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1.1. INTRODUCTION 

Vitamin A is an essential nutrient, principally meaning that humans and animals fully 

depend on dietary sources to supply key physiological processes in the body with this 

vitamin. Plants synthesize carotenoids, like alpha- and beta-carotene, that give the 

characteristic color to carrot and corn and are the primary source of vitamin A. 

Carotenoids absorb light energy for photosynthesis, but also protect chlorophyll from 

light-inflicted photo damage. The typical color change of leaves in fall is a result of 

degradation of chlorophyll (green pigment) into colorless tetrapyrroles, at the same 

time revealing the color of other pigments of which carotenoids (from yellow to 

orange) are often abundantly present [1,2]. Animals eat the plants and roots 

containing the carotenoids and most of it this “pro-vitamin A” is absorbed in the small 

intestine. As carotenoids are lipophilic compounds, efficient intestinal absorption 

depends on the presence of sufficient bile acids, which are produced in the liver and 

are released in the small intestine for that purpose: keeping fat-soluble compounds 

“in solution”, either for uptake or effective excretion [3]. Most of the carotenoids are 

converted to retinol in the intestine, which is subsequently esterified to long chain 

fatty acids (LCFAs), such as palmitate and stearate, and released to the bloodstream 

for distribution to peripheral tissues that need vitamin A [3,4]. As quite a bit of vitamin 

A accumulates in fat tissue, many meat- and/or organ-based foods are also an 

important nutritional source of vitamin A for humans [5,6]. Most of the “dietary” 

vitamin A is, however, routed to the liver where excess vitamin A is stored and 

typically contains over 80% of the total vitamin A pool in a healthy individual [5]. The 

liver is “in control” of supplying the body with sufficient vitamin A in times when 

dietary intake is low, and it has an impressive capacity to maintain normal vitamin A 

homeostasis. Even in the absence of any vitamin A intake, it may take months to 

years before humans experience vitamin A deficiency, also called hypovitaminosis A. 

In the meantime, stable blood levels of retinol are maintained at around 2 µmol/L 

independent of the vitamin A pool size in the liver [7]. The typical symptom of vitamin 

A deficiency is night blindness, which is a result of the impaired production of 

rhodopsin that depends on specific vitamin A metabolites [8]. Still, vitamin A 

deficiency leads to many more problems as it also impairs skin and tissue 

regeneration, immune control, metabolic control, fertility as well as predisposes for 

cancer [9]. Retinol is secreted from the liver to the blood circulation bound to retinol 

binding protein 4 (RBP4). Retinol is taken up by tissues requiring vitamin A and 
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converted to retinoic acids, which are the active metabolites of vitamin A [10]. Most of 

the processes that require vitamin A are actually controlled by retinoic acids that 

activate ligand-dependent transcription factors, e.g. retinoic acid-activated receptors 

(RARs) and retinoid X receptors (RXRs). Retinol is the mother compound that is 

converted to different forms of retinoic acids, which in the end largely determines the 

ultimate effect in physiological processes as all-trans retinoic acid (atRA) is a high-

affinity ligand for RARs, while 9-cis retinoic acid (9cRA) and 9-cis-13,14 

dihydroretinoic acid (9cDHRA) activate RXRs [10,11]. Hepatic vitamin A uptake, 

storage and release depends on a complex interplay between different cell types in 

the liver, in particular the hepatocytes and hepatic stellate cells [5]. Up to 80-85% of 

the total liver cell mass is taken by hepatocytes and they are considered to determine 

most of the liver functions, e.g. controlling glucose and lipid metabolism, production 

of blood proteins and detoxification [11,12]. Vitamin A absorbed in the intestine, 

mostly retinyl esters in chylomicron remnants, first arrives in hepatocytes where it is 

converted to retinol and secreted to the blood bound to RBP4. Excess retinol is taken 

up by HSC and converted to retinyl esters again for long term storage [10]. Many 

details of how hepatocytes and HSC communicate to maintain the stable retinol 

levels in blood are, however, still unclear. Chronic liver diseases, including viral, 

metabolic, immune-mediated and obstructive forms, are often associated with 

impaired bile acid metabolism and/or bile flow, which as a result affects intestinal 

absorption of fat-soluble nutrients, including vitamin A [13]. Moreover, the 

progression of liver diseases also leads to fibrosis, which may progress to cirrhosis 

and liver cancer. HSC are considered to be the main liver cell type causing fibrosis. 

The vitamin A-containing “quiescent” HSC that are characteristic for the healthy liver 

undergo a dramatic phenotypic and functional transdifferentiation in the chronically-

injured liver [12]. They transform to highly proliferative, migratory and extracellular 

matrix-producing “activated’ HSC that lose their vitamin A content in this process [14]. 

Both pathological processes contribute to a reduction in the hepatic vitamin A pool, 

that may even progress to systemic vitamin A deficiency (VAD), which is defined as 

serum retinol levels below 0.7 mol/L [15]. The prevalence of VAD in chronic liver 

diseases varies between studies, which may lie in differences in disease etiology, 

group size, patient age and also the used definition of “vitamin A deficiency”. Some 

studies the strict cut-off of serum retinol of 0.7 µM, while others also include the 

range of 0.7-1.05 µM as “vitamin A inadequate”. Still, vitamin A deficiency has been 
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reported for 20-40% of patients with primary biliary cholangitis (PBC) or primary 

sclerosis cholangitis (PSC) [16–19], while up to 70% of pediatric patients with biliary 

atresia may develop VAD [20]. Moreover, non-alcoholic fatty liver disease (NAFLD) 

and related pathologies like obesity, type 2 diabetes and metabolic syndrome, have 

repeatedly been shown to be associated with impaired systemic vitamin A status, 

including lowered serum retinol levels and/or elevated serum RBP4 levels [21]. Still, it 

remains largely unknown whether 1) this is due to loss of vitamin A from the liver or a 

change in hepatic vitamin A metabolism and 2) whether impaired vitamin A status 

actually contributes to disease progression. Recent observations indicate that 

impaired vitamin A metabolism may contribute to chronic liver disease, including 

NAFLD. One is that genome-wide association studies have now identified 2 genes 

associated with NAFLD that encode enzymes involved in vitamin A metabolism, e.g. 

the retinyl ester hydrolase patatin-like phospholipase domain-containing protein 3 

(PNPLA3) and the retinol dehydrogenase hydroxysteroid 17-beta dehydrogenase 13 

(HSD17B13) [22–24]. Secondly, vitamin A metabolites, especially atRA and retinyl 

aldehyde as well as synthetic ligands for RARs, have therapeutic effects in animal 

models of NAFLD [21].  

Thus, there are ample indications that chronic liver diseases are linked to impaired 

vitamin A status, but we know very little mechanistic details. Such knowledge is 

required to evaluate the therapeutic potential of vitamin A and/or specific vitamin A 

metabolites in these diseases.  

1.2. THE AIM OF THE THESIS 

The overall aim of this thesis is the delineate molecular mechanism that are involved 

in hepatic vitamin A metabolism in chronic liver diseases and how this may be 

affected by drugs currently studied for the treatment of NAFLD. In Chapter 2, we first 

provide a comprehensive overview of the interrelationship between bile acid and 

vitamin A homeostasis and how this is related to various chronic liver diseases. In 

Chapter 3, we analyzed the role of the hormone sensitive lipase (HSL) as a retinyl 

ester hydrolase and HSC and how this role may change during HSC 

transdifferentiation. In Chapter 4, we summarize the current knowledge about 

vitamin A metabolism in NAFLD and its putative role in disease progression, as well 

as the therapeutic potential of vitamin A metabolites. From this critical review, we 

conclude that there is actually quite a bit of controversy about what is going on with 

vitamin A metabolism in the fatty liver. Thus, in Chapter 5 we analyzed vitamin A 
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metabolism in 2 animal models of NAFLD, e.g. the high fat-high cholesterol diet 

model, as well as the Leptinob mutant (ob/ob) genetic model. We quantified retinol 

and retinol ester levels in the liver and found that technical aspects of the analytical 

procedures for these compounds heavily affect the experimental outcome. Using 

complementary approaches we obtained consistent results that reveal that NAFLD 

does not lead to true vitamin A deficiency, but to cell type-specific rearrangements in 

vitamin A metabolism. In Chapter 6, we analysed hepatic vitamin A metabolism in 

glycogen storage disease type 1a (GSD Ia), a syndrome caused by mutations in the 

catalytic subunit of glucose-6-phosphatase (G6PC). Increased liver fat is a typical 

symptom of GSD Ia and we wanted to know whether this similarly affects vitamin A 

metabolism as in NAFLD. Serum retinol levels were determined of GSD Ia patients, 

as well as hepatic vitamin A metabolism in liver-specific G6pc knock-out mice. 

Indeed, vitamin A metabolism is impaired in the absence of G6PC, but in a clear 

different manner than observed for the NAFLD models in chapter 5. In Chapter 7, we 

analyzed whether the farnesoid X receptor (FXR), which is the bile acid sensor and 

therapeutic target in NAFLD, affects hepatic vitamin A metabolism. We quantified 

retinol and retinyl esters in whole body- and intestine-specific FXR-null mice, as well 

as after reintroduction of hepatic FXR in whole body FXR-null mice. Moreover, wild 

type animals were treated with obeticholic acid (OCA), a high-affinity ligand of FXR 

and currently under investigation for the treatment of NAFLD, and the normal bile 

acid cholic acid (CA) to determine their effect on hepatic vitamin A metabolism. 

Again, hepatic vitamin A metabolism was strongly affected by the absence of FXR as 

well as the ligand-activation of FXR. Finally, in Chapter 8, we summarize the results 

obtained in the experimental studies in this thesis and present and provide an outlook 

for future directions to target vitamin A metabolism in the treatment of chronic liver 

diseases. 
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