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D'una città non godi le sette o le settantasette meraviglie, ma la risposta che dà a una tua domanda.  

Italo Calvino, “Le città in visibili”. 

 

You love a city not for its seven or seventy-seven wonders, but because it has an answer to your special question.  

Italo Calvino, “Invisible cities”. 
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Summary 

 

Peroxisomes are organelles that are present in virtually all eukaryotic organisms. They 
harbour many different functions depending on the cell type and environmental conditions. 
One common feature of all peroxisomes is that they contain enzymes (oxidases) that produce 
hydrogen peroxide (H2O2) as a side-product of their main metabolic activity. To prevent that 
this potentially toxic compounds damages cellular components, peroxisomes also contain 
catalase that detoxifies H2O2 to H2O and O2. Despite a great variety in metabolic functions in 
peroxisomes, the process of forming this organelle (peroxisome biogenesis) is highly conserved 
in different cell types and organisms. Peroxisome biogenesis includes peroxisomal matrix 
protein import, membrane biogenesis, peroxisome proliferation and inheritance. Proteins 
involved in peroxisomal biogenesis are called peroxins and are abbreviated with the acronym 
PEX# for the genes and Pex#p for the proteins. The # is a number indicating the order of 
discovery. Currently, over 30 different peroxins have been identified, of which 14 human 
orthologs are known. 

Peroxisomes are essential organelles, and in their absence metabolic pathways are disrupted 
leading to progressive malfunctioning of mammalian tissue. Peroxisomal disorders are 
generally divided in single peroxisomal protein deficiency and peroxisomal biogenesis disorders 
(PBDs). The latter are caused by mutations in any of the PEX genes that lead to a spectrum of 
diseases called Zellweger Syndrome spectrum (ZSS), which includes Zellweger Syndrome, 
Neonatal Adrenoleukodystrophy (N-ALD) and Infantile Refsum Disease (IRD). Common 
clinical features of these diseases are variable degrees of liver disease, neural development 
dysfunction, retinopathy and deafness. 

In mammals, peroxisomes are particularly abundant in the liver where, amongst others, 
they are important for the biosynthesis of bile salts. Bile salt biosynthesis is a unique feature of 
the liver and is essential to maintain healthy cholesterol levels as well as for uptake and 
secretion of fat soluble nutrients and waste products, respectively. Bile salts are made from 
cholesterol through a complex biosynthetic pathway involving at least 13 different enzymes. 
These enzymes are active in at least 2 different bile salt biosynthesis pathways, the classical and 
alternative pathway. The classical (or neutral) pathway starts with an enzymatic step (CYP7A) 
in the ER, while the alternative (or acidic pathway) starts (with CYP27A) in mitochondria. 
After a few subsequent enzymatic steps, both pathways converge, and the final steps that lead 
to the primary bile salts cholic acid (CA) and chenodeoxycholic acid (CDCA) occur in 
peroxisomes. The final step in bile salt synthesis is the conjugation of CA or CDCA to an 
amino acid, either glycine or taurine, which is catalyzed by the enzyme Bile acid-CoA:amino 
acid N-acyltransferase (BAAT). Next, bile salts are exported from the liver to the bile, where 
upon ingestion of a meal, they are released in the duodenum. In the small intestine they 
perform their primary function of maintaining fat-soluble nutrients (vitamins and fats) in 
solution so that they can be absorbed by the body. At the end of the small intestine, bile salts 
themselves are also absorbed to the blood and are transported back to the liver for re-usage. 
During passage through the intestine, bile salts may lose their amino acid moiety through the 
action of intestinal bacteria. For efficient cycling of bile salts between the liver and intestine 
(enterohepatic cycling) the bile salts need to be reconjugated. BAAT is the only enzyme able to 
perform this conjugation. In previous studies, BAAT has been described to reside in 
peroxisomes as well as in the cytoplasm. This nicely accommodates its crucial activity in bile 
salt biosynthesis and enterohepatic cycling. However, the significant amounts of BAAT 
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assigned to the cytosol may be a result of the experimental approaches that have been used. 
Peroxisomes are very fragile organelles and during cell fractionation studies they may get 
ruptured and their content may be release to fractions that represent the cytosol As BAAT 
contains a clear peroxisomal targeting signal, we aimed to firmly establish the subcellular 
location of BAAT in human and rat liver cells, with the ultimate goal to establish the role of 
peroxisomes in reconjugation of bile salts during enterohepatic cycling. 

Using digitonin permeabilization assays and immunofluorescence microscopy, we show in 
chapter 2 that endogenous BAAT in rat and human hepatocytes co-localises with the 
peroxisomal marker catalase and that no significant amounts of this enzyme are detected in the 
cytosol. Furthermore, transient expression of a GFP-tagged version of both human and rat 
BAAT, leads to an efficient accumulation of these proteins in hepatocyte peroxisomes. 
Remarkably, GFP-BAAT is detected in the cytosol when expressed in non-hepatic cells like 
human fibroblasts. However, under physiological conditions BAAT is not expressed in such 
cells. The fact that BAAT only seems to be reside peroxisomes of hepatocytes has important 
implication for the role of these organelles in bile salt homeostasis. Not only does the 
peroxisomal membrane need to contain a bile salt exporter (following the final step in bile salt 
synthesis) it also needs to contain a transporter for import of de-conjugated bile salts return to 
the liver form the intestine. This is a completely novel aspect of the role of peroxisomes in bile 
salt homeostasis and prompted us to search for putative candidate proteins that may be 
involved in bile shuttling through the peroxisomal membrane. 

In chapter 3 we explore the possibility that proteins that show high similarity to known bile 
salt transporters that may perform such an activity in the peroxisomal membrane. The sodium-
taurocholate cotransporting polypeptide (NTCP/SLC10A1) in the liver and ileal apical 
sodium-dependent bile acid transporter (ASBT/SLC10A2) in the intestine are highly 
homologous bile salt transporters. NTCP imports bile salts from the blood into hepatocytes 
and ASBT imports bile salts from the intestinal lumen into enterocytes. Screening the human 
genome, we identified 4 additional genes that show high similarity to these two bile salt 
transporters. These 6 six genes are grouped in the Solute Carrier 10A (SLC10A) family of 
sodium-dependent bile salt transporter(s). We analyzed the grade of homology between the 
SLC10A family members, the genomic organisation of the SLC10A genes, their 
hydrophobicity profiles, and their expression patterns. Our attention was drawn to one of 
them, SLC10A5. SLC10A5 is particularly expressed in the digestive tract organs, with highest 
expression in the liver. In the liver, SLC10A5 appears to be predominantly expressed in 
hepatocytes. As such, the expression profile of SLC10A5 in human, mouse and rat perfectly 
mirrors that of the transcription factor that regulates bile salt homeostasis the Farnesoid X 
Receptor (FXR). In fact, expression of human SLC10A5 was found to be regulated by FXR, 
suggesting that SLC10A5 may play a role in bile salt homeostasis. Unfortunately, antibodies 
that we raised against SLC10A5 showed no specificity towards this protein and also GFP-
tagged SLC10A did not show an uniform subcellular location in HepG2 cells. The subcellular 
location of SLC10A5, its substrate specificity and its possible role in bile salt homeostasis, 
therefore, remain to be determined  

Our approach of analyzing homologs of known bile salt transporters may be combined 
with isolating the bile salt transport activity from peroxisomal membranes to ultimately identify 
intracellular bile salt transporters. 

Besides putative bile salt transporters, the peroxisomal membrane contains a variety of 
integral and associated proteins that function in shuttling of metabolites or play a role in 
peroxisome biogenesis. In chapter 4, we studied the possible association of peroxisomal 
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membrane proteins (PMPs) with specific microdomains in the membrane that are commonly 
known as lipid rafts. Lipid rafts are enriched in cholesterol and have been identified in plasma 
membranes and in various organellar membranes, but not in the peroxisomal membrane. Lipid 
rafts are characterized by their resistance against detergent-solubilisation and can be 
subclassified by using different types of detergents, like Triton X-100 and Lubrol WX. As lipid 
rafts are known to regulate the sorting and activity of membrane proteins, we aimed to 
determined whether they exist in the peroxisomal membrane and may regulate the sorting of 
peroxisomal substrate transporters. We focused on two highly homologous transporters of the 
ATP-binding cassette family, the adrenoleukodystrophy protein (ALDP/ABCD1) and the 70 
kDa peroxisomal membrane protein (PMP70/ABCD3). In addition, we included two peroxins 
in our analyses, Pex13p and Pex14p, that are known to physically interact with each other and 
are required for import of peroxisomal matrix proteins. PMP70 and Pex14p show the most 
stringent association with lipid rafts, resisting both Triton X-100 and Lubrol WX extraction. 
ALDP remain associated with Lubrol WX resistant lipid rafts, but was fully extracted by Triton 
X100. In contrast, Pex13p did not show any association with lipid rafts. Depletion of 
cholesterol leads to the dissociation of all PMPs from lipid rafts. Importantly, this also leads to 
missorting of ALDP, while PMP70 remained peroxisomal. Thus, lipid raft-association is 
important for targeting of ALDP. These observations reveal interesting topics for future 
research. What is the mechanism of assembly of peroxisomal lipid rafts and what is their role 
in peroxisomal biogenesis and function?  

As stated earlier, peroxisomes contain catalase to detoxify locally-produced H2O2. The very 
high levels of catalase in the liver imply that this is an important function in this organ. Indeed, 
the liver is a metabolic highly active organ that is constantly exposed to high levels of oxidants, 
even in normal conditions. Besides catalase, hepatocytes contain a number of other enzymatic 
and non-enzymatic anti-oxidants, including superoxide dismutases (SODs), glutathione 
peroxidases (GPXs), glutathione (GSH), vitamins A, C and E and β-carotene. Catalase and 
GPXs degrade H2O2. Oxidative stress is also a general component in many liver diseases. 
Many studies have investigated the role of catalase levels and/or activity in oxidative stress-
related diseases, but its peroxisomal location is usually not considered as a factor that may 
affect its role as cellular anti-oxidant. In chapter 5, we studied the role of catalase expression 
and localisation in protecting liver cells against oxidative stress. We found that in patients with 
acute hepatitis, catalase accumulates in the cytosol of hepatocytes. This may be considered a 
harmful situation as the peroxisome now produces excessive H2O2 stress. Alternatively, 
catalase may be involved in cellular protection against oxidative stress originating form sources 
other than the peroxisome. To explore this possibility, we exposed human HepG2 cells to 
various concentrations of H2O2 in cells with artificially-modified catalase expression, activity 
and/or subcellular location. We found that lowering catalase expression or activity strongly 
sensitizes HepG2 cells to H2O2-induced necrotic cell death. In contrast, overexpression of 
catalase protects these cells against H2O2 necrosis. These results show that peroxisomal 
catalase not only protects against H2O2-stress produced in peroxisomes, but also against H2O2-
stress from non-peroxisomal sources. Surprisingly, we found that HepG2 cells were much 
better protected against H2O2-induced cell death when catalase was present in the cytosol 
compared to its normal location in peroxisomes. Thus, the cytosolic accumulation of catalase 
during hepatitis provides increased protection of hepatocytes against oxidative stress during 
these pathological conditions. Besides increasing the expression of catalase at the mRNA and 
protein level, subcellular redistribution of this anti-oxidant enzyme may therefore be a third 
mechanism by which hepatocytes protect themselves against oxidative stress during 
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pathological conditions. It is highly relevant now to analyse the cellular mechanism by which 
catalase becomes cytosolic and whether this is also observed in other oxidative stress-
associated (liver) diseases.  

Taken together, this thesis reveals novel interesting features of hepatic peroxisomes during 
health and disease. Peroxisomes play a much more important role in bile salt homeostasis than 
previously known as they are crucial for reconjugation of bile salt during enterohepatic cycling. 
The peroxisomal bile salt transporters involved remain to be identified, but SLC10A5 is still a 
possible candidate. The peroxisomal membrane contains lipid rafts and sorting of the ABC-
transporter ALDP depends on its raft association. X-linked adrenoleukodystrophy is caused by 
malfunction of ALDP and lipid rafts may play a role in the pathogenesis of this disease. 
Finally, subcellular redistribution of catalase may (temporarily) serve to protect cells against a 
burst of oxidative stress during inflammation of the liver.  




