiology of non-alcoholic fatty liver 

disease. Dig Dis. 2010;28(1):155-161. 
3. Neuschwander-Tetri BA, Caldwell SH. Nonalcoholic steatohepatitis: summary of an AASLD 

Single Topic Conference. Hepatology. May 2003;37(5):1202-1219. 
4. Newton JL, Jones DE, Henderson E, et al. Fatigue in non-alcoholic fatty liver disease (NAFLD) 

is significant and associates with inactivity and excessive daytime sleepiness but not with liver 
disease severity or insulin resistance. Gut. Jun 2008;57(6):807-813. 

5. Gupte P, Amarapurkar D, Agal S, et al. Non-alcoholic steatohepatitis in type 2 diabetes mellitus. 
J Gastroenterol Hepatol. Aug 2004;19(8):854-858. 

6. Del Gaudio A, Boschi L, Del Gaudio GA, Mastrangelo L, Munari D. Liver damage in obese 
patients. Obes Surg. Dec 2002;12(6):802-804. 

7. Yerian L. Histopathological evaluation of fatty and alcoholic liver diseases. J Dig Dis. Feb 
2011;12(1):17-24. 

8. Adams LA, Angulo P, Lindor KD. Nonalcoholic fatty liver disease. CMAJ. Mar 29 
2005;172(7):899-905. 

9. Day CP. Non-alcoholic fatty liver disease: a massive problem. Clin Med. Apr 2011;11(2):176-
178. 

10. Dunn W, Xu R, Wingard DL, et al. Suspected nonalcoholic fatty liver disease and mortality risk 
in a population-based cohort study. Am J Gastroenterol. Sep 2008;103(9):2263-2271. 

11. Adams LA, Lymp JF, St Sauver J, et al. The natural history of nonalcoholic fatty liver disease: a 
population-based cohort study. Gastroenterology. Jul 2005;129(1):113-121. 

12. Argo CK, Northup PG, Al-Osaimi AM, Caldwell SH. Systematic review of risk factors for 
fibrosis progression in non-alcoholic steatohepatitis. J Hepatol. Aug 2009;51(2):371-379. 

13. Marrero JA, Fontana RJ, Su GL, Conjeevaram HS, Emick DM, Lok AS. NAFLD may be a 
common underlying liver disease in patients with hepatocellular carcinoma in the United States. 
Hepatology. Dec 2002;36(6):1349-1354. 

14. Malik SM, Devera ME, Fontes P, Shaikh O, Sasatomi E, Ahmad J. Recurrent disease following 
liver transplantation for nonalcoholic steatohepatitis cirrhosis. Liver Transpl. Dec 
2009;15(12):1843-1851. 

15. Day CP, James OF. Steatohepatitis: a tale of two "hits"? Gastroenterology. Apr 
1998;114(4):842-845. 

16. Berson A, De Beco V, Letteron P, et al. Steatohepatitis-inducing drugs cause mitochondrial 
dysfunction and lipid peroxidation in rat hepatocytes. Gastroenterology. Apr 1998;114(4):764-
774. 

17. Thaler H. Relation of steatosis to cirrhosis. Clin Gastroenterol. May 1975;4(2):273-280. 
18. Cusi K. Role of insulin resistance and lipotoxicity in non-alcoholic steatohepatitis. Clin Liver 

Dis. Nov 2009;13(4):545-563. 
19. Angelico M, Della Guardia P. Review article: hepatobiliary complications associated with total 

parenteral nutrition. Aliment Pharmacol Ther. May 2000;14 Suppl 2:54-57. 
20. Campos AC, Oler A, Meguid MM, Chen TY. Liver biochemical and histological changes with 

graded amounts of total parenteral nutrition. Arch Surg. Apr 1990;125(4):447-450. 
21. Hofmann SM, Tschop MH. Dietary sugars: a fat difference. J Clin Invest. May 

2009;119(5):1089-1092. 
22. McLaren DS, Bitar JG, Nassar VH. Protein-calorie malnutrition and the liver. Prog Liver Dis. 

1972;4:527-536. 
23. Cavicchi M, Beau P, Crenn P, Degott C, Messing B. Prevalence of liver disease and 

contributing factors in patients receiving home parenteral nutrition for permanent intestinal 
failure. Ann Intern Med. Apr 4 2000;132(7):525-532. 

24. Bowyer BA, Miles JM, Haymond MW, Fleming CR. L-carnitine therapy in home parenteral 
nutrition patients with abnormal liver tests and low plasma carnitine concentrations. 
Gastroenterology. Feb 1988;94(2):434-438. 

25. de Freitas AC, Campos AC, Coelho JC. The impact of bariatric surgery on nonalcoholic fatty 
liver disease. Curr Opin Clin Nutr Metab Care. May 2008;11(3):267-274. 



 

 

43 

26. van Werven JR, Schreuder TC, Aarts EO, et al. Hepatic steatosis in morbidly obese patients 
undergoing gastric bypass surgery: assessment with open-system 1H-MR spectroscopy. AJR Am 
J Roentgenol. Jun 2011;196(6):W736-742. 

27. Rizki G, Arnaboldi L, Gabrielli B, et al. Mice fed a lipogenic methionine-choline-deficient diet 
develop hypermetabolism coincident with hepatic suppression of SCD-1. J Lipid Res. Oct 
2006;47(10):2280-2290. 

28. Rinella ME, Green RM. The methionine-choline deficient dietary model of steatohepatitis does 
not exhibit insulin resistance. J Hepatol. Jan 2004;40(1):47-51. 

29. Koteish A, Diehl AM. Animal models of steatosis. Semin Liver Dis. 2001;21(1):89-104. 
30. Kulinski A, Vance DE, Vance JE. A choline-deficient diet in mice inhibits neither the CDP-

choline pathway for phosphatidylcholine synthesis in hepatocytes nor apolipoprotein B 
secretion. J Biol Chem. Jun 4 2004;279(23):23916-23924. 

31. Raubenheimer PJ, Nyirenda MJ, Walker BR. A choline-deficient diet exacerbates fatty liver but 
attenuates insulin resistance and glucose intolerance in mice fed a high-fat diet. Diabetes. Jul 
2006;55(7):2015-2020. 

32. Gauthier MS, Favier R, Lavoie JM. Time course of the development of non-alcoholic hepatic 
steatosis in response to high-fat diet-induced obesity in rats. Br J Nutr. Feb 2006;95(2):273-281. 

33. Romestaing C, Piquet MA, Bedu E, et al. Long term highly saturated fat diet does not induce 
NASH in Wistar rats. Nutr Metab (Lond). 2007;4:4. 

34. Donnelly KL, Smith CI, Schwarzenberg SJ, Jessurun J, Boldt MD, Parks EJ. Sources of fatty 
acids stored in liver and secreted via lipoproteins in patients with nonalcoholic fatty liver 
disease. J Clin Invest. May 2005;115(5):1343-1351. 

35. Parks EJ. Dietary carbohydrate's effects on lipogenesis and the relationship of lipogenesis to 
blood insulin and glucose concentrations. Br J Nutr. May 2002;87 Suppl 2:S247-253. 

36. Masuno H, Tsujita T, Nakanishi H, Yoshida A, Fukunishi R, Okuda H. Lipoprotein lipase-like 
activity in the liver of mice with Sarcoma 180. J Lipid Res. May 1984;25(5):419-427. 

37. Merkel M, Weinstock PH, Chajek-Shaul T, et al. Lipoprotein lipase expression exclusively in 
liver. A mouse model for metabolism in the neonatal period and during cachexia. J Clin Invest. 
Sep 1 1998;102(5):893-901. 

38. Neuschwander-Tetri BA. Hepatic lipotoxicity and the pathogenesis of nonalcoholic 
steatohepatitis: the central role of nontriglyceride fatty acid metabolites. Hepatology. Aug 
2010;52(2):774-788. 

39. Wang H, Knaub LA, Jensen DR, et al. Skeletal muscle-specific deletion of lipoprotein lipase 
enhances insulin signaling in skeletal muscle but causes insulin resistance in liver and other 
tissues. Diabetes. Jan 2009;58(1):116-124. 

40. Coburn CT, Knapp FF, Jr., Febbraio M, Beets AL, Silverstein RL, Abumrad NA. Defective 
uptake and utilization of long chain fatty acids in muscle and adipose tissues of CD36 knockout 
mice. J Biol Chem. Oct 20 2000;275(42):32523-32529. 

41. Guan HP, Goldstein JL, Brown MS, Liang G. Accelerated fatty acid oxidation in muscle averts 
fasting-induced hepatic steatosis in SJL/J mice. J Biol Chem. Sep 4 2009;284(36):24644-24652. 

42. Araya J, Rodrigo R, Videla LA, et al. Increase in long-chain polyunsaturated fatty acid n - 6/n - 
3 ratio in relation to hepatic steatosis in patients with non-alcoholic fatty liver disease. Clin Sci 
(Lond). Jun 2004;106(6):635-643. 

43. Shimomura I, Bashmakov Y, Horton JD. Increased levels of nuclear SREBP-1c associated with 
fatty livers in two mouse models of diabetes mellitus. J Biol Chem. Oct 15 1999;274(42):30028-
30032. 

44. Iizuka K, Bruick RK, Liang G, Horton JD, Uyeda K. Deficiency of carbohydrate response 
element-binding protein (ChREBP) reduces lipogenesis as well as glycolysis. Proc Natl Acad 
Sci U S A. May 11 2004;101(19):7281-7286. 

45. Vidal-Puig AJ, Considine RV, Jimenez-Linan M, et al. Peroxisome proliferator-activated 
receptor gene expression in human tissues. Effects of obesity, weight loss, and regulation by 
insulin and glucocorticoids. J Clin Invest. May 15 1997;99(10):2416-2422. 

46. Auboeuf D, Rieusset J, Fajas L, et al. Tissue distribution and quantification of the expression of 
mRNAs of peroxisome proliferator-activated receptors and liver X receptor-alpha in humans: no 
alteration in adipose tissue of obese and NIDDM patients. Diabetes. Aug 1997;46(8):1319-
1327. 

47. Fajas L, Schoonjans K, Gelman L, et al. Regulation of peroxisome proliferator-activated 
receptor gamma expression by adipocyte differentiation and determination factor 1/sterol 
regulatory element binding protein 1: implications for adipocyte differentiation and metabolism. 
Mol Cell Biol. Aug 1999;19(8):5495-5503. 



 

 

44 

48. Matsusue K, Haluzik M, Lambert G, et al. Liver-specific disruption of PPARgamma in leptin-
deficient mice improves fatty liver but aggravates diabetic phenotypes. J Clin Invest. Mar 
2003;111(5):737-747. 

49. Wang Z, Xu JP, Zheng YC, et al. Peroxisome proliferator-activated receptor gamma inhibits 
hepatic fibrosis in rats. Hepatobiliary Pancreat Dis Int. Feb 2011;10(1):64-71. 

50. Kumar-Sinha C, Rhodes DR, Yu J, Chinnaiyan AM. Prostate cancer biomarkers: a current 
perspective. Expert Rev Mol Diagn. Jul 2003;3(4):459-470. 

51. Baron M, Leroyer AS, Majd Z, et al. PPARalpha activation differently affects microparticle 
content in atherosclerotic lesions and liver of a mouse model of atherosclerosis and NASH. 
Atherosclerosis. Sep 2011;218(1):69-76. 

52. Abu-Elheiga L, Matzuk MM, Abo-Hashema KA, Wakil SJ. Continuous fatty acid oxidation and 
reduced fat storage in mice lacking acetyl-CoA carboxylase 2. Science. Mar 30 
2001;291(5513):2613-2616. 

53. An J, Muoio DM, Shiota M, et al. Hepatic expression of malonyl-CoA decarboxylase reverses 
muscle, liver and whole-animal insulin resistance. Nat Med. Mar 2004;10(3):268-274. 

54. Kuwajima M, Kono N, Horiuchi M, et al. Animal model of systemic carnitine deficiency: 
analysis in C3H-H-2 degrees strain of mouse associated with juvenile visceral steatosis. 
Biochem Biophys Res Commun. Feb 14 1991;174(3):1090-1094. 

55. Pessayre D. Role of mitochondria in non-alcoholic fatty liver disease. J Gastroenterol Hepatol. 
Jun 2007;22 Suppl 1:S20-27. 

56. Fan CY, Pan J, Usuda N, Yeldandi AV, Rao MS, Reddy JK. Steatohepatitis, spontaneous 
peroxisome proliferation and liver tumors in mice lacking peroxisomal fatty acyl-CoA oxidase. 
Implications for peroxisome proliferator-activated receptor alpha natural ligand metabolism. J 
Biol Chem. Jun 19 1998;273(25):15639-15645. 

57. Teoh NC, Williams J, Hartley J, Yu J, McCuskey RS, Farrell GC. Short-term therapy with 
peroxisome proliferation-activator receptor-alpha agonist Wy-14,643 protects murine fatty liver 
against ischemia-reperfusion injury. Hepatology. Mar 2010;51(3):996-1006. 

58. Reddy JK, Hashimoto T. Peroxisomal beta-oxidation and peroxisome proliferator-activated 
receptor alpha: an adaptive metabolic system. Annu Rev Nutr. 2001;21:193-230. 

59. Fournier B, Saudubray JM, Benichou B, et al. Large deletion of the peroxisomal acyl-CoA 
oxidase gene in pseudoneonatal adrenoleukodystrophy. J Clin Invest. Aug 1994;94(2):526-531. 

60. Lieber CS. CYP2E1: from ASH to NASH. Hepatol Res. Jan 2004;28(1):1-11. 
61. Hermesh O, Kalderon B, Bar-Tana J. Mitochondria uncoupling by a long chain fatty acyl 

analogue. J Biol Chem. Feb 13 1998;273(7):3937-3942. 
62. Samovski D, Kalderon B, Yehuda-Shnaidman E, Bar-Tana J. Gating of the mitochondrial 

permeability transition pore by long chain fatty acyl analogs in vivo. J Biol Chem. Mar 5 
2010;285(10):6879-6890. 

63. Kershaw EE, Hamm JK, Verhagen LA, Peroni O, Katic M, Flier JS. Adipose triglyceride lipase: 
function, regulation by insulin, and comparison with adiponutrin. Diabetes. Jan 2006;55(1):148-
157. 

64. Ong KT, Mashek MT, Bu SY, Greenberg AS, Mashek DG. Adipose triglyceride lipase is a 
major hepatic lipase that regulates triacylglycerol turnover and fatty acid signaling and 
partitioning. Hepatology. Jan 2011;53(1):116-126. 

65. Wilson PA, Gardner SD, Lambie NM, Commans SA, Crowther DJ. Characterization of the 
human patatin-like phospholipase family. J Lipid Res. Sep 2006;47(9):1940-1949. 

66. Hoekstra M, Li Z, Kruijt JK, Van Eck M, Van Berkel TJ, Kuiper J. The expression level of non-
alcoholic fatty liver disease-related gene PNPLA3 in hepatocytes is highly influenced by hepatic 
lipid status. J Hepatol. Feb 2010;52(2):244-251. 

67. Li Y, Xing C, Cohen JC, Hobbs HH. Genetic variant in PNPLA3 associated with nonalcoholic 
fatty liver disease in China. Hepatology. Sep 2 2011. 

68. Santoro N, Kursawe R, D'Adamo E, et al. A common variant in the patatin-like phospholipase 3 
gene (PNPLA3) is associated with fatty liver disease in obese children and adolescents. 
Hepatology. Oct 2010;52(4):1281-1290. 

69. Charlton M, Sreekumar R, Rasmussen D, Lindor K, Nair KS. Apolipoprotein synthesis in 
nonalcoholic steatohepatitis. Hepatology. Apr 2002;35(4):898-904. 

70. Wetterau JR, Aggerbeck LP, Bouma ME, et al. Absence of microsomal triglyceride transfer 
protein in individuals with abetalipoproteinemia. Science. Nov 6 1992;258(5084):999-1001. 

71. Pons V, Rolland C, Nauze M, et al. A severe form of abetalipoproteinemia caused by new 
splicing mutations of microsomal triglyceride transfer protein (MTTP). Hum Mutat. Jul 
2011;32(7):751-759. 



 

 

45 

72. Letteron P, Sutton A, Mansouri A, Fromenty B, Pessayre D. Inhibition of microsomal 
triglyceride transfer protein: another mechanism for drug-induced steatosis in mice. Hepatology. 
Jul 2003;38(1):133-140. 

73. Harrison SA, Torgerson S, Hayashi PH. The natural history of nonalcoholic fatty liver disease: a 
clinical histopathological study. Am J Gastroenterol. Sep 2003;98(9):2042-2047. 

74. Reddy JK, Rao MS. Lipid metabolism and liver inflammation. II. Fatty liver disease and fatty 
acid oxidation. Am J Physiol Gastrointest Liver Physiol. May 2006;290(5):G852-858. 

75. Bilzer M, Roggel F, Gerbes AL. Role of Kupffer cells in host defense and liver disease. Liver 
Int. Dec 2006;26(10):1175-1186. 

76. Nagle CA, Klett EL, Coleman RA. Hepatic triacylglycerol accumulation and insulin resistance. 
J Lipid Res. Apr 2009;50 Suppl:S74-79. 

77. Monetti M, Levin MC, Watt MJ, et al. Dissociation of hepatic steatosis and insulin resistance in 
mice overexpressing DGAT in the liver. Cell Metab. Jul 2007;6(1):69-78. 

78. Yu XX, Murray SF, Pandey SK, et al. Antisense oligonucleotide reduction of DGAT2 
expression improves hepatic steatosis and hyperlipidemia in obese mice. Hepatology. Aug 
2005;42(2):362-371. 

79. Liao W, Hui TY, Young SG, Davis RA. Blocking microsomal triglyceride transfer protein 
interferes with apoB secretion without causing retention or stress in the ER. J Lipid Res. May 
2003;44(5):978-985. 

80. Borg J, Klint C, Wierup N, et al. Perilipin is present in islets of Langerhans and protects against 
lipotoxicity when overexpressed in the beta-cell line INS-1. Endocrinology. Jul 
2009;150(7):3049-3057. 

81. Binns D, Januszewski T, Chen Y, et al. An intimate collaboration between peroxisomes and 
lipid bodies. J Cell Biol. Jun 5 2006;173(5):719-731. 

82. Martin S, Driessen K, Nixon SJ, Zerial M, Parton RG. Regulated localization of Rab18 to lipid 
droplets: effects of lipolytic stimulation and inhibition of lipid droplet catabolism. J Biol Chem. 
Dec 23 2005;280(51):42325-42335. 

83. Imai Y, Varela GM, Jackson MB, Graham MJ, Crooke RM, Ahima RS. Reduction of 
hepatosteatosis and lipid levels by an adipose differentiation-related protein antisense 
oligonucleotide. Gastroenterology. May 2007;132(5):1947-1954. 

84. Chiu HC, Kovacs A, Blanton RM, et al. Transgenic expression of fatty acid transport protein 1 
in the heart causes lipotoxic cardiomyopathy. Circ Res. Feb 4 2005;96(2):225-233. 

85. Spann NJ, Kang S, Li AC, et al. Coordinate transcriptional repression of liver fatty acid-binding 
protein and microsomal triglyceride transfer protein blocks hepatic very low density lipoprotein 
secretion without hepatosteatosis. J Biol Chem. Nov 3 2006;281(44):33066-33077. 

86. Puri P, Baillie RA, Wiest MM, et al. A lipidomic analysis of nonalcoholic fatty liver disease. 
Hepatology. Oct 2007;46(4):1081-1090. 

87. Lee JY, Ye J, Gao Z, et al. Reciprocal modulation of Toll-like receptor-4 signaling pathways 
involving MyD88 and phosphatidylinositol 3-kinase/AKT by saturated and polyunsaturated 
fatty acids. J Biol Chem. Sep 26 2003;278(39):37041-37051. 

88. Li Z, Berk M, McIntyre TM, Gores GJ, Feldstein AE. The lysosomal-mitochondrial axis in free 
fatty acid-induced hepatic lipotoxicity. Hepatology. May 2008;47(5):1495-1503. 

89. Nolan CJ, Larter CZ. Lipotoxicity: why do saturated fatty acids cause and monounsaturates 
protect against it? J Gastroenterol Hepatol. May 2009;24(5):703-706. 

90. El-Assaad W, Buteau J, Peyot ML, et al. Saturated fatty acids synergize with elevated glucose to 
cause pancreatic beta-cell death. Endocrinology. Sep 2003;144(9):4154-4163. 

91. Ruddock MW, Stein A, Landaker E, et al. Saturated fatty acids inhibit hepatic insulin action by 
modulating insulin receptor expression and post-receptor signalling. J Biochem. Nov 
2008;144(5):599-607. 

92. Wei Y, Wang D, Topczewski F, Pagliassotti MJ. Saturated fatty acids induce endoplasmic 
reticulum stress and apoptosis independently of ceramide in liver cells. Am J Physiol Endocrinol 
Metab. Aug 2006;291(2):E275-281. 

93. Han MS, Park SY, Shinzawa K, et al. Lysophosphatidylcholine as a death effector in the 
lipoapoptosis of hepatocytes. J Lipid Res. Jan 2008;49(1):84-97. 

94. Yetukuri L, Katajamaa M, Medina-Gomez G, Seppanen-Laakso T, Vidal-Puig A, Oresic M. 
Bioinformatics strategies for lipidomics analysis: characterization of obesity related hepatic 
steatosis. BMC Syst Biol. 2007;1:12. 

95. Brose N, Betz A, Wegmeyer H. Divergent and convergent signaling by the diacylglycerol 
second messenger pathway in mammals. Curr Opin Neurobiol. Jun 2004;14(3):328-340. 



 

 

46 

96. Kumashiro N, Erion DM, Zhang D, et al. Cellular mechanism of insulin resistance in 
nonalcoholic fatty liver disease. Proc Natl Acad Sci U S A. Sep 27 2011;108(39):16381-16385. 

97. Gorden DL, Ivanova PT, Myers DS, et al. Increased diacylglycerols characterize hepatic lipid 
changes in progression of human nonalcoholic Fatty liver disease; comparison to a murine 
model. PLoS One. 2011;6(8):e22775. 

98. Tan M, Hao F, Xu X, Chisolm GM, Cui MZ. Lysophosphatidylcholine activates a novel PKD2-
mediated signaling pathway that controls monocyte migration. Arterioscler Thromb Vasc Biol. 
Sep 2009;29(9):1376-1382. 

99. Masamune A, Sakai Y, Satoh A, Fujita M, Yoshida M, Shimosegawa T. 
Lysophosphatidylcholine induces apoptosis in AR42J cells. Pancreas. Jan 2001;22(1):75-83. 

100. Fang X, Gibson S, Flowers M, Furui T, Bast RC, Jr., Mills GB. Lysophosphatidylcholine 
stimulates activator protein 1 and the c-Jun N-terminal kinase activity. J Biol Chem. May 23 
1997;272(21):13683-13689. 

101. Gambino R, Musso G, Cassader M. Redox balance in the pathogenesis of nonalcoholic fatty 
liver disease: mechanisms and therapeutic opportunities. Antioxid Redox Signal. Sep 1 
2011;15(5):1325-1365. 

102. Esterbauer H, Schaur RJ, Zollner H. Chemistry and biochemistry of 4-hydroxynonenal, 
malonaldehyde and related aldehydes. Free Radic Biol Med. 1991;11(1):81-128. 

103. Pan M, Cederbaum AI, Zhang YL, Ginsberg HN, Williams KJ, Fisher EA. Lipid peroxidation 
and oxidant stress regulate hepatic apolipoprotein B degradation and VLDL production. J Clin 
Invest. May 2004;113(9):1277-1287. 

104. Garcia-Ruiz C, Fernandez-Checa JC. Mitochondrial glutathione: hepatocellular survival-death 
switch. J Gastroenterol Hepatol. Oct 2006;21 Suppl 3:S3-6. 

105. Tomita K, Tamiya G, Ando S, et al. Tumour necrosis factor alpha signalling through activation 
of Kupffer cells plays an essential role in liver fibrosis of non-alcoholic steatohepatitis in mice. 
Gut. Mar 2006;55(3):415-424. 

106. Guicciardi ME, Deussing J, Miyoshi H, et al. Cathepsin B contributes to TNF-alpha-mediated 
hepatocyte apoptosis by promoting mitochondrial release of cytochrome c. J Clin Invest. Nov 
2000;106(9):1127-1137. 

107. Anderson N, Borlak J. Molecular mechanisms and therapeutic targets in steatosis and 
steatohepatitis. Pharmacol Rev. Sep 2008;60(3):311-357. 

108. Lee KS, Buck M, Houglum K, Chojkier M. Activation of hepatic stellate cells by TGF alpha 
and collagen type I is mediated by oxidative stress through c-myb expression. J Clin Invest. Nov 
1995;96(5):2461-2468. 

109. Ito S, Yukawa T, Uetake S, Yamauchi M. Serum intercellular adhesion molecule-1 in patients 
with nonalcoholic steatohepatitis: comparison with alcoholic hepatitis. Alcohol Clin Exp Res. 
Jan 2007;31(1 Suppl):S83-87. 

110. Park JW, Jeong G, Kim SJ, Kim MK, Park SM. Predictors reflecting the pathological severity of 
non-alcoholic fatty liver disease: comprehensive study of clinical and immunohistochemical 
findings in younger Asian patients. J Gastroenterol Hepatol. Apr 2007;22(4):491-497. 

111. Cortez-Pinto H, Yang SQ, Lin HZ, et al. Bacterial lipopolysaccharide induces uncoupling 
protein-2 expression in hepatocytes by a tumor necrosis factor-alpha-dependent mechanism. 
Biochem Biophys Res Commun. Oct 9 1998;251(1):313-319. 

112. Wanless IR, Shiota K. The pathogenesis of nonalcoholic steatohepatitis and other fatty liver 
diseases: a four-step model including the role of lipid release and hepatic venular obstruction in 
the progression to cirrhosis. Semin Liver Dis. Feb 2004;24(1):99-106. 

113. Malaguarnera L, Madeddu R, Palio E, Arena N, Malaguarnera M. Heme oxygenase-1 levels and 
oxidative stress-related parameters in non-alcoholic fatty liver disease patients. J Hepatol. Apr 
2005;42(4):585-591. 

114. Yakaryilmaz F, Guliter S, Savas B, et al. Effects of vitamin E treatment on peroxisome 
proliferator-activated receptor-alpha expression and insulin resistance in patients with non-
alcoholic steatohepatitis: results of a pilot study. Intern Med J. Apr 2007;37(4):229-235. 

115. Portincasa P, Grattagliano I, Palmieri VO, Palasciano G. Current pharmacological treatment of 
nonalcoholic fatty liver. Curr Med Chem. 2006;13(24):2889-2900. 

116. Bugianesi E, Leone N, Vanni E, et al. Expanding the natural history of nonalcoholic 
steatohepatitis: from cryptogenic cirrhosis to hepatocellular carcinoma. Gastroenterology. Jul 
2002;123(1):134-140. 

117. Bertolani C, Marra F. Role of adipocytokines in hepatic fibrosis. Curr Pharm Des. Jun 
2010;16(17):1929-1940. 



 

 

47 

118. Wong VW, Hui AY, Tsang SW, et al. Metabolic and adipokine profile of Chinese patients with 
nonalcoholic fatty liver disease. Clin Gastroenterol Hepatol. Sep 2006;4(9):1154-1161. 

119. Garcia-Ruiz I, Rodriguez-Juan C, Diaz-Sanjuan T, et al. Uric acid and anti-TNF antibody 
improve mitochondrial dysfunction in ob/ob mice. Hepatology. Sep 2006;44(3):581-591. 

120. Zang GQ, Zhou XQ, Yu H, et al. Effect of hepatocyte apoptosis induced by TNF-alpha on acute 
severe hepatitis in mouse models. World J Gastroenterol. Oct 2000;6(5):688-692. 

121. Adams DH, Hubscher S, Fear J, Johnston J, Shaw S, Afford S. Hepatic expression of 
macrophage inflammatory protein-1 alpha and macrophage inflammatory protein-1 beta after 
liver transplantation. Transplantation. Mar 15 1996;61(5):817-825. 

122. Afford SC, Fisher NC, Neil DA, et al. Distinct patterns of chemokine expression are associated 
with leukocyte recruitment in alcoholic hepatitis and alcoholic cirrhosis. J Pathol. Sep 
1998;186(1):82-89. 

123. Ribeiro PS, Cortez-Pinto H, Sola S, et al. Hepatocyte apoptosis, expression of death receptors, 
and activation of NF-kappaB in the liver of nonalcoholic and alcoholic steatohepatitis patients. 
Am J Gastroenterol. Sep 2004;99(9):1708-1717. 

124. Shoelson SE, Lee J, Goldfine AB. Inflammation and insulin resistance. J Clin Invest. Jul 
2006;116(7):1793-1801. 

125. Cai D, Yuan M, Frantz DF, et al. Local and systemic insulin resistance resulting from hepatic 
activation of IKK-beta and NF-kappaB. Nat Med. Feb 2005;11(2):183-190. 

126. Beraza N, Malato Y, Vander Borght S, et al. Pharmacological IKK2 inhibition blocks liver 
steatosis and initiation of non-alcoholic steatohepatitis. Gut. May 2008;57(5):655-663. 

127. Tsuruta F, Sunayama J, Mori Y, et al. JNK promotes Bax translocation to mitochondria through 
phosphorylation of 14-3-3 proteins. EMBO J. Apr 21 2004;23(8):1889-1899. 

128. Ventura JJ, Cogswell P, Flavell RA, Baldwin AS, Jr., Davis RJ. JNK potentiates TNF-
stimulated necrosis by increasing the production of cytotoxic reactive oxygen species. Genes 
Dev. Dec 1 2004;18(23):2905-2915. 

129. Schattenberg JM, Singh R, Wang Y, et al. JNK1 but not JNK2 promotes the development of 
steatohepatitis in mice. Hepatology. Jan 2006;43(1):163-172. 

130. Szabo G, Velayudham A, Romics L, Jr., Mandrekar P. Modulation of non-alcoholic 
steatohepatitis by pattern recognition receptors in mice: the role of toll-like receptors 2 and 4. 
Alcohol Clin Exp Res. Nov 2005;29(11 Suppl):140S-145S. 

131. Lee JY, Zhao L, Youn HS, et al. Saturated fatty acid activates but polyunsaturated fatty acid 
inhibits Toll-like receptor 2 dimerized with Toll-like receptor 6 or 1. J Biol Chem. Apr 23 
2004;279(17):16971-16979. 

132. Suganami T, Nishida J, Ogawa Y. A paracrine loop between adipocytes and macrophages 
aggravates inflammatory changes: role of free fatty acids and tumor necrosis factor alpha. 
Arterioscler Thromb Vasc Biol. Oct 2005;25(10):2062-2068. 

133. Miura K, Kodama Y, Inokuchi S, et al. Toll-like receptor 9 promotes steatohepatitis by 
induction of interleukin-1beta in mice. Gastroenterology. Jul 2010;139(1):323-334 e327. 

134. Sun R, Gao B. Negative regulation of liver regeneration by innate immunity (natural killer 
cells/interferon-gamma). Gastroenterology. Nov 2004;127(5):1525-1539. 

135. Brooling JT, Campbell JS, Mitchell C, Yeoh GC, Fausto N. Differential regulation of rodent 
hepatocyte and oval cell proliferation by interferon gamma. Hepatology. Apr 2005;41(4):906-
915. 

136. Baroni GS, D'Ambrosio L, Curto P, et al. Interferon gamma decreases hepatic stellate cell 
activation and extracellular matrix deposition in rat liver fibrosis. Hepatology. May 
1996;23(5):1189-1199. 

137. Weng HL, Cai WM, Liu RH. Animal experiment and clinical study of effect of gamma-
interferon on hepatic fibrosis. World J Gastroenterol. Feb 2001;7(1):42-48. 

138. Muir AJ, Sylvestre PB, Rockey DC. Interferon gamma-1b for the treatment of fibrosis in 
chronic hepatitis C infection. J Viral Hepat. May 2006;13(5):322-328. 

139. Knight B, Lim R, Yeoh GC, Olynyk JK. Interferon-gamma exacerbates liver damage, the 
hepatic progenitor cell response and fibrosis in a mouse model of chronic liver injury. J Hepatol. 
Dec 2007;47(6):826-833. 

140. Knight B, Akhurst B, Matthews VB, et al. Attenuated liver progenitor (oval) cell and fibrogenic 
responses to the choline deficient, ethionine supplemented diet in the BALB/c inbred strain of 
mice. J Hepatol. Jan 2007;46(1):134-141. 

141. Feve B, Bastard JP. The role of interleukins in insulin resistance and type 2 diabetes mellitus. 
Nat Rev Endocrinol. Jun 2009;5(6):305-311. 



 

 

48 

142. Klover PJ, Zimmers TA, Koniaris LG, Mooney RA. Chronic exposure to interleukin-6 causes 
hepatic insulin resistance in mice. Diabetes. Nov 2003;52(11):2784-2789. 

143. Holmes AG, Mesa JL, Neill BA, et al. Prolonged interleukin-6 administration enhances glucose 
tolerance and increases skeletal muscle PPARalpha and UCP2 expression in rats. J Endocrinol. 
Aug 2008;198(2):367-374. 

144. Franckhauser S, Elias I, Rotter Sopasakis V, et al. Overexpression of Il6 leads to 
hyperinsulinaemia, liver inflammation and reduced body weight in mice. Diabetologia. Jul 
2008;51(7):1306-1316. 

145. Matthews VB, Allen TL, Risis S, et al. Interleukin-6-deficient mice develop hepatic 
inflammation and systemic insulin resistance. Diabetologia. Nov 2010;53(11):2431-2441. 

146. Park EJ, Lee JH, Yu GY, et al. Dietary and genetic obesity promote liver inflammation and 
tumorigenesis by enhancing IL-6 and TNF expression. Cell. Jan 22 2010;140(2):197-208. 

147. Di Gregorio GB, Hensley L, Lu T, Ranganathan G, Kern PA. Lipid and carbohydrate 
metabolism in mice with a targeted mutation in the IL-6 gene: absence of development of age-
related obesity. Am J Physiol Endocrinol Metab. Jul 2004;287(1):E182-187. 

148. Kroy DC, Beraza N, Tschaharganeh DF, et al. Lack of interleukin-6/glycoprotein 130/signal 
transducers and activators of transcription-3 signaling in hepatocytes predisposes to liver 
steatosis and injury in mice. Hepatology. Feb 2010;51(2):463-473. 

149. Loffreda S, Rai R, Yang SQ, Lin HZ, Diehl AM. Bile ducts and portal and central veins are 
major producers of tumor necrosis factor alpha in regenerating rat liver. Gastroenterology. Jun 
1997;112(6):2089-2098. 

150. Lalor PF, Edwards S, McNab G, Salmi M, Jalkanen S, Adams DH. Vascular adhesion protein-1 
mediates adhesion and transmigration of lymphocytes on human hepatic endothelial cells. J 
Immunol. Jul 15 2002;169(2):983-992. 

151. Laskin DL. Sinusoidal lining cells and hepatotoxicity. Toxicol Pathol. Jan-Feb 1996;24(1):112-
118. 

152. Edwards S, Lalor PF, Nash GB, Rainger GE, Adams DH. Lymphocyte traffic through 
sinusoidal endothelial cells is regulated by hepatocytes. Hepatology. Mar 2005;41(3):451-459. 

153. Malaguarnera L, Di Rosa M, Zambito AM, dell'Ombra N, Nicoletti F, Malaguarnera M. 
Chitotriosidase gene expression in Kupffer cells from patients with non-alcoholic fatty liver 
disease. Gut. Sep 2006;55(9):1313-1320. 

154. Kiki I, Altunkaynak BZ, Altunkaynak ME, Vuraler O, Unal D, Kaplan S. Effect of high fat diet 
on the volume of liver and quantitative feature of Kupffer cells in the female rat: a stereological 
and ultrastructural study. Obes Surg. Oct 2007;17(10):1381-1388. 

155. Jaeschke H. Reactive oxygen and mechanisms of inflammatory liver injury: Present concepts. J 
Gastroenterol Hepatol. Jan 2011;26 Suppl 1:173-179. 

156. Henkel J, Gartner D, Dorn C, et al. Oncostatin M produced in Kupffer cells in response to 
PGE2: possible contributor to hepatic insulin resistance and steatosis. Lab Invest. Jul 
2011;91(7):1107-1117. 

157. Shi J, Fujieda H, Kokubo Y, Wake K. Apoptosis of neutrophils and their elimination by Kupffer 
cells in rat liver. Hepatology. Nov 1996;24(5):1256-1263. 

158. Hyde CA, Missailidis S. Inhibition of arachidonic acid metabolism and its implication on cell 
proliferation and tumour-angiogenesis. Int Immunopharmacol. Jun 2009;9(6):701-715. 

159. Ferre N, Claria J. New insights into the regulation of liver inflammation and oxidative stress. 
Mini Rev Med Chem. Dec 2006;6(12):1321-1330. 

160. Hui AY, Dannenberg AJ, Sung JJ, et al. Prostaglandin E2 inhibits transforming growth factor 
beta 1-mediated induction of collagen alpha 1(I) in hepatic stellate cells. J Hepatol. Aug 
2004;41(2):251-258. 

161. Kuzumoto Y, Sho M, Ikeda N, et al. Significance and therapeutic potential of prostaglandin E2 
receptor in hepatic ischemia/reperfusion injury in mice. Hepatology. Sep 2005;42(3):608-617. 

162. Harbrecht BG, Kim YM, Wirant EA, Simmons RL, Billiar TR. Timing of prostaglandin 
exposure is critical for the inhibition of LPS- or IFN-gamma-induced macrophage NO synthesis 
by PGE2. J Leukoc Biol. Jun 1997;61(6):712-720. 

163. Fennekohl A, Sugimoto Y, Segi E, Maruyama T, Ichikawa A, Puschel GP. Contribution of the 
two Gs-coupled PGE2-receptors EP2-receptor and EP4-receptor to the inhibition by PGE2 of 
the LPS-induced TNFalpha-formation in Kupffer cells from EP2-or EP4-receptor-deficient 
mice. Pivotal role for the EP4-receptor in wild type Kupffer cells. J Hepatol. Mar 
2002;36(3):328-334. 

164. Yu J, Ip E, Dela Pena A, et al. COX-2 induction in mice with experimental nutritional 
steatohepatitis: Role as pro-inflammatory mediator. Hepatology. Apr 2006;43(4):826-836. 



 

 

49 

165. Lehmann JM, Lenhard JM, Oliver BB, Ringold GM, Kliewer SA. Peroxisome proliferator-
activated receptors alpha and gamma are activated by indomethacin and other non-steroidal anti-
inflammatory drugs. J Biol Chem. Feb 7 1997;272(6):3406-3410. 

166. Jaradat MS, Wongsud B, Phornchirasilp S, et al. Activation of peroxisome proliferator-activated 
receptor isoforms and inhibition of prostaglandin H(2) synthases by ibuprofen, naproxen, and 
indomethacin. Biochem Pharmacol. Dec 15 2001;62(12):1587-1595. 

167. Henkel J, Neuschafer-Rube F, Pathe-Neuschafer-Rube A, Puschel GP. Aggravation by 
prostaglandin E2 of interleukin-6-dependent insulin resistance in hepatocytes. Hepatology. Sep 
2009;50(3):781-790. 

168. Claria J, Planaguma A. Liver: the formation and actions of aspirin-triggered lipoxins. 
Prostaglandins Leukot Essent Fatty Acids. Sep-Oct 2005;73(3-4):277-282. 

169. Schwab JM, Serhan CN. Lipoxins and new lipid mediators in the resolution of inflammation. 
Curr Opin Pharmacol. Aug 2006;6(4):414-420. 

170. Titos E, Chiang N, Serhan CN, et al. Hepatocytes are a rich source of novel aspirin-triggered 15-
epi-lipoxin A(4). Am J Physiol. Nov 1999;277(5 Pt 1):C870-877. 

171. Claria J, Serhan CN. Aspirin triggers previously undescribed bioactive eicosanoids by human 
endothelial cell-leukocyte interactions. Proc Natl Acad Sci U S A. Oct 10 1995;92(21):9475-
9479. 

172. Castrillo A, Tontonoz P. Nuclear receptors in macrophage biology: at the crossroads of lipid 
metabolism and inflammation. Annu Rev Cell Dev Biol. 2004;20:455-480. 

173. Planaguma A, Titos E, Lopez-Parra M, et al. Aspirin (ASA) regulates 5-lipoxygenase activity 
and peroxisome proliferator-activated receptor alpha-mediated CINC-1 release in rat liver cells: 
novel actions of lipoxin A4 (LXA4) and ASA-triggered 15-epi-LXA4. FASEB J. Dec 
2002;16(14):1937-1939. 

174. Titos E, Claria J, Planaguma A, et al. Inhibition of 5-lipoxygenase-activating protein abrogates 
experimental liver injury: role of Kupffer cells. J Leukoc Biol. Oct 2005;78(4):871-878. 

175. Draznin B. Molecular mechanisms of insulin resistance: serine phosphorylation of insulin 
receptor substrate-1 and increased expression of p85alpha: the two sides of a coin. Diabetes. 
Aug 2006;55(8):2392-2397. 

176. Qiao LY, Goldberg JL, Russell JC, Sun XJ. Identification of enhanced serine kinase activity in 
insulin resistance. J Biol Chem. Apr 9 1999;274(15):10625-10632. 

177. Um SH, Frigerio F, Watanabe M, et al. Absence of S6K1 protects against age- and diet-induced 
obesity while enhancing insulin sensitivity. Nature. Sep 9 2004;431(7005):200-205. 

178. Hirosumi J, Tuncman G, Chang L, et al. A central role for JNK in obesity and insulin resistance. 
Nature. Nov 21 2002;420(6913):333-336. 

179. Gao Z, Zhang X, Zuberi A, et al. Inhibition of insulin sensitivity by free fatty acids requires 
activation of multiple serine kinases in 3T3-L1 adipocytes. Mol Endocrinol. Aug 
2004;18(8):2024-2034. 

180. Bandyopadhyay GK, Yu JG, Ofrecio J, Olefsky JM. Increased p85/55/50 expression and 
decreased phosphotidylinositol 3-kinase activity in insulin-resistant human skeletal muscle. 
Diabetes. Aug 2005;54(8):2351-2359. 

181. Guilherme A, Virbasius JV, Puri V, Czech MP. Adipocyte dysfunctions linking obesity to 
insulin resistance and type 2 diabetes. Nat Rev Mol Cell Biol. May 2008;9(5):367-377. 

182. Shoelson SE, Herrero L, Naaz A. Obesity, inflammation, and insulin resistance. 
Gastroenterology. May 2007;132(6):2169-2180. 

183. Anstee QM, Goldin RD. Mouse models in non-alcoholic fatty liver disease and steatohepatitis 
research. Int J Exp Pathol. Feb 2006;87(1):1-16. 

184. Kantartzis K, Peter A, Machicao F, et al. Dissociation between fatty liver and insulin resistance 
in humans carrying a variant of the patatin-like phospholipase 3 gene. Diabetes. Nov 
2009;58(11):2616-2623. 

185. Kantartzis K, Machicao F, Machann J, et al. The DGAT2 gene is a candidate for the dissociation 
between fatty liver and insulin resistance in humans. Clin Sci (Lond). Mar 2009;116(6):531-537. 

186. Flores-Morales A, Greenhalgh CJ, Norstedt G, Rico-Bautista E. Negative regulation of growth 
hormone receptor signaling. Mol Endocrinol. Feb 2006;20(2):241-253. 

187. Himpe E, Kooijman R. Insulin-like growth factor-I receptor signal transduction and the Janus 
Kinase/Signal Transducer and Activator of Transcription (JAK-STAT) pathway. Biofactors. 
Jan-Feb 2009;35(1):76-81. 

188. Vijayakumar A, Novosyadlyy R, Wu Y, Yakar S, LeRoith D. Biological effects of growth 
hormone on carbohydrate and lipid metabolism. Growth Horm IGF Res. Feb 2010;20(1):1-7. 



 

 

50 

189. Flores-Morales A, Stahlberg N, Tollet-Egnell P, et al. Microarray analysis of the in vivo effects 
of hypophysectomy and growth hormone treatment on gene expression in the rat. 
Endocrinology. Jul 2001;142(7):3163-3176. 

190. Elam MB, Wilcox HG, Solomon SS, Heimberg M. In vivo growth hormone treatment 
stimulates secretion of very low density lipoprotein by the isolated perfused rat liver. 
Endocrinology. Dec 1992;131(6):2717-2722. 

191. Langendonk JG, Meinders AE, Burggraaf J, et al. Influence of obesity and body fat distribution 
on growth hormone kinetics in humans. Am J Physiol. Nov 1999;277(5 Pt 1):E824-829. 

192. Takahashi Y, Iida K, Takahashi K, et al. Growth hormone reverses nonalcoholic steatohepatitis 
in a patient with adult growth hormone deficiency. Gastroenterology. Mar 2007;132(3):938-
943. 

193. Wang Z, Masternak MM, Al-Regaiey KA, Bartke A. Adipocytokines and the regulation of lipid 
metabolism in growth hormone transgenic and calorie-restricted mice. Endocrinology. Jun 
2007;148(6):2845-2853. 

194. Colao A, Di Somma C, Savanelli MC, De Leo M, Lombardi G. Beginning to end: 
cardiovascular implications of growth hormone (GH) deficiency and GH therapy. Growth Horm 
IGF Res. Jul 2006;16 Suppl A:S41-48. 

195. Fan Y, Menon RK, Cohen P, et al. Liver-specific deletion of the growth hormone receptor 
reveals essential role of growth hormone signaling in hepatic lipid metabolism. J Biol Chem. Jul 
24 2009;284(30):19937-19944. 

196. Laron Z, Ginsberg S, Webb M. Nonalcoholic fatty liver in patients with Laron syndrome and 
GH gene deletion - preliminary report. Growth Horm IGF Res. Oct 2008;18(5):434-438. 

197. Sos BC, Harris C, Nordstrom SM, et al. Abrogation of growth hormone secretion rescues fatty 
liver in mice with hepatocyte-specific deletion of JAK2. J Clin Invest. Mar 1 2011. 

198. Cui Y, Hosui A, Sun R, et al. Loss of signal transducer and activator of transcription 5 leads to 
hepatosteatosis and impaired liver regeneration. Hepatology. Aug 2007;46(2):504-513. 

199. Sos BC, Harris C, Nordstrom SM, et al. Abrogation of growth hormone secretion rescues fatty 
liver in mice with hepatocyte-specific deletion of JAK2. J Clin Invest. Apr 1 2011;121(4):1412-
1423. 

200. Gibbons GF. Assembly and secretion of hepatic very-low-density lipoprotein. Biochem J. May 
15 1990;268(1):1-13. 

201. Frick F, Linden D, Ameen C, Eden S, Mode A, Oscarsson J. Interaction between growth 
hormone and insulin in the regulation of lipoprotein metabolism in the rat. Am J Physiol 
Endocrinol Metab. Nov 2002;283(5):E1023-1031. 

202. Yoshimura A. Negative regulation of cytokine signaling. Clin Rev Allergy Immunol. Jun 
2005;28(3):205-220. 

203. Kamura T, Sato S, Haque D, et al. The Elongin BC complex interacts with the conserved 
SOCS-box motif present in members of the SOCS, ras, WD-40 repeat, and ankyrin repeat 
families. Genes Dev. Dec 15 1998;12(24):3872-3881. 

204. Yasukawa H, Misawa H, Sakamoto H, et al. The JAK-binding protein JAB inhibits Janus 
tyrosine kinase activity through binding in the activation loop. EMBO J. Mar 1 
1999;18(5):1309-1320. 

205. Rui L, Yuan M, Frantz D, Shoelson S, White MF. SOCS-1 and SOCS-3 block insulin signaling 
by ubiquitin-mediated degradation of IRS1 and IRS2. J Biol Chem. Nov 1 2002;277(44):42394-
42398. 

206. Ueki K, Kondo T, Tseng YH, Kahn CR. Central role of suppressors of cytokine signaling 
proteins in hepatic steatosis, insulin resistance, and the metabolic syndrome in the mouse. Proc 
Natl Acad Sci U S A. Jul 13 2004;101(28):10422-10427. 

207. Shi H, Tzameli I, Bjorbaek C, Flier JS. Suppressor of cytokine signaling 3 is a physiological 
regulator of adipocyte insulin signaling. J Biol Chem. Aug 13 2004;279(33):34733-34740. 

208. Shi H, Cave B, Inouye K, Bjorbaek C, Flier JS. Overexpression of suppressor of cytokine 
signaling 3 in adipose tissue causes local but not systemic insulin resistance. Diabetes. Mar 
2006;55(3):699-707. 

209. Emanuelli B, Peraldi P, Filloux C, et al. SOCS-3 inhibits insulin signaling and is up-regulated in 
response to tumor necrosis factor-alpha in the adipose tissue of obese mice. J Biol Chem. Dec 21 
2001;276(51):47944-47949. 

210. Sachithanandan N, Fam BC, Fynch S, et al. Liver-specific suppressor of cytokine signaling-3 
deletion in mice enhances hepatic insulin sensitivity and lipogenesis resulting in fatty liver and 
obesity. Hepatology. Nov 2010;52(5):1632-1642. 



 

 

51 

211. Alexander WS, Starr R, Fenner JE, et al. SOCS1 is a critical inhibitor of interferon gamma 
signaling and prevents the potentially fatal neonatal actions of this cytokine. Cell. Sep 3 
1999;98(5):597-608. 

212. Gui Y, Yeganeh M, Ramanathan S, et al. SOCS1 controls liver regeneration by regulating HGF 
signaling in hepatocytes. J Hepatol. May 19 2011. 

213. Li L, Gronning LM, Anderson PO, et al. Insulin induces SOCS-6 expression and its binding to 
the p85 monomer of phosphoinositide 3-kinase, resulting in improvement in glucose 
metabolism. J Biol Chem. Aug 13 2004;279(33):34107-34114. 

214. Banks AS, Li J, McKeag L, et al. Deletion of SOCS7 leads to enhanced insulin action and 
enlarged islets of Langerhans. J Clin Invest. Sep 2005;115(9):2462-2471. 

215. Krebs DL, Uren RT, Metcalf D, et al. SOCS-6 binds to insulin receptor substrate 4, and mice 
lacking the SOCS-6 gene exhibit mild growth retardation. Mol Cell Biol. Jul 2002;22(13):4567-
4578. 

216. Greenhalgh CJ, Bertolino P, Asa SL, et al. Growth enhancement in suppressor of cytokine 
signaling 2 (SOCS-2)-deficient mice is dependent on signal transducer and activator of 
transcription 5b (STAT5b). Mol Endocrinol. Jun 2002;16(6):1394-1406. 

217. Favre H, Benhamou A, Finidori J, Kelly PA, Edery M. Dual effects of suppressor of cytokine 
signaling (SOCS-2) on growth hormone signal transduction. FEBS Lett. Jun 18 1999;453(1-
2):63-66. 

218. Greenhalgh CJ, Rico-Bautista E, Lorentzon M, et al. SOCS2 negatively regulates growth 
hormone action in vitro and in vivo. J Clin Invest. Feb 2005;115(2):397-406. 

219. Sovio U, Bennett AJ, Millwood IY, et al. Genetic determinants of height growth assessed 
longitudinally from infancy to adulthood in the northern Finland birth cohort 1966. PLoS Genet. 
Mar 2009;5(3):e1000409. 

220. Suda K IG, Yamamoto M, Handayaningsih AE, Nishizawa H, Takahashi M, Okimura Y, Kaji 
H, Chihara K, Takahashi Y. A case of gigantism Associated with missense Mutation in teh 
SOCS2 gene. Endocrinology Society2011:OR36-31. 

221. Kato H, Nomura K, Osabe D, et al. Association of single-nucleotide polymorphisms in the 
suppressor of cytokine signaling 2 (SOCS2) gene with type 2 diabetes in the Japanese. 
Genomics. Apr 2006;87(4):446-458. 

222. Rico-Bautista E, Greenhalgh CJ, Tollet-Egnell P, et al. Suppressor of cytokine signaling-2 
deficiency induces molecular and metabolic changes that partially overlap with growth 
hormone-dependent effects. Mol Endocrinol. Mar 2005;19(3):781-793. 

223. Rico-Bautista E, Flores-Morales A, Fernandez-Perez L. Suppressor of cytokine signaling 
(SOCS) 2, a protein with multiple functions. Cytokine Growth Factor Rev. Dec 2006;17(6):431-
439. 

224. Hu J, Winqvist O, Flores-Morales A, Wikstrom AC, Norstedt G. SOCS2 influences LPS 
induced human monocyte-derived dendritic cell maturation. PLoS One. 2009;4(9):e7178. 

225. Posselt G, Schwarz H, Duschl A, Horejs-Hoeck J. Suppressor of Cytokine Signaling 2 Is a 
Feedback Inhibitor of TLR-Induced Activation in Human Monocyte-Derived Dendritic Cells. J 
Immunol. Sep 15 2011;187(6):2875-2884. 

226. Duda DM, Scott DC, Calabrese MF, Zimmerman ES, Zheng N, Schulman BA. Structural 
regulation of cullin-RING ubiquitin ligase complexes. Curr Opin Struct Biol. Apr 
2011;21(2):257-264. 

227. Pintard L, Willems A, Peter M. Cullin-based ubiquitin ligases: Cul3-BTB complexes join the 
family. EMBO J. Apr 21 2004;23(8):1681-1687. 

228. Mahrour N, Redwine WB, Florens L, et al. Characterization of Cullin-box sequences that direct 
recruitment of Cul2-Rbx1 and Cul5-Rbx2 modules to Elongin BC-based ubiquitin ligases. J 
Biol Chem. Mar 21 2008;283(12):8005-8013. 

229. Merlet J, Burger J, Gomes JE, Pintard L. Regulation of cullin-RING E3 ubiquitin-ligases by 
neddylation and dimerization. Cell Mol Life Sci. Jun 2009;66(11-12):1924-1938. 

230. Huang DT, Hunt HW, Zhuang M, Ohi MD, Holton JM, Schulman BA. Basis for a ubiquitin-like 
protein thioester switch toggling E1-E2 affinity. Nature. Jan 25 2007;445(7126):394-398. 

231. Wimuttisuk W, Singer JD. The Cullin3 ubiquitin ligase functions as a Nedd8-bound 
heterodimer. Mol Biol Cell. Mar 2007;18(3):899-909. 

232. Suzuki H, Chiba T, Suzuki T, et al. Homodimer of two F-box proteins betaTrCP1 or betaTrCP2 
binds to IkappaBalpha for signal-dependent ubiquitination. J Biol Chem. Jan 28 
2000;275(4):2877-2884. 

233. Lo SC, Hannink M. CAND1-mediated substrate adaptor recycling is required for efficient 
repression of Nrf2 by Keap1. Mol Cell Biol. Feb 2006;26(4):1235-1244. 



 

 

52 

234. Metcalf D, Greenhalgh CJ, Viney E, et al. Gigantism in mice lacking suppressor of cytokine 
signalling-2. Nature. Jun 29 2000;405(6790):1069-1073. 

235. Ellis EC, Nilsson LM. The use of human hepatocytes to investigate bile acid synthesis. Methods 
Mol Biol. 2010;640:417-430. 

236. Flores-Morales A, Fernandez L, Rico-Bautista E, et al. Endoplasmic reticulum stress prolongs 
GH-induced Janus kinase (JAK2)/signal transducer and activator of transcription (STAT5) 
signaling pathway. Mol Endocrinol. Sep 2001;15(9):1471-1483. 

237. Vidal OM, Merino R, Rico-Bautista E, et al. In vivo transcript profiling and phylogenetic 
analysis identifies suppressor of cytokine signaling 2 as a direct signal transducer and activator 
of transcription 5b target in liver. Mol Endocrinol. Jan 2007;21(1):293-311. 

238. Govers R, ten Broeke T, van Kerkhof P, Schwartz AL, Strous GJ. Identification of a novel 
ubiquitin conjugation motif, required for ligand-induced internalization of the growth hormone 
receptor. EMBO J. Jan 4 1999;18(1):28-36. 

239. Strous GJ, dos Santos CA, Gent J, et al. Ubiquitin system-dependent regulation of growth 
hormone receptor signal transduction. Curr Top Microbiol Immunol. 2004;286:81-118. 

240. van Kerkhof P, Govers R, Alves dos Santos CM, Strous GJ. Endocytosis and degradation of the 
growth hormone receptor are proteasome-dependent. J Biol Chem. Jan 21 2000;275(3):1575-
1580. 

241. van Kerkhof P, Putters J, Strous GJ. The ubiquitin ligase SCF(betaTrCP) regulates the 
degradation of the growth hormone receptor. J Biol Chem. Jul 13 2007;282(28):20475-20483. 

242. Putters J, da Silva Almeida AC, van Kerkhof P, van Rossum AG, Gracanin A, Strous GJ. Jak2 
is a negative regulator of ubiquitin-dependent endocytosis of the growth hormone receptor. 
PLoS One. 2011;6(2):e14676. 

243. Deng L, He K, Wang X, et al. Determinants of growth hormone receptor down-regulation. Mol 
Endocrinol. Jul 2007;21(7):1537-1551. 

244. Amit T, Youdim MB, Hochberg Z. Clinical review 112: Does serum growth hormone (GH) 
binding protein reflect human GH receptor function? J Clin Endocrinol Metab. Mar 
2000;85(3):927-932. 

245. Barclay JL, Nelson CN, Ishikawa M, et al. GH-dependent STAT5 signaling plays an important 
role in hepatic lipid metabolism. Endocrinology. Jan 2011;152(1):181-192. 

246. Elam MB, Cowan GS, Jr., Rooney RJ, et al. Hepatic gene expression in morbidly obese women: 
implications for disease susceptibility. Obesity (Silver Spring). Aug 2009;17(8):1563-1573. 

247. Takala J, Ruokonen E, Webster NR, et al. Increased mortality associated with growth hormone 
treatment in critically ill adults. N Engl J Med. Sep 9 1999;341(11):785-792. 

248. Wojcicka G, Jamroz-Wisniewska A, Horoszewicz K, Beltowski J. Liver X receptors (LXRs). 
Part I: structure, function, regulation of activity, and role in lipid metabolism. Postepy Hig Med 
Dosw (Online). 2007;61:736-759. 

249. Grefhorst A, Elzinga BM, Voshol PJ, et al. Stimulation of lipogenesis by pharmacological 
activation of the liver X receptor leads to production of large, triglyceride-rich very low density 
lipoprotein particles. J Biol Chem. Sep 13 2002;277(37):34182-34190. 

250. Kalaany NY, Gauthier KC, Zavacki AM, et al. LXRs regulate the balance between fat storage 
and oxidation. Cell Metab. Apr 2005;1(4):231-244. 

251. Korach-Andre M, Archer A, Gabbi C, et al. Liver X receptors regulate de novo lipogenesis in a 
tissue-specific manner in C57BL/6 female mice. Am J Physiol Endocrinol Metab. Jul 
2011;301(1):E210-222. 

252. Ji S, Guan R, Frank SJ, Messina JL. Insulin inhibits growth hormone signaling via the growth 
hormone receptor/JAK2/STAT5B pathway. J Biol Chem. May 7 1999;274(19):13434-13442. 

253. Leung KC, Doyle N, Ballesteros M, Waters MJ, Ho KK. Insulin regulation of human hepatic 
growth hormone receptors: divergent effects on biosynthesis and surface translocation. J Clin 
Endocrinol Metab. Dec 2000;85(12):4712-4720. 

254. Chen G, Liang G, Ou J, Goldstein JL, Brown MS. Central role for liver X receptor in insulin-
mediated activation of Srebp-1c transcription and stimulation of fatty acid synthesis in liver. 
Proc Natl Acad Sci U S A. Aug 3 2004;101(31):11245-11250. 

255. Bayle J, Letard S, Frank R, Dubreuil P, De Sepulveda P. Suppressor of cytokine signaling 6 
associates with KIT and regulates KIT receptor signaling. J Biol Chem. Mar 26 
2004;279(13):12249-12259. 

256. Kamizono S, Hanada T, Yasukawa H, et al. The SOCS box of SOCS-1 accelerates ubiquitin-
dependent proteolysis of TEL-JAK2. J Biol Chem. Apr 20 2001;276(16):12530-12538. 

257. Rottapel R, Ilangumaran S, Neale C, et al. The tumor suppressor activity of SOCS-1. Oncogene. 
Jun 27 2002;21(28):4351-4362. 



 

 

53 

258. Hendriksen PJ, Dits NF, Kokame K, et al. Evolution of the androgen receptor pathway during 
progression of prostate cancer. Cancer Res. May 15 2006;66(10):5012-5020. 

259. Lai RH, Hsiao YW, Wang MJ, et al. SOCS6, down-regulated in gastric cancer, inhibits cell 
proliferation and colony formation. Cancer Lett. Feb 1 2010;288(1):75-85. 

260. Hubbard SR. Juxtamembrane autoinhibition in receptor tyrosine kinases. Nat Rev Mol Cell Biol. 
Jun 2004;5(6):464-471. 

261. Dibb NJ, Dilworth SM, Mol CD. Switching on kinases: oncogenic activation of BRAF and the 
PDGFR family. Nat Rev Cancer. Sep 2004;4(9):718-727. 

262. Bullock AN, Debreczeni JE, Edwards AM, Sundstrom M, Knapp S. Crystal structure of the 
SOCS2-elongin C-elongin B complex defines a prototypical SOCS box ubiquitin ligase. Proc 
Natl Acad Sci U S A. May 16 2006;103(20):7637-7642. 

263. Bullock AN, Rodriguez MC, Debreczeni JE, Songyang Z, Knapp S. Structure of the SOCS4-
ElonginB/C complex reveals a distinct SOCS box interface and the molecular basis for SOCS-
dependent EGFR degradation. Structure. Nov 2007;15(11):1493-1504. 

264. Babon JJ, Yao S, DeSouza DP, et al. Secondary structure assignment of mouse SOCS3 by NMR 
defines the domain boundaries and identifies an unstructured insertion in the SH2 domain. FEBS 
J. Dec 2005;272(23):6120-6130. 

265. Hwang MN, Ha TH, Park J, et al. Increased SOCS6 stability with PMA requires its N-terminal 
region and the Erk pathway via Pkcdelta activation. Biochem Biophys Res Commun. Mar 2 
2007;354(1):184-189. 

266. Hwang MN, Min CH, Kim HS, et al. The nuclear localization of SOCS6 requires the N-terminal 
region and negatively regulates Stat3 protein levels. Biochem Biophys Res Commun. Aug 24 
2007;360(2):333-338. 

267. Vesterlund M, Zadjali F, Persson T, et al. The SOCS2 Ubiquitin Ligase Complex Regulates 
Growth Hormone Receptor Levels. PLoS One. 2011;6(9):e25358. 

268. Tollet-Egnell P, Flores-Morales A, Stavreus-Evers A, Sahlin L, Norstedt G. Growth hormone 
regulation of SOCS-2, SOCS-3, and CIS messenger ribonucleic acid expression in the rat. 
Endocrinology. Aug 1999;140(8):3693-3704. 

269. Joseph SB, Castrillo A, Laffitte BA, Mangelsdorf DJ, Tontonoz P. Reciprocal regulation of 
inflammation and lipid metabolism by liver X receptors. Nat Med. Feb 2003;9(2):213-219. 

270. Rigamonti E, Chinetti-Gbaguidi G, Staels B. Regulation of macrophage functions by PPAR-
alpha, PPAR-gamma, and LXRs in mice and men. Arterioscler Thromb Vasc Biol. Jun 
2008;28(6):1050-1059. 

271. Nam SY, Lee EJ, Kim KR, et al. Effect of obesity on total and free insulin-like growth factor 
(IGF)-1, and their relationship to IGF-binding protein (BP)-1, IGFBP-2, IGFBP-3, insulin, and 
growth hormone. Int J Obes Relat Metab Disord. May 1997;21(5):355-359. 

272. Leong GM, Moverare S, Brce J, et al. Estrogen up-regulates hepatic expression of suppressors 
of cytokine signaling-2 and -3 in vivo and in vitro. Endocrinology. Dec 2004;145(12):5525-
5531. 

273. Mahesh S, Kaskel F. Growth hormone axis in chronic kidney disease. Pediatr Nephrol. Jan 
2008;23(1):41-48. 

274. von Laue S, Ross RJ. Inflammatory cytokines and acquired growth hormone resistance. Growth 
Horm IGF Res. Apr 2000;10 Suppl B:S9-14. 

 
 
 


