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ABSTRACT 

Chronic liver disease is a major health burden worldwide. Major 

determinants of this condition are viral infections, alcohol abuse and obesity. 

Genetic background modulates the effect of damaging agents on the liver. 

The genetic variant rs738409 in the patatin-like phospholipase domain-

containing 3 (PNPLA3) gene associates with increased susceptibility to the 

entire spectrum of chronic liver disease, and in particular with non-alcoholic 

fatty liver disease. The variant results in an isoleucine to methionine 

substitution at position 148 (I148M) of the amino acidic sequence and was 

first associated with increased hepatocyte fat content. Despite the strength of 

the genetic association, the mechanisms causing liver fat accumulation and 

hepatocyte damage are not yet understood. 

In this thesis, we tested the following hypotheses: 1) PNPLA3 is involved in 

hepatic very low density lipoprotein secretion 2) the protein acts as a 

glycerolipid hydrolase and the 148M mutation is a loss of function 3) 

PNPLA3 has a specific role in retinol metabolism in hepatic stellate cells. We 

tested the first hypothesis measuring VLDL secretion in a cohort of 55 

 



individuals genotyped for the I148M variant and we found that carriers of the 

148M allele secret less VLDL for a given amount of liver fat. We confirmed 

this result in vitro by measuring APOB secretion in cell lines stably 

overexpressing the 148I or the 148M PNPLA3. We tested the second 

hypothesis performing enzymatic activity assays using purified 148I and 

148M recombinant proteins. The wild type protein had glycerolipid hydrolase 

activity and the 148M mutation induced a loss of function. Finally, we tested 

the third hypothesis assessing the effect of PNPLA3 up- and down-regulation 

on hepatic stellate cell retinyl palmitate content and retinol release. We found 

that PNPLA3 insulin–mediated up-regulation induces retinol release from 

hepatic stellate cells and that this effect is abolished by PNPLA3 silencing. 

We confirmed this finding by looking at human circulating levels of RBP4, a 

reliable marker of retinol plasma levels, in 146 individuals genotyped for the 

I148M variant. We found carriers of the M allele to have lower RBP4 plasma 

levels, confirming the role of PNPLA3 in retinol metabolism.   

In conclusion, we identified two possible mechanisms underlying the 

susceptibility to chronic liver disease in carriers of the PNPLA3 mutation: 1) 

reduced intracellular triglyceride mobilization leading to hepatocyte damage 

2) impaired hepatic stellate cell retinol metabolism causing abnormal 

response of hepatocytes to damaging agents.  
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SAMMANFATTNING PÅ SVENSKA 

Kronisk leversjukdom är ett stort hälsoproblem i hela världen. De viktigaste 

faktorerna för detta tillstånd är virusinfektioner , alkoholmissbruk och fetma. 

Den genetiska bakgrunden påverkar effekten av skada på levern. Den 

genetiska varianten rs738409 i PNPLA3 genen förknippas med ökad 

mottaglighet för kronisk leversjukdom, särskilt med alkoholfri fettlever. 

Varianten ger en isoleucin till metionin substitution vid position 148 (I148M) 

i amino syra sekvensen och sattes först i samband med ökat innehåll av 

hepatocyte fett. Trots det starka genetiska sambandet, är de mekanismer som 

orsakar lever ansamling av fett och hepatocyte skador ännu inte klarlagda. 

I denna avhandling , testade vi följande hypoteser : 1) PNPLA3 är inblandade 

i lever VLDL sekretion 2) proteinet fungerar som en glycerolipid hydrolas 

och 148M mutationen är en förlust av funktion 3) PNPLA3 har en specifik 

roll i retinol ämnesomsättningen i ”hepatic stellate cells” (HSC). För att testa 

den första hypotesen mätte vi VLDL sekretion i en kohort av 55 personer 

genotypade för I148M varianten och vi fann att bärare av 148 M allelen 

utsöndrar mindre VLDL för en given mängd leverfett. Vi bekräftade detta 

resultat in vitro genom mätning av apoB sekretion i celler som stabilt 

överuttrycker 148I eller 148M PNPLA3. Vi testade den andra hypotesen 

genom att göra enzymatiska aktivitetsanalyser med hjälp av renade 148I och 

148m rekombinanta proteiner. 148I proteinet hade glycerolipid 

hydrolasaktivitet och 148M mutationen inducerade en förlust av funktion. 

Slutligen testade vi den tredje hypotesen genom att bedöma effekten av 

PNPLA3 upp - och nedreglering på HSC retinylpalmitat innehåll och retinol 

frisättning. Vi fann att PNPLA3 insulin-medierad uppreglering inducerar 

retinol frisättning från HSCs och att denna effekt förstörs av PNPLA3 

 



dämpningen. Vi bekräftade detta genom att titta på nivåer av RBP4, en 

tillförlitlig markör för retinol plasmanivåer, i 146 individer genotypade för 

I148M varianten. Vi fann att bärare av M allelen har lägre RBP4 

plasmanivåer, vilket bekräftar den roll PNPLA3 har i retinol 

ämnesomsättning. 

Sammanfattningsvis identifierade vi två möjliga mekanismer bakom 

mottaglighet för kronisk leversjukdom hos bärare av PNPLA3 mutationen: 1) 

minskad intracellulär triglycerid mobilisering leder till hepatocyte skador 2) 

nedsatt HSC retinol ämnesomsättning orsakar onormalt stark reaktion av 

hepatocyter på skadliga ämnen. 
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1 INTRODUCTION 

This thesis examines the function of the patatin-like phospholipase domain-

containing 3 (PNPLA3) protein in three different settings: triglyceride 

secretion from hepatocytes in the form of very low density lipoproteins 

(VLDL); in vitro enzymatic activity of the purified protein; retinol 

metabolism in hepatics stellate cells (HSCs). In each of this settings, the role 

of PNPLA3 is investigated together with the effect on the protein function of 

a common genetic variant in the protein, the isoleucine to methionine 

substitution at position 148 (I148M), whose association with non-alcoholic 

fatty liver disease (NAFLD) is well established. 

1.1 Hepatic lipid metabolism 

Liver is the major metabolic organ in human body1. Hepatic lipid metabolism 

takes place in the hepatocyte2, the liver cell unit. Lipids are needed to build 

cell membranes, to create energy in the form of ATP, to synthetize hormones, 

to transport intracellular signals as second messengers and for many other 

functions3,4. In the hepatocytes, lipids coming from the diet are processed in 

order to be used, stored, or delivered to the periphery via the blood stream5. 

The hepatocyte is also able to newly synthetize lipids starting from simpler 

molecules, such as acetyl-Coenzyme A6.   

1.1.1 Intracellular triglyceride metabolsim 

Triglycerides are neutral lipids composed of a glycerol backbone esterified 

by three fatty acids7. They have a high energetic content and represent a 

suitable form of lipid storage8. They can also be transported in the blood 

stream and delivered to the periphery after being packaged in lipoproteins9.  
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Triglyceride synthesis begins with the link between a molecule of glycerol 

phosphate (from glucose catabolism) and an acyl-CoA to obtain 

lysophosphatidic acid (LPA). This reaction is catalyzed by the enzyme 

glycerol phosphate acyl transferase (GPAT). In the next step, the LPA is 

esterified with another acyl-CoA by the lysophosphatidic acid acyl-

transferase (LPAAT) to obtain phosphatidic acid (PA). The PA is then 

dephosphorylated and the resulting diacylglycerol is esterified with a third 

acyl-CoA to triacylglycerol by the diacylglycerol acyl transferase 10. 

Alternatively, a triglyceride can be obtained by consecutive acylation steps of 

a monoacylglycerol catalyzed by monoacylglycerol-acyl transferase (MAG) 

and diacylglycerol-acyl transferase (DAG)11.   

On the other hand, triglycerides can be catabolized to diacylglycerol, 

monoacylglycerol and finally glycerol and free fatty acids by lipase enzymes, 

which break the ester bounds between the glycerol hydroxyl groups and the 

carboxylic group on the fatty acid head12.   

1.1.2 Very low density lipoprotein secretion 

In order to reach peripheral tissues and organs, lipids and in particular 

triglycerides need to be transported in the blood stream. Given their 

hydrophobicity, they cannot be in a water solution such as blood as free 

molecules. Instead, within the hepatocyte they are packaged in particles 

called lipoproteins, composed by apolipoproteins and lipids13. The protein 

fraction of these particles allows water solubility and, at the same time, 

presents hydrophobic domains that can bind lipids14.  

Lipoproteins are classified based on their density15. Very low density 

lipoproteins (VLDL) are characterized by the lowest density and the largest 

size. VLDLs are responsible for the transport in the blood stream of 
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triglycerides and in fasting conditions circulating VLDLs correspond to 

circulating triglycerides16. The main apolipoprotein of VLDL particles is the 

apolipoprotein B100 (APOB100), synthetized by the liver17. Each VLDL 

particle contains one APOB100 protein17. In the hepatocyte endoplasmic 

reticulum, a newly synthetized APOB100 molecule is lapidated with 

triglycerides by the microsomal triglyceride transfer protein (MTP) and is 

then secreted in the blood stream9.          

1.1.3 Triglyceride storage  

Triglycerides are easy to store. Indeed, their neutral charge makes them not 

harmful for the intracellular environment. When needed, they can be 

mobilized by the action of lipases and made available for utilization18. In 

physiological conditions, adipose tissue is the main storage site for 

triglyceride in human body19. However, in conditions of increased caloric 

intake or reduced energy expenditure, excess triglycerides are stored in 

ectopic sites such as muscle and liver20. In particular, accumulation of 

triglycerides in the hepatocytes is identified as liver steatosis and consists of 

formation of lipid droplets within the cytoplasm. Steatosis is not harmful by 

itself and is reversible upon reduced caloric intake and increased energy 

expenditure. However, steatosis represents the first step in a process that can 

progress to various degrees of lever injury. The entire spectrum of steatosis-

related liver injury degrees is known as non-alcoholic fatty liver disease. 

1.2 Non-alcoholic fatty liver disease  

Non-alcoholic fatty liver disease (NAFLD) is characterized by fat 

accumulation into the liver in individuals without viral, congenital, and 

autoimmune liver diseases who refer no alcohol consume21. It comprehends 

the entire spectrum of liver injury stages, from simple steatosis to chronic 

9 
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steatohepatitis, liver cirrhosis and possibly hepatocellular carcinoma 

(HCC)22. 

1.2.1 Natural history 

NAFLD onset is characterized by hepatic steatosis, usually caused by 

unbalance between caloric intake and energy expenditure23 (Figure 1). 

Simple steatosis is asymptomatic and is usually diagnosed by imaging 

techniques. Increased ALT levels do not discriminate steatosis from normal 

liver, other liver diseases or more advanced stages of NAFLD24. Steatosis 

prevalence in western countries is 20% in the general population, but 

increases up to 80% in obese individuals25. Uncomplicated steatosis remains 

stable in most cases and may even regress. However, in 5% of affected 

individuals a progression to non-alcoholic steatohepatitis (NASH) is 

observed26. NASH is characterized by inflammation, hepatocyte ballooning 

and, possibly, mild fibrosis27. This condition is associated with a reduced life 

expectancy and progresses to advanced fibrosis in 15-30% of cases24. Among 

individuals with advanced fibrosis, 12-35% develops cirrhosis, the end-stage 

liver disease24, for which liver transplantation is the only available therapy. 

On top of this, one third of individuals with cirrhosis will develop 

hepatocellular carcinoma22.     

10 
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Figure 1. Natural history of non-alcoholic fatty liver disease. 

1.2.2 Etiopathogenesis 

NAFLD development begins with a net retention of triglycerides within 

hepatocytes. Alterations in uptake, synthesis, degradation, or secretion of 

triglycerides can all lead to intracellular accumulation26. The major 

determinant of these alterations is insulin resistance26. This condition is 

characterized by increased levels of circulating insulin and reduced insulin 

response of the glucose homeostasis mechanisms28. However, the insulin 

anabolic effects on lipid metabolism remain active, determining increased de 

novo lipogenesis, reduced lipolysis and consequent intracellular lipid 

accumulation28. Unbalanced caloric intake and energy expenditure trigger the 

mechanisms underlying the onset of insulin resistance and NAFLD, and 

interact with genetic background in determining the disease phenotype29.   
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1.2.3 Human Genetics of steatosis: monogenic 

and polygenic determinants 

Rare mutations in key genes for liver lipid metabolism cause monogenic 

forms of hepatic steatosis. Among these, abetalipoproteinemia, lipodystrophy 

and carnitine palmitoyltransferase II deficiency are the best understood. 

Abetalipoproteinemia is caused by mutations in the microsomal triglyceride 

transfer protein (MTP) gene, which make impossible for the liver to secrete 

APOB100-containing lipoproteins30. Therefore, fat accumulates in the 

hepatocytes. Lipodystrophy is characterized by an abnormal body fat 

distribution and is classified as general or partial. It can be caused by 

mutation in various genes. As a common feature, mutations causing 

lipodystrophy affect adipocyte lipid metabolism, thus inducing liver fat 

accumulation31. Carnitine palmitoyltransferase II deficiency impairs fatty 

acid oxidation within the hepatocyte, causing an increase in liver fat 

content32. 

The effect of common genetic variants in determining steatosis and NAFLD 

is well established33. Several genes and mutations have been found to 

associate with increased liver fat content and increased risk of disease 

progression from simple steatosis towards chronic liver disease. The most 

recently identified genetic variant is a glutamate to lysine substitution at 

residue 167 within the TM6SF2 gene (rs58542926)34. Other common (minor 

allele frequency >5%) mutations have been found to associate with increased 

liver fat content in NCAN (rs2228603), PPP1R3B (rs4240624), GCKR 

(rs780094), LYPLAL1 (rs12137855)35 and APOC3 (rs2854116)36 genes.  

Up to date, the most widely replicated genetic variant to associate with liver 

fat content37 and with the entire spectrum of NAFLD38 is an isoleucine to 
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methionine substitution at residue 148 (I148M, rs738409) in the patatin-like 

phospholipase domain-containing 3 (PNPLA3) gene.  

1.3 Patatin-like phospholipase domain-

containing 3 protein 

PNPLA3, also known as adiponutrin, is a phospholipase belonging to the 

family of patatin-like domain containing phospholipases39. Despite the strong 

evidence that link the I148M mutation in this protein to NAFLD38, the 

molecular mechanisms underlying this association are not yet completely 

understood.      

1.3.1 Overview 

PNPLA3 belongs to the patatin-like domain containing phospholipase 

family40. The family name originates from the fact that the first family 

member was discovered in potatoes41. These lipases are characterized by an 

atypical catalytic site constituted of a dyad serine-aspartate42. The PNPLA3 

gene, located on chromosome 22, has been identified for the first time as a 

determinant of adipocyte differentiation in an mRNA screening performed on 

mouse pre-adipocytes to compare changes in mRNA expression before and 

after differentiation43. While in mice adipose tissue is the main tissue where 

pnpla3 is expressed44, in humans liver and skin show the highest 

expression45. Moreover, the human protein is composed by 481 amino 

acids46, whereas the mouse pnpla3 is approximately100 amino acid shorter. 

The lipase activity is catalyzed by a serine at position 47 and an aspartate at 

position 16647.  

PNPLA3 expression levels are under the control of insulin signaling, 

mediated by a sterol regulatory element binding protein 1c (SREBP-1c) 

13 
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binding site within intron 1 of the gene45. PNPLA3 gene also contains a 

carbohydrate response element that binds ChREBP48. PNPLA3 mRNA 

expression is down-regulated by fasting and up-regulated by subsequent re-

feeding, as opposed to its closest family member, PNPLA2 (also known as 

ATGL)45. Conflicting data have been published on the specific enzymatic 

activity of the PNPLA3 protein and on the effect of the I148M mutation.     

1.3.2 Genetic association with liver disease: the 

I148M variant     

PNPLA3 rose to the attention of the scientific community after a genome 

wide association study that found its common genetic variant I148M to 

associate with liver fat content in a general population of more than 2000 

individuals46. Virtually at the same time, another GWAS showed the same 

variant to associate with circulating levels of liver enzymes49. Since then, 

more than 200 papers have been published investigating on the association 

between PNPLA3 I148M variant and the entire spectrum of liver disease. 

Results from this massive body of work have provided evidence for 

association between PNPLA3 and steatosis35,37,50, liver fibrosis progression51-

53, cirrhosis54,55, hepatocellular carcinoma56-58 in individuals with NAFLD, 

alcoholic liver disease, Hepatitis C virus infection, hereditary 

hemochromatosis59 and primary sclerosing cholangitis60. Taken as a whole, 

these data indicate that the I148M variant represents a genetic background 

that exposes to an increased risk of liver injury induced by various 

environmental agents.   

1.3.3 In vitro and in vivo functional studies 

Numerous studies have been performed on in vitro and in vivo models to 

unravel the molecular mechanism underlying the genetic association between 

14 



Carlo Pirazzi 

PNPLA3 I148M variant and liver injury. Based on the results of these 

studies, two main hypotheses have been proposed: PNPLA3 might be a 

glycerolipid hydrolase, with the 148M mutation resulting in a loss of 

function; alternatively, PNPLA3 might have lysophosphatidic acid acyl-

transferase (LPAAT) activity and the 148M mutation would induce a gain of 

function. In both cases, the mutation would cause an increase in intracellular 

triglyceride content.  

Supporting the hydrolase hypothesis, in human hepatocyte models 

overexpression of the wild type protein has been shown to induce lipolysis 

whereas the 148M mutant protein did not show lipolysis activity47,48. These 

data were confirmed by an in vitro study using wild type or mutant PNPLA3 

purified from insect cells, in which the wild type protein showed glycerolipid 

hydrolysis activity, whereas the mutant protein did not61. Furthermore, 

transgenic mice chronically overexpressing the human mutant PNPLA3 

showed decreased glycerol release from triglycerides compared to chronic 

WT PNPLA3 overexpression62.   

On the other hand, the LPAAT hypothesis was supported by the finding that 

mice acutely overexpressing the human WT had hepatic histology similar to 

controls, whereas mice acutely overexpressing the mutant protein showed 

increased lipid fat content47. This data were consistent with mouse knock-out 

models that did not show any specific phenotype63,64. Moreover, PNPLA3 

wild type protein purified from E. coli was shown to have LPAAT activity in 

vitro, and the 148M mutation to induce a gain of this function65. 

1.4 Hepatic stellate cells 

Hepatic stellate cells (HSCs) are mesenchymal cells that lie within the Disse 

space around the hepatic sinusoids66.  Also known as perisinusoidal cells or 
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Ito cells, they play a major physiological role in retinol metabolism67 and are 

key players in liver injury68.   

1.4.1 General characteristics 

In physiological conditions, HSCs are in quiescent state and present long 

protrusions that wrap around the sinusoids69. Their cytoplasm is characterized 

by numerous lipid droplets, containing retinyl esters. The role of HSCs in 

normal liver is still unclear, although some evidences suggest that they might 

work as antigen presenting cells specialized in presenting lipid antigens70.   

1.4.2 Role in retinol homeostasis 

HSCs represent approximately 10% of the total number of cells in the liver. 

Despite this, they contain more than 70% of the total retinol stored in the 

entire body71. The retinol is delivered to the HSCs from hepatocytes and is 

stored in lipid droplets mainly as retinyl palmitate72. The enzyme that 

catalyzes the esterification between palmitic acid and retinol is the lecithin-

retinol acyl transferase (LRAT)73. The retinol stored in HSCs can be released 

and made available upon needing. However, the enzyme that catalyzes the 

hydrolysis of retinyl palmitate to retinol and palmitic acid has not yet been 

identified. Several candidates from in vitro or animal experiments have been 

studied, but so far none of them has been shown to function in humans74,75. 

The retinol content of HSCs is completely lost during liver injury and 

subsequent HCS activation76.   

1.4.3 Role in chronic liver disease 

During liver injury, HSCs lose their retinyl palmitate lipid droplets and leave 

the quiescent state, undergoing a phenotype change towards myofibroblasts77. 

It is not known whether the lipid droplet loss is cause or a consequence of the 
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activation, nor whether this loss is protective or deleterious for the injured 

hepatocytes. Nevertheless, activated HSCs become able to contract and 

secrete collagen, causing fibrosis and subsequent liver cirrhosis78. Once 

activated, they also secrete enzymes that induce extracellular matrix 

remodeling, such as matrix metalloproteinases (MMPs)79 and their respective 

inhibitors (tissue inhibitors of metalloproteinase, TIMPs)80. Furthermore, 

they express the typical myofibroblast marker α-smooth muscle actin (alpha-

SMA)81 and several cytokine receptors, such as transforming growth factor β 

receptor (TGFR)82 and platelet-derived growth factor receptor (PDGFR)83. In 

particular, transforming growth factor β (TGFβ) represent the most potent 

activator of HSCs84. Once established, the fibrosis process is virtually not 

reversible and leads to liver cirrhosis.                

1.5 Vitamin A 

Vitamin A comprehends various liposoluble unsaturated organic compounds 

that are divided in two main groups: retinoids (retinol, retinaldheyde and 

retinoic acid) and carotenoids (mainly β-carotene). Both groups include 

compounds constituted by a beta-ionone ring attached to an isoprenoid chain. 

This structure is called retinyl group and retinoids are composed by 1 retinyl 

group, while carotenoids result from the union of 2 retinyl groups85. As a 

micronutrient, vitamin A plays a role in many physiological functions and it 

is supplied by diet in two main forms: as retinoids from meat (esters of 

retinol) and as carotenoids from vegetables (β-carotene).  

1.5.1 Metabolism in human body 

Once absorbed by the intestine, retinol is packaged in chylomicrons as retinyl 

ester86. B-carotene is first cleaved in two retinol molecules, which are then 

esterified in chylomicrons. Chylomicrons reach the liver via the venous portal 
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system and within the hepatocytes retinyl esters are hydrolyzed to retinol and 

fatty acids by hepatocytes retinyl esterases75. At this stage, retinol can 

undergo various fates: it can be converted to retinoic acid, a potent activator 

of transcription factors87; it can be released in the blood stream bound to the 

retinol binding protein 4 (RBP4) to reach the periphery88; it can be delivered 

to hepatic stellate cells for storage as retinyl palmitate89. The retinol stored in 

hepatic stellate cells can be in turn released and made available for further 

uses. The retinyl esterase responsible for release of retinol from retinyl 

palmitate in hepatic stellate cells has not yet been identified.  

1.5.2 Physiological functions 

Retinoids represent the active compounds among those included in the group 

of vitamin A. The specific function of the different retinoids in physiological 

processes depends on their chemical structure90.  

Retinol is characterized by an alcoholic group at the free end of the 

isoprenoid chain. Its main functions are storage and transport. For storage, 

retinol is esterified to a fatty acid, mostly palmitic acid, in order to obtain a 

neutrally charged molecule that is packaged in lipid droplets91. For transport, 

retinol moves through the blood stream bound to a complex composed by 

RBP4 and transthyretin92.  Transthyretin prevents glomerular filtration of the 

retinol-RBP4 complex.  

Retinaldheyde is characterized by an aldehydic group at the free end of the 

isoprenoid chain. It is formed by oxidation of a retinol molecule, catalyzed by 

retinol dehydrogenase93. This reaction is reversible. In the retinal epithelium, 

retinaldheyde (also called retinal) is covalently bound to the protein opsin to 

form rhodopsin. Retinal is present rhodopsin as 11-cis-retinal. Upon light 

activation, 11-cis-retinal becomes all-trans-retinal, inducing a conformational 
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change in the opsin structure that is transmitted to coupled G protein. These 

events represent the bases of the sight function94. 

Retinoic acid is characterized by a carboxylic group at the free end of the 

isoprenoid chain. It is formed through oxidation of retinaldheyde by the 

retinaldheyde dehydrogenase95. This reaction is not reversible. It mainly 

exerts its function as a ligand of nuclear receptors. In particular, retinoic acid 

binds retinoic acid receptor (RAR) and retinoid X receptor (RXR), which are 

present as a DNA transcription repressor heterodimer. Retinoic acid binding 

induces a dissociation of the heterodimer and therefore the activation of 

transcription of more than 500 genes. The retinoic acid-mediated regulation 

of transcription is fundamental for embryonic development96.     

1.5.3 Deficiency and hypervitaminosis 

Vitamin A deficiency is the main cause of blindness in developing 

countries97. The inability to produce enough retinal for the sight function 

leads to night blindness and, subsequently, to total blindness. Deficiency of 

vitamin A during pregnancy can cause miscarriage and fetal abnormalities, 

given the importance of retinoic acid in embryogenesis. Vitamin A deficiency 

has been also associated with increased infection susceptibility. Other than 

malnutrition, important causes of vitamin A deficiency are alcohol abuse, 

iron deficiency and fat malabsorption conditions.  

Hypervitaminosis A is a condition determined by excessive intake of pre-

formed vitamin A98. The vitamin A excess leads to bone metabolism 

abnormalities, sight function alterations, liver toxicity, seborrhea, skin yellow 

discoloration and nausea. The symptoms can regress with vitamin A intake 

suspension. Given the strict regulation of carotenoid conversion to retinal, 

hypervitaminosis A caused by β-carotene excessive intake is virtually 
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impossible. On the contrary, animal meet, and in particular the liver of certain 

species such as seal, moose, walrus and polar bear, is highly enriched in 

preformed vitamin A and thus high intake can lead to hypervitaminosis A.        
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2 AIM 

The overall aim of this thesis is to understand the molecular mechanisms 

underlying the genetic association between the PNPLA3 I148M genetic 

variant and chronic liver disease. The specific aims of the three papers are: 

• Paper I: to examine the role of PNPLA3 in hepatic VLDL 

secretion in humans 

 

• Paper II: to study the PNPLA3 enzymatic activity and the 

effect of the 148M mutation in vitro using purified proteins 

 

• Paper III: to assess the role of PNPLA3 in retinol 

metabolism in human primary hepatic stellate cells  
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3 MATHERIALS AND METHODS 

In this section, a general description of the methods used in the thesis is 

provided. A more detailed explanation of the techniques is given in the 

Materials and Methods section of the papers.    

3.1 Göteborg cohort 

To study the effect of the PNPLA3 I148M genetic variant on the hepatic 

VLDL secretion, we used a cohort of 55 overweight individuals genotyped 

for the PNPLA3 I148M variant. In this cohort, liver fat content measured by 

nuclear magnetic resonance was available. None of the enrolled individuals 

was taking lipid lowering medications. Alcohol consumption, diabetes, 

BMI>40, severe hyperlipidemia, thyroid, kidney, heart, liver and 

hematological abnormalities were considered exclusion criteria. All 

individuals gave inform consent to the study and the protocol was approved 

by local ethical committee.  

3.2 VLDL kinetic analysis 

Hepatic VLDL secretion was measured as follows. First, a bolus injection of 

leucine and glycerol containing stable isotopes of the hydrogen was 

administered. Next, circulating VLDLs were isolated by ultracentrifugation 

and isotope enrichment in APOB100 (leucine) and triglycerides (glycerol) 

was assessed by mass spectrometry. Data were finally fit in a mathematical 

model that allows estimating amount of triglycerides and APOB100 secreted 

from the liver as VLDL particles.    
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3.3 McA-RH 7777 stable cell line 

McArde rat hepatoma cells (McA-RH 7777) cells were selected to investigate 

in vitro the role of PNPLA3 on VLDL secretion given their ability to secrete 

VLDL-like sized Apob-containing triglyceride-rich particles. In order to 

obtain cell lines stably overexpressing human 148I or 148M PNPAL3, cells 

were first transfected with pcDNA3.1 vectors containing the respective 

PNPLA3 cDNAs, a V5-tag and G418 resistance. After 48 hours, cells that 

integrated the wild type or mutant vector in their DNA were selected by 

adding G418 to the growth medium and 6 single clones were isolated and 

expanded. Stable overexpression was checked by western blot on cell lysates 

using an anti-V5 antibody. 

3.4 In vitro ApoB secretion analysis 

ApoB secretion from McA-RH 7777 cells stably overexpressing the 148I and 

148M PNPLA3 was measured by pulse-chasing protein secretion with 

radiolabeled methionine in the growth medium after stopping protein 

synthesis by incubation with methionine-free medium. Apob was 

subsequently immune-precipitated using a polyclonal anti-Apob antibody, 

run on SDS-PAGE and visualized by gel exposure to a phosphor screen.   

3.5 PNPLA3 148I and 148M protein 

purification 

PNPLA3 148I and 148M cDNAs were cloned into the expression vectors 

pPICZB containing a 6his-tag and transformed in the specific host Pichia 

pastoris. After growth in fermenters, cells were broken and wild type and 

mutant PNPLA3 proteins were purified from the membrane fraction by Ni- 
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Ni-affinity chromatography. Protein purity was assessed by western blot 

using anti PNPLA3 and anti-6his antibodies, Coomassie staining and mass 

spectrometry analysis.    

3.6 Enzymatic activity assays 

Purified wild type and mutant PNPLA3 enzymatic activities were tested by 

incubation with radiolabeled substrates and subsequent reaction product 

purification by thin layer chromatography and measurement by scintillation 

counting. The following activities were tested: glycerolipid hydrolase (by 

incubation with triolein, diolein and monolein), thioesterase (by incubation 

with oleoyl-CoA) and lysophosphatidic acid acyl-transferase (by incubation 

with lysophosphatidic acid and oleoyl-CoA.    

3.7 In vitro and ex vivo hepatic stellate cells 

models 

LX-2 cells, an immortalized line of human hepatic stellate cells, were kindly 

provided by Professor Scott L. Friedman (Mount Sinai School of Medicine, 

New York, USA). This cell line was obtained by transfecting human HSCs 

isolated from liver by ultracentrifugation with the SV40 large T antigen 

(Simian Vacuolating Virus 40 TAg), a proto-oncogene from the 

polyomavirus SV40. The cell line was next selected for growth in medium 

containing 2% fetal calf serum.  

Primary human hepatic stellate cells were obtained by Sciencell and grown 

according to the manifacturer’s instructions. In particular, cells were plated in 

flasks or plates after coating with Poly-L-Lysine.  
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3.8 Retinol metabolism assessment 

In all experiments, hepatic stellate cells were incubated with palmitic acid 

and retinol. Intracellular accumulation of retinyl palmitate was visualized by 

Oil red O staining of cytoplasmic lipid droplets and measured by 

radiolabeling [3H]-retinol. Extracellular retinol release was measured in cold 

medium after incubation with [3H]-retinol and palmitic acid. The effect on 

retinol metabolism of PNPLA3 up- and down-regulation was assessed by 

treatment with insulin and PNPLA3-siRNA respectively.    

3.9 Milano cohort 

PNPLA3 I148M variant was genotyped in a cohort of 146 individuals with 

biopsy proven non-alcoholic fatty liver disease. Other causes of liver disease 

were considered as exclusion criteria. All individuals gave inform consent to 

the study and the protocol was approved by local ethical committee.  

Retinol binding protein 4 (RBP4) fasting plasma levels were measured by 

enzyme-linked immunosorbent assay (ELISA).  

3.10 Retinol binding protein 4 analysis 

Linear regression model or general linear model were used to assess 

differences in RBP4 levels across PNPLA3 I148M genotypes. Analysis was 

adjusted for confounding factors. Differences in RBP4 levels between paired 

genotypes were tested by post-hoc analysis using a Fisher’s Least Significant 

Difference test. 
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4 RESULTS 

In this section a general description of the main findings from the three 

papers included in the thesis is presented. Results are fully shown in the 

Results sections of the full papers.    

4.1 Paper I 

In paper I, we found PNPLA3 to be involved in hepatic VLDL secretion in 

humans and in vitro. In particular, by analyzing hepatic VLDL secretion in 

55 overweight individuals genotyped for the PNPLA3 I148M variant, we 

found carriers of the 148M mutant allele to secrete less VLDL compared to 

wild type individuals for a given amount of liver fat.  

We confirmed this finding in an in vitro model by overexpressing the 148I or 

the 148M PNPLA3 protein in McA-RH 7777 cells. We found cells 

overexpressing the mutant protein to secrete less APOB and to hydrolyze less 

triglycerides.  

4.2 Paper II 

In paper II, we demonstrated that purified PNPLA3 has a glycerolipid 

hydrolase activity. We purified the wild type and mutant proteins using the 

yeast P. pastoris as expression system. Wild type PNPLA3 was active on 

triolein (Figure 2) and diolein, but not on monolein. PNPLA3 showed also 

thioesterase activity.  

The 148M mutant protein did not exhibit any of these activities, suggesting 

the methionine substitution induces a loss of function of the protein. Only a 
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mild lysophosphatidic acid acyl transferase activity was observed for the wild 

type protein, while the mutant protein showed no LPAAT activity.  

 

Figure 2. PNPLA3 148I has triglyceride hydrolase activity and the 148M substitution 

induces a loss of function. Purified wild type and mutant PNPLA3 were incubated with 

radiolabeled triolein. Released oleic acid was measured by scintillation counting and data were 

fit into Michaelis-Menten equation. 

Presence or not of detergent in protein elution buffer and pH condition 

changes did not affect PNPLA3 activity.  

4.3 Paper III 

In paper III, we showed PNPLA3 to be involved in retinol metabolism in 

human hepatic stellate cells. We demonstrated that PNPLA3 mRNA and 

protein are highly expressed in HSCs and that this expression is modulated 

by retinyl palmitate availability.  
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Using siRNA against PNPLA3, we could demonstrate that insulin-dependent 

retinol release from HSCs was specifically mediated by PNPLA3. We also 

showed that HSCs overexpressing the wild type PNPLA3 had less 

intracellular retinyl palmitate-containing lipid droplets than HSCs 

overexpressing the mutant protein (Figure 3). 

 

Figure 3. Overexpression of the wild type but not the mutant PNPLA3 induces retinyl 

palmitate lipid droplet breakdown in human pHSCs. Human primary hepatic stellate  cells 

(pHSCs) were transfected with 148I or 148M PNPLA3 or with an empty vector. Lipid droplet 

content was visualized by Oil Red O (ORO) staining (A) and quantified by Biopics (B). 

Transfection efficiency was assessed by western blot (C).       

We tested retinyl esterase activity of purified PNPLA3 and found the wild 

type protein hydrolyzes retinyl palmitate, whereas the mutant protein does 

not. Finally, we showed that homozygotes for the 148M mutant allele have 

lower circulating levels of RBP4, a reliable marker of circulating retinol 

levels, compared to carriers of the wild type allele.     
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5 DISCUSSION 

5.1 PNPLA3 and VLDL secretion 

Liver fat accumulation can be driven by several metabolic alterations, 

including increased de novo lipogenesis and triglyceride synthesis, decreased 

lipolysis and β-oxidation, increased hepatocyte fat uptake and reduced 

secretion99.  Several studies have shown an association between the PNPLA3 

148M mutant allele and lower triglyceride levels, especially in obese 

individuals100-102. Individuals with defects in the APOB gene show increased 

liver fat content due to inability to secrete VLDL103. We demonstrated that 

PNPLA3-dependent liver fat accumulation is driven by a reduced triglyceride 

secretion by the liver via VLDL particles. 

5.1.1 Evidences from human kinetic data 

In a cohort of 55 overweight individuals, we first confirmed the increased 

liver fat content in carriers of the M allele. Given the known positive 

correlation between liver fat content and VLDL secretion104, we would have 

expected carriers of the M allele to secrete more VLDL. However, we could 

not find any differences in absolute VLDL secretion among genotypes. To 

explain this unexpected finding, we analyzed the correlation between liver fat 

content and VLDL secretion across the PNPLA3 genotypes. In the overall 

cohort, there was a positive correlation between liver fat content. This 

correlation was preserved within PNPLA3 genotypes, but carriers of the 

148M mutant allele showed lower VLDL secretion compared to wild type 

individuals for the same amount of liver fat.   
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5.1.2 In vitro ApoB secretion 

We confirmed our findings on humans using an in vitro model to study ApoB 

secretion. ApoB is the main VLDL apolipoprotein and each VLDL contains 

one ApoB molecule13. We decided to use McArdle rat hepatoma (McA-RH 

7777) cells for our aim given their ability to secrete VLDL-like sized 

triglyceride-rich lipoprotein particles105. We showed that cells stably 

overexpressing the 148M mutant PNPLA3 secreted less ApoB, had reduced 

lipolytic activity and increased fat content compared to those overexpressing 

the wild type protein. These results were consistent with our findings in the 

human cohort.    

5.1.3 Proposed model 

Based on our findings and given the intracellular localization of PNPLA3 on 

lipid droplets and endoplasmic reticulum, we proposed a model (Figure 4) in 

which PNPLA3 mobilize triglycerides stored in lipid droplets, making them 

available for incorporation in nascent VLDL particles. By inhibiting this 

function, the 148M mutation causes reduced VLDL secretion and increased 

liver fat retention.    

 

Figure 4. Putative model for PNPLA3 function.   
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5.2 PNPLA3 enzymatic activity 

Conflicting results have been published on the PNPLA3 function and on the 

effect on it of the 148M mutation. Two main hypotheses have been proposed: 

PNPLA3 may act as glycerolipid hydrolase, with the mutation resulting in a 

loss of function61; alternatively, PNPLA3 might have lysophosphatidic acid 

acyl transferase activity and the mutation would be a gain of function65. In 

both cases, the net result of the mutation is increased liver fat content.  

5.2.1 Purification system suitability 

To clarify these conflicting results, we decided to produce purified wild type 

and 148M mutant PNPLA3 protein and to test both enzymatic activities. We 

selected the yeast Pichia pastoris as expression system for the protein, based 

on the high protein yield that this system allows to obtain106. Furthermore, 

being a eukaryotic host, P. pastoris guarantees correct folding and processing 

of membrane-attached proteins, such as PNPLA3107. Indeed, we were able to 

purify high amount of wild type and mutant PNPLA3 from the membrane 

fraction of P. pastoris.          

5.2.2 TAG hydrolase vs LPAAT activity 

To test the enzymatic activity of PNPLA3, we performed assays using 

radiolabeled substrates. We found PNPLA3 to have main triglyceride 

hydrolase activity and a milder LPAAT activity. In both cases, the I148M 

substitution induced a striking reduction in enzymatic activity, suggesting 

that the mutation results in a loss of function. The discrepancy of previously 

published results may depend on the expression systems used to purify the 

protein. Indeed, while PNPLA3 purified from the eukaryotic insect cells Sf9 

showed activities similar to our findings61, protein purified from prokaryotic 
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E. coli showed main LPAAT activity and the 148M inducing a gain of 

function of this activity65.  

5.3 PNPLA3 in hepatic stellate cells 

We found PNPLA3 to be highly expressed in liver and retina. These tissues 

share an important role in vitamin A metabolism and in particular hepatic 

stellate cells are the main storage site for retinol in the body72. Based on this, 

we hypothesized that PNPLA3 plays a role in retinol metabolism in hepatic 

stellate cells. We demonstrated that PNPLA3 is highly expressed in hepatic 

stellate cells at both mRNA and protein levels. Importantly, although several 

lipases have been proposed as the retinyl esterase of hepatic stellate cells74,75, 

no evidences have been produced indicating a clear candidate responsible for 

this important activity.  

5.3.1 Role in retinol metabolism 

We found that PNPLA3 protein levels in hepatic stellate cells are regulated 

by retinol availability, indicating that PNPLA3 might be involved in retinol 

metabolism. Retinol availability induced PNPLA3 protein level reduction 

coupled with increased intracellular retinyl palmitate content, whereas retinol 

depletion increased PNPLA3 protein levels and simultaneous intracellular 

retinyl palmitate decrease. Consistently, insulin-induced PNPLA3 

upregulation was associated with intracellular retinyl palmitate reduction and 

increase extracellular retinol release, while PNPLA3 down-regulation by 

siRNA abolished insulin effect, indicating that the phenotype we observed 

was specifically mediated by PNPLA3.   
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5.3.2 Effect of the 148M variant 

We also investigated the effect of the 148M mutation on retinol metabolism 

by a triple approach. First, we overexpressed the 148I wild type or the 148M 

mutant protein or an empty vector in hepatic stellate cells, and we found the 

wild type protein to induce a reduction in intracellular retinyl palmitate 

content compared to the mutant protein and the empty vector. Next, we tested 

the activity of the purified wild type and mutant protein by performing 

enzymatic assays and we found the wild type protein to have retinyl esterase 

activity, whereas no activity was observed for the mutant protein. Finally, we 

tested the effect of the mutation on retinol metabolism in humans by 

measuring RBP4 plasma levels in 146 individuals genotyped for the PNPLA3 

I148M variant. RBP4 is a reliable marker of circulating retinol levels108. We 

found that homozygotes for mutant allele had lower RBP4 levels compared 

to carriers of the wild type allele. Taken together, these results suggest that 

PNPLA3 plays a role in retinol release from the hepatic stellate cell storage 

and that the 148M mutation results in a loss of function. Given the 

importance of retinol metabolites for sight function and gene expression 

regulation in embryogenesis and adult liver function98, these findings offer a 

possible explanation for the evolutionary selection of the 148M mutation. 

5.3.3 Possible implications in liver disease 

When activated by liver injury, hepatic stellate cells acquire a myofibroblast-

like phenotype and lose their retinol content66. Activated HSCs play a major 

role in chronic liver disease, being responsible for collagen secretion and 

deposition that leads to fibrosis and cirrhosis68. The association between 

PNPLA3 genotype and chronic liver disease might be mediated by its retinyl 

esterase activity in HSCs. It is not established whether retinol release upon 

HSC activation is a cause or a consequence of the activation itself. It is also 
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not clear whether the retinol release is protective, damaging or neutral to the 

liver. One might hypothesize that retinol released has a protective function on 

the hepatocyte during HSCs activation and that carriers of the 148M mutation 

cannot benefit of this effect, given the retinol retention induced by the 

mutation.  
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6 CONCLUSION 

The major findings of this thesis are: 

1. The PNPLA3 protein contribute to the in hepatic very low 

density lipoprotein secretion  

 

2. The PNPLA3 protein has a predominant glycerolipid 

hydrolase activity and the 148M mutation results in a loss of 

function 

 

3. PNPLA3 has a retinyl esterase activity in hepatic stellate 

cells with the 148M mutation resulting  in intracellular 

retinyl-palmitate retention  

 

All together, these findings identify two possible independent mechanisms 

responsible for the increased susceptibility to chronic liver disease in carriers 

of the PNPLA3 mutation: 1) hepatocyte damage mediated by excessive fat 

content due to a reduced intracellular triglyceride mobilization 2) hepatocyte 

damage mediated by changes in hepatic stellate cell retinol metabolism. 

Targeting PNPLA3 for drug development may result in a new treatment 

strategy for liver steatosis and the entire spectrum of chronic liver disease.  
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